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Abstract 

Zinc oxide (ZnO) is a large bandgap (3.37 eV at room temperature) semiconductor and 

is a good candidate for short wavelength photonic devices such as laser diodes. A large 

exciton binding energy (60 meV) at room temperature in addition to the advantages of 

being able to grow various nanostructure forms have made ZnO suitable for a wide 

range of applications in optoelectronic devices. 

Driven by the rapid advance of nanophotonics, it is necessary to develop single photon 

sources (SPSs) and optical resonators in new class of materials. In particular, SPSs are 

required for a wide range of applications in quantum information science, quantum 

cryptography, and quantum communications. ZnO has been investigated for classical 

light emitting applications such as energy efficient light emitting diodes (LEDs) and 

ultraviolet (UV) lasers. Significantly ZnO has recently been identified as a promising 

candidate for quantum photonic technologies. Thus in this thesis the optical properties 

of ZnO micro- and nano-structures were investigated for ZnO nanophotonic 

technologies, specifically their applications in single photon emission and optical 

resonators. 

Firstly, the formation of radiative point defects in ZnO nanoparticles and their 

photophysical properties were investigated. In particular, using correlative 

photoluminescence (PL), cathodoluminescence (CL), electron paramagnetic 

resonance (EPR), and x-ray absorption near edge spectroscopy (XANES) it is shown 

that green luminescence (GL) at 2.48 eV and an EPR line at g = 2.00 belong to a 

surface oxygen vacancy (VO,s
+ ) center, while a second green emission at 2.28 eV is 

associated with zinc vacancy (VZn) centers. It is established that these point defects 

exhibit nanosecond lifetimes when excited by above bandgap or sub-bandgap (405 nm 

and 532 nm excitation wavelength) excitation. These results demonstrate that point 

defects in ZnO nanostructures can be engineered for nanophotonic technologies. 

ZnO nanoparticles were consequently studied for the investigation of room 

temperature single photon emission from defect centers in ZnO nanoparticles. Under 
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the optical excitation with 532 nm green laser, the emitters exhibit bright broadband 

fluorescence in the red spectral range centered at 640 nm. The red fluorescence from 

SPSs in ZnO defect center is almost fully linearly polarized with high signal-to-noise 

ratio. The studied emitters showed continuous blinking; however, it was confirmed 

that bleaching can be suppressed using a polymethyl methacrylate (PMMA) coating. 

Furthermore, passivation by hydrogen treatment increase the density of single photon 

emitters by a factor of three. 

ZnO/Si heterojunctions were fabricated and used to investigate electrically driven light 

emission from localized defects in ZnO nanostructures at room temperature. It is 

shown that excellent rectifying behaviors were observed with the threshold voltages at 

~ 18 V and ~ 7 V for ZnO nanoparticles and thin film-based devices, respectively. 

Both devices exhibit electroluminescence (EL) in the red spectral region ranging from 

~ 500 nm to 800 nm when 40 V and 15 V were applied to ZnO nanoparticles/Si and 

ZnO thin film/Si, respectively. The emission is bright and stable for more than 30 

minutes, providing an important prerequisite for practical devices.  

Finally, ZnO optical resonators were fabricated and investigated to enhance the visible 

light emission. Hexagonal ZnO microdisks with diameter ranging from 3 μm to 15 μm 

were grown by a carbothermal reduction method. Optical characterization of ZnO 

microdisks was performed using low temperature (80 K) CL imaging and spectroscopy. 

The green emission is found to be locally distributed near the hexagonal boundary of 

the ZnO microdisks. High resolution CL spectra of the ZnO microdisks reveal 

whispering gallery modes (WGMs) emission. Two different sizes (5 μm and 9 μm) of 

the ZnO microdisks were simulated to analyze the nature of light confinement in terms 

of geometrical optics. Respective analysis of the mode spacing and the mode 

resonances are used to show that the ZnO microdisks support the propagation of 

WGMs. The results show that the experimentally observed WGMs are in excellent 

agreement with the predicted theoretical positions calculated using a plane wave model. 

This work could provide the means for ZnO microdisk devices operating in the green 

spectral range. 
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Chapter 1  

Introduction 
 

In the past decade, the search for a solid-state nanophotonics platform has intensified. 

Among promising candidates like diamond and SiC, zinc oxide (ZnO) has been 

utilized for several cutting edge experiments in quantum optics and integrated 

nanophotonics [1]. ZnO has a direct bandgap of 3.37 eV at room temperature with a 

large exciton binding energy of 60 meV. The higher binding energy significantly 

enhances the efficiency of light emission at room temperature where practical devices 

operate. Consequently, it is no surprise that for many years ZnO has been the focal 

point of light emitting device studies. ZnO also exhibits excellent thermal conductivity 

and radiation hardness far exceeding that of GaN [2]. 

ZnO has a large number of intrinsic and extrinsic deep-level (DL) impurities and 

complexes that emit light of different colors, including ultraviolet (UV), blue, green, 

yellow, orange, and red [3-7]. The possibility to obtain luminescence across the visible 

spectral range from ZnO has great potential for the development of white light emitting 

diodes (LEDs), especially in its nanostructured form. As a result, it is currently 

attracting extreme global interest for nanophotonic device applications [8]. The 

luminescence spectrum of most ZnO samples shows a near-band edge (NBE) UV 

emission accompanied by a broad visible luminescence typically centered at around 

510 nm. It is important to understand the origin of the visible emissions related to DL 

defects in ZnO for the development of efficient optoelectronic devices. The origin of 

the NBE was attributed to bound exciton complexes and their phonon replicas [9]. 

Visible luminescence is due to DL defects, such as zinc interstitials (Zni) or oxygen 

vacancies (VO). Unfortunately, however, the chemical origin of these luminescence 

centers, especially the green and red emission, is not understood clearly and is a 

controversial topic requiring more investigation. Many studies have highlighted the 
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effects of the large surface-to-volume ratio in low dimensional structures, suggesting 

that the surface defect concentrations may be very large [10]. Reliable control of the 

optical properties of ZnO nanoparticles needs to be achieved to even broaden their use 

in light emitting devices.  

 

1.1 ZnO for quantum applications 

Given the importance of photons in generating spatially extended quantum states and 

the need for new sources of quantum light, this thesis is specifically focused on single 

photon sources (SPSs). Thus, the need to characterize defects in ZnO is further 

amplified with the recent applications of ZnO as host of SPSs for quantum 

technologies [11, 12] and their use in random lasing other advanced sensing 

technologies [13]. SPSs that generate non-classical states of light have been 

extensively explored over the past decade due to a variety of applications, including 

quantum cryptography, quantum computation, and metrology [14-16]. The use of 

SPSs in a quantum information application requires that there is only one photon in a 

specified spatial and partial mode. 

In parallel to developing the SPSs, research into engineering of optical resonators had 

intensified [17-20]. ZnO has a modest refractive index n = ~ 2 in visible spectral range. 

However, an advantageous feature of ZnO is the ability to be grown in a variety of 

nano-structured geometrical shapes. Realization of different morphologies from ZnO 

nanostructures is pivotal for the development of nanotechnology devices, particularly 

these for high efficiency lighting solutions. These nanostructures show intense 

emission even at high temperatures, and the emission can be easily tailored due to their 

large surface-to-volume ratio, thus providing building blocks for nano-scale electronic 

components. The growth procedures for high quality ZnO have been already 

developed and are currently being used in industry, indicating that high quality 

crystalline ZnO can be manufactured easily and cheaply. In addition, ZnO has 

excellent piezoelectric and electrical properties [21-23]. Among various kinds of 

optical resonators, cavities that support whispering gallery modes (WGMs) are 
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particularly interesting due to their ease of fabrication. They have been widely used to 

study light matter interaction, non-linear processing and other nanophotonics 

phenomena in ZnO [24, 25]. Other family of cavities, including photonic crystals, are 

only emerging, and are not as established as cavities involving Si or GaAs [26, 27]. 

Recently, it has been demonstrated that electrically driven light emission can be 

realized with homo- and heterojunction nanostructures, where carrier injection occurs 

across the p-n junction. The controlled fabrication of ZnO SPSs, together with a recent 

emission enhancement by coupling the light to plasmonic structures or cavities, is 

expected to progress the technology beyond the current state of the art and enable low 

threshold lasers, integrated quantum photonics and other practical quantum 

information and metrology devices. However, engineering efficient SPSs excited by 

electrically from ZnO is challenging and requires sophisticated fabrication conditions 

and optimization of implantation of the single emitting defects. The greatest challenge 

for ZnO remains the fabrication of reliable, low resistivity, and stable p-type ZnO. As-

grown ZnO is highly n-type so it has been a matter of wide investigation and research 

[2, 7, 28, 29] and in particular defects such as Zni and VO which can compensate the 

acceptors. The main problem is to consistently produce stable p-doped ZnO, and it 

presents the core focus of current research. As a result, most of the current developed 

devices are based on heterojunctions [30, 31]. Excellent properties of ZnO can be best 

employed by building heterojunctions with other p-type semiconductors. Therefore, 

the growth of n-type ZnO on other p-type materials could offer an alternative way to 

realize ZnO-based p-n heterojunctions. 

 

1.2 Aim of the research and thesis structure 

The origin of visible luminescence in ZnO is still a subject under considerable debate 

and there are many open questions about the nature of single photon emission from 

ZnO. The general aim of the project is to study optical properties of ZnO for quantum 

nanophotonic applications. 

The specific aims of this dissertation are summarized below: 
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● Identification of chemical origin of luminescent point defects in ZnO 

nanostructures using electron paramagnetic resonance (EPR), x-ray near 

absorption edge spectroscopy (XANES), x-ray diffraction (XRD), 

cathodoluminescence (CL), and photoluminescence (PL) spectroscopy 

● Investigation of characteristics of single photon emission from ZnO 

nanostructures 

● Fabrication of n-ZnO/p-Si heterostructures and generation of electrically 

driven light emission from the heterostructures, and 

● Investigation of optical resonance from ZnO microstructure using CL 

spectroscopy. 

 

Chapter 2 provides an introduction to ZnO and its physical and optical properties are 

briefly summarized. The generation mechanisms of ZnO SPSs are studied before ZnO 

can be used as a promising quantum platform. Then, a comprehensive range of topics 

pertaining to resonance in optical cavities, including WGMs, Fabry-Pérot modes 

(FPMs), polaritons is reviewed. Electrically pumped lasers, random lasing, and 

heterostructures using photonics in ZnO are also discussed. 

Chapter 3 presents the experimental methodologies and setup involved in this thesis. 

A range of ZnO samples which have been synthesized and processed under different 

conditions will be studied. Those growth techniques and processes of heat treatment 

such as carbothermal reduction and annealing process are also described. Then 

characterization techniques such as CL and confocal microscopy to understand the 

ZnO nanophotonics are presented. 

In chapter 4, photophysics of point defects in ZnO is discussed. Before SPSs in the 

visible luminescence from ZnO are studied, it is important to understand their 

generation mechanisms in ZnO nanostructures. This chapter is mainly devoted to 

investigations on the luminescence properties of ZnO nanoparticles. The control of the 

optical emission of ZnO nanoparticles through different annealing temperature and 
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atmospheres, and the structural quality after the annealing processes in the 

nanostructures are described. The results of correlative characterization techniques are 

discussed to investigate the point defects in ZnO nanoparticles, using EPR 

spectroscopy and XANES. 

Chapter 5 reports single photon emission from ZnO nanoparticles. It presents how the 

SPSs are generated and observed by using the confocal microscopy. Then 

luminescence properties and the photon statistics of the SPSs in ZnO are described. 

The stability and the density of SPSs were found to be major issues in this thesis, so 

controlled ways to improve the stability and to increase the density of the emitters are 

discussed. 

Chapter 6 describes novel approach to generate electrically driven light emission using 

ZnO which exhibits SPSs under the optical excitation. It focuses on the fabrication of 

heterostructure devices using n-type ZnO and p-type Si. The fabrication method of the 

heterojunctions is clearly presented, and its electrical and optical properties are 

discussed. The stability and photon statistics of the devices are investigated and 

potential integration in future is briefly commented on. 

Observation of optical resonance from ZnO microcavities is presented in chapter 7. A 

fabrication technique of different sizes of ZnO microdisks is described and the CL 

characterization to observe those optical resonances are discussed. Using a plane wave 

model, theoretical calculations and experimentally observed CL spectra are compared 

to analyze the nature of the optical resonances. 

Finally, chapter 8 concludes the thesis and future work is presented.
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Chapter 2  

Fundamentals of ZnO as a nanophotonic 

material 
 

In this chapter the recent advances in studying single emitters in ZnO, engineering of 

optical cavities and practical nanophotonic devices including nano-lasers and 

electrically driven devices will be reviewed. This chapter is divided into four parts; (1) 

ZnO material which provides a review of the structural, physical, and optical properties 

of ZnO, (2) investigation of single photon emission from ZnO, (3) ZnO optical 

resonators, and (4) nanophotonic devices from hybrid or heterostructures using ZnO. 

 

2.1 ZnO 

2.1.1 Crystal structure of ZnO 

Crystalline ZnO exists in the wurtzite, zinc blende, and rocksalt structure, with the 

most common form being the hexagonal wurtzite structure at ambient conditions. The 

wurtzite structure is a compact hexagonal structure at the base, the first neighbors are 

atoms of the other species and are placed on vertices of tetrahedron, and the second 

neighbors make the hexagonal structure. The crystal can be seen as many alternating 

planes composed by Zn2+ tetrahedrons and O2- tetrahedrons along the c-axis, with 

lattice parameters a = 0.35 nm and c = 0.52 nm. A diagram of the unit cell is shown in 

Figure 2.1. 
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Figure 2.1. ZnO crystalline wurtzite structure. Directions of [0001], [1120], and [1010] 

and indicated. The lattice constants are a = 3.25 Å and c = 5.20 Å [10]. 

The c-plane (0001) of the wurtzite structure consists of alternating Zn2+ and O2- layers 

leading to polarity along the c-axis, so the c-plane faces are polar and are terminated 

by either Zn or O ions. Contrary, the a-plane (1120) contains equal numbers of Zn2+ 

and O2- atoms, making the a-axis non-polar, sp3 orbital hybridization leads to a 

tetrahedral geometry [32] in which each Zn atom is bound to four O atoms and vice 

versa. The tetrahedron of the sp3 bonds is slightly distorted, leading to an axis ratio of 

c/a = 1.602 for ZnO compared to c/a = 1.663 for ideal case [33]. 

2.1.2 Band structure of ZnO 

ZnO is a direct bandgap semiconductor. The bandgap (Eg) of ZnO shows a temperature 

dependence that can be described by Varshni’s formula: [34] 

 Eg T =Eg 0
αT2

T + β
 (2.1)

where Eg(T) is temperature dependent energy gap, Eg(0) is an energy gap at 0 K, T is 

an absolute temperature. α and β have empirically determined material constants with 

values of 5 × 10-4 eV/K and 900 K, respectively [21], where α represents the T →  
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limit of the gap entropy, so called the strength of electron-phonon coupling. At 300 K, 

the bandgap of ZnO is 3.37 eV which corresponds to a wavelength of 368 nm. 

A complete understanding of the energy band structure of ZnO is important, in order 

to properly utilize the material in various optoelectronic device applications. The band 

structure of ZnO was first calculated in 1969 using Green’s function [35] and followed 

up soon after with experimental results from x-ray induced photo-emission 

spectroscopy and UV photoemission measurements. The results were controversial 

and remained contradictory for many years [7, 36, 37]. More recently, advances in the 

computational power provided by advanced code and computers has allowed for the 

most detailed calculation of the structure of ZnO to date, using the linear-muffin-tin-

orbital method [37]. 

2.1.3 Electronic properties of ZnO 

Crystalline ZnO has a wide bandgap of 3.37 eV and an exciton binding energy of 60 

meV at room temperature. The fraction of excitons at a given temperature is given by 

 Nex T = 1 e
Ebx
kT  (2.2)

where Nex is the fraction of excitons, Ebx is the binding energy of the exciton, k is the 

Boltzmann constant. 

The thermal energy at room temperature is equivalent to 25 meV, compared to the 

GaN exciton binding energy of 21 meV [38]. Therefore, the probability of a GaN 

exciton being dissociated by thermal energy at room temperature is undesirably high 

compared with ZnO. This places a hard limit on the efficiency of future GaN-based 

optoelectronic devices. The exciton binding energy of ZnO on the other hand is 60 

meV, considerably higher than that of room temperature. That means ZnO excitons 

will be significantly more abundant at 300 K and will remain bound at much higher 

temperature than GaN and extremely high optical emission can be achieved at room 

temperature and above (up to about 500 °C). At room temperature, the percentage of 

excitons that have been thermalized is 38 % for GaN and 10 % and for ZnO, so 90 % 

of excitons are still present in ZnO at room temperature. This clearly indicates why 
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ZnO may be the preferred choice for future optoelectronic devices. Moreover, since 

ZnO has a direct bandgap, this allows direct electron-hole recombination without 

requiring momentum conservation via phonon production. This greatly enhances the 

optical efficiency of the material and sets it apart from indirect semiconductors such 

as Si. 

2.1.4 Defects in ZnO 

Defects play a fundamental role in semiconductors. Defects are always presents as 

intrinsic point defects, dislocations and impurity atoms. They alter the electrical and 

optical properties of semiconductors, so it is essential that they are identified, 

understood and controlled during growth and processing. Therefore, it is critical to 

understand the behavior and incorporation of the point defects in ZnO for its successful 

application in nanophotonic devices. 

The possible intrinsic native defects in ZnO are VO, zinc vacancy (VZn), oxygen 

interstitial (Oi), Zni, oxygen antisite (OZn), and zinc antisite (ZnO). This is in addition 

to native defect clusters, which are usually formed by the combination of two point 

defects or one point defect and one extrinsic element, e.g., a VO
2+VZn

2  cluster formed by 

Zni and VO. 

Defects often introduce levels within the bandgap of semiconductors [39, 40]. These 

defect levels include transitions between different charge states of the same defect, and 

can be estimated from the formation energy calculations. Based on density functional 

theory (DFT) within the local density approximation (LDA) and the LDA+U, first 

principles calculations have been extensively used to analyze the charge states, 

formation energies and migration barriers of native point defects in ZnO [41]. The 

electronic levels of the native defects in ZnO are shown in Figure 2.2. The stable 

charge state of the defect depends on the position of the Fermi level with respect to the 

energy level. The formation energies of native defects also depend heavily on Fermi 

level as well as growth conditions. Figure 2.3 shows the corrected formation energies 

for the relevant native point defects in ZnO depending on the Fermi level position. The 

kinks in the lines for a given defect are transitions between different charge states. 
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Donors and acceptors have reduced formation energies in p-type ZnO and n-type 

material, respectively. At thermodynamic equilibrium and in dilute cases that means 

no defect-defect interaction, the concentration of a point defect (c) follows a 

Boltzmann distribution [41] and is given by 

 c = N × e
Ef

kT (2.3)

where Ef is the formation energy and N is the number of sites that the defects can be 

incorporated on. The above equation indicates that defects with low formation energies 

will occur in high concentrations. The Fermi level of a point defect is variable and is 

dependent on the growth or annealing conditions [42]. For instance, the formation 

energy of an VO depends on the abundance of O and Zn atoms in the growth 

environment. Among the defects that behave as donors, VO have the lowest formation 

energy (Figure 2.3), indicating that VO and VZn are thermodynamically expected to 

most abundant defects in ZnO under equilibrium conditions. 

 

Figure 2.2. Thermodynamic transition levels for defects in ZnO. These values are 

corrected based on the LDA and LDA+U calculations [41]. 

Generally, native defects are related to the compensation of the principal donor or 

acceptor dopants. Donor defects are easily formed in n-type material while acceptor 

defects are formed in p-type material, responding to the dominant conductivity type. 

Since ZnO often shows unintentional n-type properties, native defects in ZnO have 

been considered to play an important role. This fact highlights the major challenge in 
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research on ZnO as a semiconductor to achieve p-type material. The theoretical open 

problem is to understand how N, P, As, and Sb form acceptors and which lattice site 

each dopant occupies. 

 

Figure 2.3. Formation energies as a function of Fermi level position for native point 

defects in ZnO. The slope of the line represents the stable charge state of the defects 

[41]. 

2.1.5 Optical properties of ZnO 

The optical emission consists of a UV peak and a broad visible band. The UV peak is 

also called the NBE emission, which manifests as a relatively sharp peak in the UV 

region (~ 3.3 eV); and the broad visible band is called DL emission which is a broad 

peak in the visible region (1.5 eV – 3 eV), due to transitions involving defects or 

impurity state [7]. The UV peak is attributed to the recombination of free and bound 

excitons. The exact chemical origin of the visible DL luminescence is still unknown 

and is currently an area of active research interest. There is, however, general 

agreement that visible portion of the emission spectrum is caused by DL defect states 

in the crystal lattice. 
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2.1.5.1 Near-band edge (NBE) emission 

NBE emission usually occurs by a recombination of free excitons, as well as donor 

and acceptor bound excitons, along with the longitudinal optical phonon replica modes 

of these transitions in high quality bulk ZnO. In high resolution luminescence spectra, 

free exciton emission in ZnO occurs at approximately 3.374 at 4 K [43]. 

The different recombination channels are shown in Table 2.1, where Eg is the bandgap 

of the material, Ex is the exciton binding energy, ED is the energy of the donor levels 

measured from the bottom of the conduction band (CB), EA is the energy of the 

acceptor levels measured from the top of the valence band (VB), and the term q2

4πε0εrRDAP
 

describes a Coulombic interaction between the electron and hole in donor-acceptor 

pair (DAP) recombination [7]. 

Recombination channel Energy transition Notation 
Band-to-band recombination E = Eg  

Free-exciton E = Eg Ex FX 

Neutral donor bound exciton E = Eg Ex ED D0X 

Neutral acceptor bound exciton E = Eg Ex EA A0X 

Donor to free hole E = Eg ED D0, h 

Free electron to acceptor E = Eg EA e, A0 

Donor-acceptor pair E = Eg ED EA +
q2

4πε0εrRDAP
 DAP 

 

Table 2.1. Radiative recombination channels by excitation of electron-hole pair. 

The recombination of the bound excitons will lead to an emission with energy 

characteristic of the defect (impurity) ionization energy. Lower energy emission peaks 

with decreasing intensity occur due to longitudinal optical phonon replicas separated 

by 72 meV [44]. At energy from 3.31 eV – 3.34 eV, high resolution spectra may also 

reveal two electron satellite transitions due to recombination of excitons at neutral 

donors leaving the donor in an excited state [43]. 
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2.1.5.2 Defect-related deep-level (DL) emissions in ZnO 

Defects in ZnO can strongly affect the electrical and optical properties of ZnO, 

including minority carrier lifetime, luminescence, and doping characteristics, and thus 

they are directly involved in the nanophotonic device properties. The DL band in ZnO 

mainly contains green, yellow, and red contributions. The emission can occur as the 

result of either native defects or unintentional impurities, with point defects such as VO 

or VZn, along with Cu interstitial, being investigated thoroughly. 

Red band have mostly been observed in ZnO single photon emission. A red 

luminescence (RL) peak is observed in ZnO at 1.7 eV – 1.9 eV with a full width at half 

maximum (FWHM) of 0.5 eV [7], however, this peak is reported less frequently than 

the green luminescence (GL) or yellow luminescence (YL). The emission at 1.9 eV 

was attributed to transitions associated with Oi [45], and the orange-red emission at 

1.7 eV was suggested to be due to transitions related to VZn complexes [46]. 

Experimental results associate this luminescence with O-rich conditions [47] and RL 

has been assigned to transitions involving VZn, and Zni [48]. Additionally, crystal field 

splitting of levels in transition metal impurities can lead to internal transitions emitting 

a red emission, consisting of sharp peaks. Alvi et al. studied a red emission at 1.75 eV 

and suggested that it may be attributed to the transition from VO level to top of the VB 

in ZnO [49]. The calculated energy level of the VO in ZnO is 1.62 eV below the CB 

based on the full-potential linear muffin-tin orbital method [50]. 

ZnO exhibits yellow band centered at around 2.0 eV – 2.2 eV with a FWHM of 0.5 eV 

[7]. This emission has been attributed to transitions involving Oi acceptors [51]. 

Another explanation is the presence of Li which is present in ZnO grown by 

hydrothermal methods where Li compounds have been used in the growth process [52]. 

ZnO nanorods grown by chemical methods also exhibited YL which was attributed to 

a Zn(OH)2 group attached to those surface [53]. At low temperatures the YL has been 

assigned to donor-acceptor recombinations between shallow donors and deep LiZn that 

introduce deep acceptor levels (~ 0.8 eV above VB minimum) [54, 55] into the 

bandgap. 
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The green band of the visible portion of the ZnO emission is most frequently observed 

in luminescence spectra in ZnO, which is centered at around 2.4 eV with a FWHM of 

0.4 eV [7].  This green emission of ZnO has been assigned to a wide range of defects 

including Zni [51], VZn [41] VO [56], ZnO [57] as well as extrinsic impurities such as 

Cu impurities [58]. Cu is a major trace impurity in Zn metal used as a precursor 

material in ZnO growth accounting for the large number of reports on the structured 

GL band. Conversely, following the works of Vanheusden et al., the GL was attributed 

to transitions from singly ionized oxygen vacancies (VO
+ ) [59]. The chemical origin of 

the GL is still open and controversial, but there is strong experimental evidence that it 

is located at the surface. 

The intensity of these visible emission lines can be manipulated by thermal annealing, 

doping or plasma processes that can modify the defect states. For instance, Li-in-

diffusion doped ZnO produces yellow emission at 2.2 eV [53] and Cu-doping ZnO 

contributed wide green emission with a sharp zero photon line (ZPL) and a broad 

phonon sideband below 80 K [60]. However, controllably engineering particular defect 

centers in ZnO is still challenging. Although the clear origins of the colorful emissions 

have not yet been elucidated, the suppression of them is possible. Several possible 

levels of the visible emission in ZnO are summarized in Figure 2.4. 

 

Figure 2.4. Schematic band diagram of the DL emissions in ZnO based on the reported 

data [49]. 
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2.2 Single photon emission from ZnO for quantum 

photonics 

As discussed above, ZnO has a characteristic emission spectra comprising of the UV 

emission and the broad defect-related band occurring at visible. So far, SPSs have only 

been identified in the red spectral range. This section describes the generation of ZnO 

SPSs that have been demonstrated by antibunching characteristics and their statistics. 

Numerous color centers related to the defects or impurities have been studied in ZnO, 

so this material can offer many potential candidatures for SPSs covering emission in 

the visible or near infrared spectral range. At present SPSs, ZnO have been observed 

at ranging from 1.56 eV to 1.9 eV. Commonly SPSs from ZnO are observed under the 

green laser optical excitation. Morfa et al. first reported the generation of single photon 

emission through antibunching, bunching and spectral measurements from ZnO 

defects [11]. SPSs were induced by thermal annealing of ZnO nanoaprticles or thin 

films to 500 °C in air to induce the formation of color centers that produces a bright 

red fluorescence [61]. Single photon emission characteristics were characterized using 

confocal microscopy at room temperature under ambient conditions. Figure 2.5(a) 

shows a typical confocal microscopy setup for the ZnO samples obtained by 532 laser 

excitation. The emitted light passes through a 50/50 beam splitter and is detected by 

one of two avalanche photo diodes (APDs). A time correlated single photon counting 

(TCSPC) module measured the delay between consecutive photon detections at each 

APD. Second order correlation function (g2(τ)) measurements were taken on the ZnO 

with an optical fiber-coupled Hanbury-Brown and Twiss (HBT) setup to identify SPSs, 

while the PL spectral were collected. Figure 2.5(b) shows a typical confocal map of 

the ZnO nanopowder using a 532 nm excitation laser. Several bright spots (D1 and D2) 

and visible and correspond to localized bright fluorescent defects. 
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Figure 2.5. (a) Schematic of a confocal microscope used to detect single emitters. Sub-

bandgap green laser excites localized single emitters and the emitted light is detected 

by an APD or a spectrometer. A TCSPC module enables measurement of g2(τ) for 

confirmation that a single emitter is being identified [12]. (b) Typical scanning 

confocal fluorescence map of ZnO illuminated with 532 nm continuous wave (CW) 

light. Locations marked ‘D1’ and ‘D2’  identify the SPSs [11]. 

Representative antibunching data for the two ZnO different samples are shown in 

Figure 2.6(a) and 2.6(b). The g2(τ) can be expressed as a following the equation: 

 g2 τ =
I t I(t + τ)

I(t) 2  (2.4)

which describe the probability of defecting a photon at a delay time, τ, given that a 

photon was detected at time, t, recorded from the same emitter using the HBT 

configuration. The degree of g2(τ) directly provides information of statistics of emitted 

photons and determines if the emitted photons are true SPSs. For an ideal SPSs, g2(τ) 

= 0. As can be seen from Figure 2.6(a) and 2.6(b), the pronounced antibunching dip in 

in the photon statistics at zero delay time indicates that the emission originates from a 

single photon emitter. The deviation from 0 at g2(0) is attributed to the overall 

background luminescence. 



 

17 
 

Chapter 2. Fundamentals of ZnO as a nanophotonic material 

 

Figure 2.6. Characterization of single photon emitters in ZnO. (a, b) Representative 

g2(τ) curves from 2 different defects obtained from different laser powers. In each 

curve, the antibunching dip at (g2(0) < 0.5) is observed, verifying that single defects 

are being studied. Note in (b) that as laser power increases the antibunching dip 

sharpens and bunching behavior (g2(τ) > 1) is evident, indicating three-level system 

exist [12]. (c, d) Background subtracted single defect fluorescence showing two broad 

emission lines. The dash lines are fit by Gaussian function to each emission line, while 

the thick black line is the sum of the two Gaussian peaks [11]. 

The PL spectra from two different single emitters are shown in Figure 2.6(c) and 2.6(d). 

The dashed lines in Figure 2.6(c) and 2.6(d) are Gaussian functions to fit for each 

emission line. For the left sample, the emissions are observed at 1.71 eV and 1.56 eV. 

The blue-shifting of the emission from 1.56 eV (lower peak from the right) to 1.88 eV 

(higher peak to the left) can be explained by a changed CB level resulting from charge 

accumulation at the surface. It has been speculated that the mechanism involves the 

emission from the CB to VZn trap. Other groups found the single photon emission 

ranging from around 1.55 eV to 2.21 eV. Jungwirth et al. measured 19 different defects 

in ZnO [12] and about 30 defect center locations have been investigated by Neitzke et 

al. [62]. They obtained antibunching curves with similar spectral range. The emission 
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spectra of each study differ so it is difficult to assign the origin of the single emitters. 

Ten of the 16 spectra investigated by Jungwirth et al. are well characterized by two 

Gaussian distributed peaks separated by roughly 150 meV [12]. They found the 

location of the energy peak to be in the range of 1.82 eV – 1.97 eV for one of two 

peaks and 1.91 eV – 2.08 eV for the other peak. Single photon emission has also been 

observed from sputtered ZnO thin film, which is promising for quantum applications 

because sputtered films can be quickly and easily engineered and thus can be readily 

integrated for quantum photonics [12]. Sputtered ZnO thin films showed single 

emitters at ~ 1.9 eV which can be attributed to similar defect centers from ZnO 

nanoparticles. 

Investigation of isolated defects through a HBT interferometer also provides new 

quantitative information. The lifetime of the SPSs can be deduced from fitting the g2(τ) 

to the following equation: 

 g2 τ  = 1 e( τ1 τ) (2.5)

at low excitation powers, where τ1 is the decay rate of the emitter. The calculated 

lifetime of the single emitters of ZnO ranges from 1.7 ns to 13 ns, which are 

comparable with other single defects in solids [63]. In particular, the photon statistics 

of the single emitters can be described with a frame of a two- or three-level system 

[64]. For the three-level system, at high excitation powers, bunching behavior is 

observed indicating the presence of a metastable (shelving) state. While the g2(τ) curve 

in Figure 2.5(a) shows antibunching behavior only, the g2(τ) in Figure 2.5(b) exhibits 

a pronounced bunching behavior, indicating emission occurs via three-state 

mechanism. In this case, g2(τ) is fit to three-level system which has two exponential 

components following the equation: 

 g2(τ) = 1 (1 + a) e(-τ21/τ) + a e(-τ23/31/τ) (2.6)

where τ21 and τ23/31 are decay rates for radiative and the metastable states, respectively. 

A source for which g2(0) > 1 is described as bunched since there is an enhanced 

probability of two photons being emitted within a short time delay. The calculated 

decay rates correspond to radiative lifetimes ranging from 1 ns to 5 ns and non-
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radiative lifetimes ranging from 40 ns to 429 ns, respectively. Jungwirth et al. showed 

that 7 of the 14 nanoparticle-based defects studied displayed signs of bunching which 

one of 5 sputtered film defects exhibited bunching behavior [12]. Some of the emitters 

did not exhibit bunching behavior despite high excitation power. The two-level nature 

of selected emitters could be a significant system for metrological applications, 

because the g2(τ) does not exhibit bunching even at saturation. 

 

 

Figure 2.7. (a) PL spectrum that emits SPSs from the optical ZPL transition at 5 K. (b-

d) Power dependent spectral jumps of the ZPL of three different ZnO defect centers at 

excitation intensities [62]. 

For a clear understanding of the ZnO defects, low temperature PL measurements were 

performed by Neitzke et al. [62]. Sixteen defects from the same ZnO sample were 
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investigated at 5 K. Figure 2.7(a) shows a typical PL spectrum of the defect, consisting 

of a sharp ZPL and a phonon sideband. The ZPLs correspond to the direct electron 

transition within the ZnO bandgap. Since the measured width was the limitation of the 

spectrometer, it has been suggested that more accurate values of the width can be 

obtained by PL excitation spectroscopy [65]. The fast dynamics of the intensity 

fluctuations are reduced at cryogenic temperatures around 5 K. Therefore, the phonon 

sidebands are reduced and the emission between 8 % and 14 % of the emission comes 

from ZPL, which is attributed to Debye-Waller factor of a defect. The measured g2(τ) 

from a single defect exhibits antibunching with a similar g2(τ) with the room 

temperature measurement shown in Figure 2.6(a) and 2.6(b), but no bunching behavior 

was observed at 5 K. To investigate jump behavior of the ZPL accurately [66], power-

dependent spectral jump of ZPL was measured. The temporal behavior of the ZPL is 

captured by continuously measuring spectra at an exposure time of 1 second. It has 

been shown that the central position of the ZPL jumped within a spectral window of a 

few nm to locations evenly spaced by 0.5 nm. Figure 2.7(b-d) show that the frequency 

of jumps and the jump distance increases with increasing power. The smallest energy 

jump distance is 1 meV, which is sufficiently below the phonon-assist energies in ZnO 

that ranges from 10 meV to 100 meV [7]. They suggested that the spectral jumps were 

attributed to ionization of shallow charge traps by excitation source, not to jumps 

between different structural defects in ZnO lattice because the observed results have 

similar behavior of spectral diffusion and jumps in nitrogen vacancy centers in 

diamond nanocrystals [65, 67]. As phonon-assisted decay channel is reduced at low 

temperature, the lifetime is increased by three times compared to the calculated 

lifetime at room temperature, and thus the saturation intensity is reduced. 

 

2.3 ZnO optical resonators 

In the previous section, several promising SPSs in ZnO were highlighted. The next 

step is coupling those emitters to optical cavities. An optical cavity is considered to be 

one of the most important factors for light emission in optical materials and devices 
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because it confines and stores the light at resonance frequencies determined by its 

configuration. The flexible control provided by the ZnO growth techniques facilitates 

bottom up engineering of ZnO optical cavities with various geometrical shapes and 

sizes such as tetrapods, tapered nanowires, and mushrooms [68-70]. In this section, 

optical resonators of ZnO are reviewed as they offer high quality (Q) factors and are 

easily fabricated. In addition, FPMs or polariton cavities have also been widely studied 

in the field of cavity quantum dynamics with the demonstration of the strong coupling 

regime [71]. Since this is a rapidly growing field and some potential applications have 

been already achieved, this section reviews the state of the art research activities about 

the WGMs and other cavity effects of ZnO. 

2.3.1 Whispering gallery modes (WGMs) from ZnO nanostructures 

WGMs have been demonstrated in recent years, allowing light to be confined within 

small dimensions with high finesse. In the case of resonators, the light is trapped inside 

the cavity by multiple total internal reflections at the interface near the structure and 

the surrounding medium, resulting in light circulation around in the cavity at the inner 

walls of ZnO structures [72]. Due to a lower loss and better confinement, ZnO WGMs 

are expected to exhibit a high Q factor and relatively simple fabrication [73, 74]. So 

far, WGMs have been observed in various ZnO nanostructures such as triangular [75], 

hexagonal [76], or dodecagonal [77] cross section. The different types of WGMs differ 

by the length of their closed optical pathway, the angle of incidence impinging light 

wave fronts on the cross section boundary and the number of reflections at boundary 

that give rise to phase shifts of the light waves for each total internal reflection. As 

spherical shaped ZnO optical cavity has been reported [78], however, most of ZnO 

nanostructures in which WGMs have been observed so far have a hexagonal cross 

sections arising from the hexagonal wurtzite crystal structure. WGMs emission have 

been investigated in hexagonal ZnO micro- and nano-disks [73, 79, 80], nanonails [81-

83], and wires [84, 85]. Figure 2.8(a-e) shows typical secondary electron microscope 

(SEM) images of ZnO optical cavities. 

Some key research findings about the WGMs from ZnO nanostructures are now 

discussed. To date, there have been several investigations about the enhancement of 
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visible emission from ZnO by WGMs [81, 86]. The graph in Figure 2.8(f) shows 

luminescence spectra of the visible emission band enhanced due to a preferred 

constructive interference of light. It also presents resonance spectra of polarization-

resolved μ-PL spectra of ZnO microcavities. While the topmost, green curve, is the 

unpolarized PL spectrum, the lower two curves are transverse magnetic (TM) and 

transverse electric (TE) polarized PL spectra. It can be clearly seen that the emission 

is modulated with resonance lines of different width and spacing. Due to the refractive 

index difference between TE (electric field perpendicular to the wire axis) and TM 

(electric field parallel to the wire the axis) mode, the positions of resonance peaks are 

different. 

 

Figure 2.8. (a) SEM image of an array of ZnO nanoneedles containing the reported 

one marked by a black rectangle. The scale bar has a length of 10 μm (b) Magnified 

SEM image of the investigated nanoneedle. The needle’s diameter is continuously 

tapered approaching zero at the top. (c) High resolution SEM image indicating the 

hexagonal cross section of the needle. The scale bar has a length of 300 nm [76]. (d, e) 

SEM image of ZnO microdisks [80]. (f) Polarization-resolved μ-PL spectra of an 

individual ZnO microwire. The topmost green curve is the unpolarized PL spectrum. 

The spectra detected for TM and TE polarizations are shown in the lower two curves 

[85]. 

Figure 2.9(a) shows a spatially-resolved CL spectrum from an individual ZnO nanonail 

head with a side length of 794 nm. The position marked by a cross in the inset is 
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examined by the CL. Most of the CL peaks were identified as TM- and TE-WGMs 

through the systematic investigation based on the mode equations and Sellmeier’s 

dispersion relations (Figure 2.9(b) and 2.9(c)) [83]. Some of local polarization-

dependent experiments show that WGMs are preferentially TM polarized, but other 

works investigated that the WGMs observed from ZnO microcavities were mostly TE 

polarized [87]. 

Figure 2.9(d) shows the dependence of the WGMs on the diameter of the ZnO wires. 

It can be seen that the positions of the TM polarized resonant peaks grew well with the 

theoretical values for different wire diameters. The symbols are the experimentally 

observed peak positions with the interference orders while the curves are the 

calculation of the constructive interference conditions for WGMs. A larger diameter 

leads to smaller interference mode spacing and higher interference orders observed in 

the same spectral range, and it is also shown that with decreasing diameter, these 

maxima peaks continuously shift to higher energies [85]. For WGMs, the Q factors of 

visible emission from ZnO structures are range of 20 to 90. 
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Figure 2.9. (a) CL spectrum from an individual ZnO nanonail with a series of peaks 

corresponding to dielectric-cavity resonance modes convoluted. The integers are the 

mode numbers for respective resonant mode peaks. The inset is a top-view SEM image 

of a ZnO nanonail with a side length of 794 nm, and the electron beam position is 

marked with a cross. (b) The series of solid and dash lines are the inverse functions of 

TM-WGMs and TE-WGMs equations with the corresponding mode numbers in (a), 

respectively. (c) The dispersion curves for TE (n0) and TM (ne) were derived by fitting 

the peak position and refractive indices to Sellmeier’s equations. The inset shows the 

inversion point of bulk crystals [83]. (d) The dependences of the resonant wavelength 

of TM polarization on the interference order N for different wire diameters [86]. 

It is also possible to observe the resonance effect of ZnO emission in UV region [88, 

89]. Figure 2.10(a) and 2.10(b) show confocal PL images of a ZnO microdisk 

measured at 383.6 nm and room temperature and at 370.1 nm at low temperature, 

respectively. Another monochromatic CL image of a ZnO nanodisk at 378 nm is 

shown in Figure 2.10(c). As can be seen from the images, the intensity distributions of 

the disks are not uniform, and are only concentrated at the hexagonal boundary of the 

disks. The enhanced UV emission is attributed to the total internal reflection of light 

within the disks when light impinges on the hexagon interfaces. The intensity profile 

across the corresponding nanodisk is shown in Figure 2.10(d), and the stronger 

intensity near the boundary can be clearly seen, which ascribed to WGMs emission. 

The darkened area is one-quarter of the total area under the intensity profile and the 

percentage of WGMs enhancement in the total luminescence at 378 nm is 

approximately 25 %, which is in good agreement with the result obtained from the 

spatial distribution of luminescence intensity [90]. Spectral analysis in Figure 2.10(e) 

shows the UV CL emission from a vertically grown isolated hexagonal microdisk and 

Figure 2.10(f) shows theoretical analysis from the UV emission in the Figure 2.10(e). 

It can be seen that the emission peak positions are in good agreement with the 

theoretical modes, which confirms the presence of WGMs. From the best fit of the 

experiment data, a calculated value for the diameter is close to the size of the ZnO 

microdisk. Accurate values for the WGMs peak positions can be identified at the 

intersections of a series of solid lines for different mode number N (from 202 to 212). 
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Interestingly, Moriangthem et al. fabricated a ZnO microsphere that exhibited WGMs 

evolution in both entire visible range as well as near UV region with narrow resonance 

peaks [78]. Using size dependence observation and theoretical comparison with 

experiments, comprehensive investigations were performed to confirm that observed 

emission was indeed from WGMs. The Q factors of WGMs in UV region were higher 

than that of visible emissions, ranging from around 100 to more than 4000. 
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Figure 2.10. PL images of a ZnO microdisk (a) at room temperature and (b) at 10 K. 

The images are constructed from intensities at 383.6 nm and 370.1 nm, respectively 

[88]. (c) Monochromatic CL image of a ZnO nanodisk at 378 nm. The side length of 

the ZnO hexagonal nanodisk is approximately 1.5 μm. (d) Intensity profile across the 

nanodisk. The darkened area indicates the luminescence contribution from the WGMs 

emission [90]. (e) PL spectrum of a ZnO microdisk. (f) Inverse functions of WGMs 

with the corresponding mode numbers given in (e). The wavelengths are determined 

by the intersection points with the Sellmeier’s first order dispersion function [73]. 

2.3.2 Additional ZnO optical cavities 

In addition to WGMs, other types of ZnO resonators were studied. In terms of 

geometrical optics, FPMs and quasi-WGMs are formed when the light ray strikes top 

and bottom planes of the cavity and the boundary at 30° relative to the normal to the 

surface boundary, respectively. The FPMs have been observed in elongated ZnO 

nanostructures such as wires or tubes. Here, FPMs occur perpendicular to the cross 

section plane by reflections between the wire end facets in nanowires with a constant 

diameter [91, 92]. It have also been demonstrated in tapered nanowires [93, 94]. The 

standing waves are formed whenever the cavity contains an integral number of half-

wavelength. Thus, the optical path length for constructive interference in this case is 

equal to twice the cavity length. Similar to WGMs, FPMs also can exhibit high Q 

factors and thus show lasing action in ZnO nanostructures [95]. 

FPMs in ZnO microstructures with hexagonal cross sections have been shown to be 

novel optical resonators [96]. Optical study of the ZnO microrods is carried out under 

a confocal μ-PL spectrometer and a broad PL signal in the range of 360 nm – 700 nm 

is observed in Figure 2.11(a). The modulations can correspond to the several resonance 

optical modes because of its geometrical shape. From the point of view of geometrical 

optics, four kinds of resonant cavity modes can be formed in the microcavity; WGMs, 

horizontal-FPMs, quasi-WGMs, and vertical-FPMs as shown in the right inset of 

Figure 2.11(a). For FPMs, two different light directions can be studied. While light 

travels back and forth between the two narrow opposite sides of the microrod 

(horizontal-FPMs), light can also travel between the top and bottom planes of the 
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microrods (vertical-FPMs). For WGMs, quasi-WGMs, and horizontal-FPMs, it was 

deduced that the calculated path lengths were all much larger than the observed values 

in the experiment, which indicates that the observed emission does not arise from these 

that resonant modes. For the vertical-FPMs, the height of the microrod is consistent 

with that of obtained in the theoretical analysis based on the measured resonant modes. 

Furthermore, the PL spectra from ZnO with different heights were measured to 

investigate the relationship between the resonance modes and the vertical sizes of the 

microcavities. As shown in Figure 2.11(b-d), the PL signals in UV and visible spectra 

range are clearly modulated by varying the height of the cavity. It is interesting that a 

series of FPMs can be clearly identified in such a vertical microcavity with a short 

effective length. The number of FPMs increases clearly with increasing height of the 

cavity based on the FPMs condition. In addition, the width of the mode peak 

significantly decreases as the microrod height increases, indicating that a larger cavity 

height can improve the mode quality. 

Another ZnO nanowire can also exhibit a series of FPMs [97] shown in Figure 2.11(e). 

The spectra detected at both wire ends are identical and consist of a series of peaks 

which can be enhanced by FPMs. The spectrum can be fitted to a sum of Lorentzians, 

where each Lorentzian represents an individual luminescence peak. Below 3.22 eV in 

the region with pronounced peaks, light is mainly emitted at the wire ends as shown in 

Figure 2.11(f) and 2.11(g). Since the emission spectra at both of the nanowire ends 

feature a series of identical peaks, it is highly likely that they reflect standing-wave 

modes in the ZnO nanowire. Therefore, the luminescence spectra detected at the 

nanowire ends is attributed to the FPMs with their wave-vector parallel to the wire’s 

long axis. Further analysis showed that the modes are polariton eigenmodes situated 

on the lower polariton branch. 
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Figure 2.11. (a) PL spectrum from the individual ZnO microrod. Insets show the 

diagrams of the 4 light paths. (b-d) PL spectra collected at the center of the top facet 

of 3 ZnO microrods with different heights [96]. (e) Analysis of the emission spectrum 

from a ZnO single nanowire at the bottom end as a sum of Fabry-Pérot peaks each 

with a Lorentzian line shape. (f, g) Map of the emission intensity along the nanowire 

at two different photon energies [97]. 

ZnO possesses outstanding optoelectronic properties such as exciton resonances due 

to spin-orbit coupling in the crystal field with a large oscillator strength and a large 

exciton binding energy ~ 60 meV [98]. Thus, ZnO can be one of the most potential 

candidates for realization of exciton-polariton emission [99]. Inside a suitable optical 

cavity or photonic crystal structure, excitons can strongly couple with the cavity mode 

and form cavity polaritons. As a result, it is likely that the light-matter interaction 

between optical modes is strong and therefore excitonic-polariton effect can be 

beneficial for proper understanding of the UV luminescence spectra of ZnO 
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nanostructures [100]. These polariton cavity modes exhibit a hyperbolic dispersion 

relation in the plane of optical resonator [101]. The dispersion curve of exciton-

polaritons in optical cavities can be obtained by measuring the reflectivity or PL. For 

strong exciton-photon coupling in ZnO, thin films and nanostructures has been 

investigated from angle-dependent absorption, reflection, and luminescence 

spectroscopy at room temperature and cryogenic temperature [102-104]. In addition, 

some findings of polariton lasing have been studied in various microcavities including 

the WGMs microcavity [104-107]. For example, the strong coupling regime was 

observed from a ZnO tetrapod in WGMs cavity, as shown in Figure 2.12(a). 

 

 

Figure 2.12. (a) Magnified SEM image of a ZnO tetrapod. (b) Spatially-resolved PL 

mapping along the tapered arm with the excitation laser polarization E  c-axis and 
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detection unpolarized [105]. (c) Exciton-polaritons dispersion curve from a ZnO 

microrod. The blue dashed line is the pure cavity mode dispersion. The horizontal 

dashed lines denote the exciton A, B, and C. (d) TE polarized μ-PL spectrum from the 

microrod [107]. 

Interestingly, a tapered arm of the ZnO tetrapod has a varying radius, which leads to 

different energy and the number of orders of WGMs cavity by choosing different 

position along the tapered arm. Therefore, μ-PL scan was used to investigate the 

polariton emission along the tetrapod (Figure 2.12(b)). PL mapping clearly shows the 

modulation of UV luminescence, indicating excitonic-polaritons resulting from a 

strong coupling between WGMs and excitons in the cavity, relatively low energy side 

for WGMs and higher energy side for exciton-polariton branch. Recently, strong 

coupling regime from WGMs in a ZnO microrod cavity has been reported [105, 107]. 

To understand the spectral nature in UV emission region, polariton effects that are 

induced by the interaction between optical modes and excitons should be considered. 

It is expected that the different polarized modes relate with different polarized free 

excitons (A, B, and C exciton). In the coupling oscillator model, the polariton 

dispersion and the refractive index can be described in the simple dielectric 

approximation form as: 

 n2 = ε 1 + Ωi
i = A,B,C

ωi,L
2 ωi,γ

2

ωi,γ
2 ω2 iωΓi

=
c2k2

ω2  (2.7)

where the ε∞ is the dielectric constant, ωi,L and ωi,γ are the longitudinal and transverse 

resonance frequencies respectively at k = 0, Γi is the damping constants, c is speed of 

light, and Ωi is a parameter determined by the longitudinal and transverse resonance 

frequencies [102]. According to the exciton-polariton dispersion, the exciton-polariton 

dispersion curve is separated into upper polariton branch (UPB) and lower polariton 

branch (LPB) as shown in Figure 2.12(c) and 2.12(d). The energy positions of the two 

enhanced peaks correspond to the bottom of the UPB and the transition region of the 

LPB, respectively. Besides WGMs polaritons, PL investigations of quasi-WGMs 

polaritons in a ZnO microrod have also been studied [108]. The quasi-WGMs were 
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shown at the UV region where the cavity modes strongly couple with excitons and 

form polaritons. The calculated dispersion relations showed the A-exciton resonance 

for the cavity polaritons showing good agreement with the experimental data points. 

Scanning μ-PL measurement was performed along the c-axis of the microrod to 

confirm the fine structures and explore their physical properties. 

 

2.4 Nanophotonic devices from ZnO 

Now several applications of the photonic devices are discussed – focusing on amplified 

spontaneous emission (ASE), lasing and electrically driven devices. 

2.4.1 Lasing action in ZnO 

Numerous reports on stimulated emission in ZnO have been published. However, 

important to note that majority of these papers in the literature only report on ASE, 

rather than lasing [109, 110]. A dominant line in luminescence spectrum does not 

automatically mean lasing, rather it is critical to confirm a change from linear to ASE 

as well as from ASE to lasing on a log-log plot of the light in and light out plots [95]. 

WGMs ASE in the excitonic UV band was shown by Czekalla et al. [84, 111]. 

Hierarchical structures such as nanotubes and nanowires [112] or ZnO nanoplate-

nanowire architectures [113] have been studied as new directions for integrated device 

applications. In recent years, ASE has been investigated in ZnO powders and patterned 

films with incoherent and coherent feedback in the gain media [114, 115]. UV lasing 

in ZnO has been observed in powder, thin-film, and nanowire samples based on the 

positive feedback in random and Fabry-Pérot cavities [116-118]. 

Due to the difficulties in achieving high Q from ZnO samples, the distinct WGMs 

lasing was observed from individual ZnO microwires at low temperature. Following 

this work, more detailed investigations have been carried out, and the performance of 

WGMs lasing has been improved remarkably, which can be observed directly at room 

temperature from different ZnO micro- nano-structures with hexagonal cross section. 

By changing the excitation density, the transformation from spontaneous emission to 



 

33 
 

Chapter 2. Fundamentals of ZnO as a nanophotonic material 

stimulated emission can be directly observed. Very recently, a membrane-type of ZnO 

microcavity is fabricated and characterized [119]. Figure 2.13(a) depicts a schematic 

diagram of the ZnO membrane-type microcavity and corresponding pumping schemes. 

Figure 2.13(b) is a SEM image of suspended ZnO membrane. Through changing the 

pumping regimes, manipulation of P-band exciton lasing and WGMs lasing could be 

easily achieved. The calculated vertical optical field distribution, shown in Figure 

2.13(c), is obtained using the transfer matrix method. To observe the triggering 

condition of P-band exciton lasing and WGMs lasing, four types of pumping scheme 

is studied as shown in Figure 2.13(d). Thus, the WGMs could be manipulated by 

modifying the intensity and position of the pumping laser. The insets of Figure 2.13(e) 

and 2.13(f) show the optical microscopy images of a large pumping spot at the center 

(regime ІІІ) and at the edge (regime ІV) of the ZnO microcavity, respectively. For 

pumping regime III, the pumping spot showed a larger WGMs overlapping to a higher 

order WGMs compared with pumping regime I because of the larger pumping area, 

which was useful for triggering the WGMs lasing. The spectra in Figure 2.13(g) show 

a non-linearly enhanced intensity and a linewidth narrowing behavior when the laser 

power exceeds the threshold. The single mode lasing behavior of regime III was 

attributed to the edge accumulated WGMs characteristics. As the pumping spot was 

removed towards the edge of the microcavity (regime IV), additional WGMs were 

excited. In Figure 2.13(h), two WGMs were excited and lased above the threshold as 

a result of the edge-pumping scheme. An intensity saturation of this dominant peak 

was related to the gain competition with another lasing peak. 
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Figure 2.13. (a) Schematic plot of ZnO membrane microcavity and the configuration 

of optical measurement. (b) SEM image of suspended ZnO membrane with false color 

for clarity. Inset shows the optical microscope image of ZnO membrane on the silicon 

dioxide (SiO2) substrate. The scale bar in both the main figure and the inset figure is 

10 μm. (c) Refractive index and optical field distribution along the vertical direction 

of ZnO microcavity. (d) Schematic plot of 4 pumping schemes and the optical paths 

for WGMs. (e-h) Measured spectra and peak intensity and linewidth versus pumping 

intensity at regime III and IV pumping condition. Insets in (e) and (f) display the 

optical microscope images of pumping spot on ZnO microcavity of regime III and 

regime IV, respectively [119]. 
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Recently, stimulated emission from FPMs has been investigated from ZnO 

nanostructure cavities that are composed of waveguides and end-facet mirrors [120-

122]. Figure 2.14(a-c) shows the sample morphology and transmission electron 

microscopy (TEM) images of ZnO nanoribbons. Figure 2.14(d) shows a far-field 

emission image of another nanoribbon and Figure 2.14(e) shows the PL intensity as a 

function of excitation power. At a low excitation power density, broad UV emission 

was observed at around 387 nm. With the assumption that this nanoribbon was 

supported as FPMs optical cavity, the calculated value was almost in well-agreement 

with observed mode spacing of 0.85 nm obtained from the difference between peak to 

peak. Thus, it confirmed the formation of longitudinal FPMs cavity by the reflection 

at the end two facets of the nanoribbon. As increasing the excitation power density, 

the intensity of these peaks became strong and additional lasing mode appeared 

between the energy peaks (Figure 2.14(f)). Figure 2.14(h-k) shows another optically 

excited ZnO nanowire below and above lasing threshold. It is clearly seen that the 

nanowire is directed by spontaneous emission below threshold across the whole 

nanowire surface with the uniform and broad light, but exhibits only two light sources 

of stimulated emission at the nanowire end of facets above threshold, indicating the 

light interference is due to FPMs. The emission even displays diffraction patterns 

indicating high spatial coherence. From the PL spectra in Figure 2.14(l-o), the broad 

emission altered to a sharp peak with mode spacing on increasing the excitation 

intensity. 
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Figure 2.14. (a-c) SEM and TEM images of ZnO nanoribbons. (d) PL far-field image 

of a ZnO nanoribbon. (e) Integrated emission intensity against excitation power of the 

corresponding nanoribbon. (f) Emission spectra from the nanoribbon at different 

excitation powers above lasing threshold [120]. (g) Dark-field optical image of a ZnO 

nanowire laser. (h-k) Panchromatic PL images of the nanowire with increasing 

excitation intensity. (l-o) PL spectra taken at the excitation intensities corresponding 

to images (h-k) [121]. 
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Additionally, other nanostructures such as hexagonal nanorods [123] and tetrapods 

[124, 125] were demonstrated to show laser activity. However, most of the lasing is 

observed in the UV region. Although visible lasing from ZnO nanostructures has not 

been widely reported, one study shows that white light and visible luminescence are 

observed from ZnO nanocolumns grown on Au-coated tin-oxide glass [126]. The 

observed lasing emissions related to FPMs cavities were confirmed by the 

directionality of the emission, lasing threshold and mode spacings. Figure 2.15(a) 

shows the SEM image of ZnO nanocolumns and Figure 2.15(b) is the corresponding 

PL spectrum obtained at different pumping intensities. The curve, which is above the 

threshold pumping intensity, exhibits a number of peaks that occurs only at the modal 

frequencies of the cavity. The cavity mode features are due to laser action within the 

solid ZnO nanocolumns based on the mode spacing calculation. 

 

Figure 2.15. (a) Crystallographic representation of ZnO nanocolumns. (b) PL spectrum 

for the nanocolumns for a pumping intensity of A: below threshold, B: 5.5× above 

threshold, and C: 11× above threshold. Inset shows expanded view of spectrum C 

showing a mode spacing of 10 nm [126]. 

Multiple scattering of light can be achieved in a disordered medium within gain, and 

thus light amplification can be enhanced by modifying the path length and dwell time 

of light in an active medium [127]. It is called random lasing that the light is amplified 

along the closed and optical loop feedback paths by the repeated scattering at the 

boundaries. These pathways can also advance in disordered dielectric media when 

scattered light interferences produce positive coherent feedback for lasing oscillation 
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[128]. Optical gain should be larger than losses to achieve random lasing. It has been 

studied that the scattering mean-free-path should be reduced below the wavelength of 

the light [129]. As a result, the probability that light returns back to the positions where 

it has been scattered before is increased [116]. In addition, emission properties with 

changing laser spot sizes should show a different number of lasing peaks in the 

emission spectra because the change of the spot size affects the number of closed loop 

paths. Since closed loop path shows different output directions, modification of 

emission angles also influences the emission spectra. Random lasing has been 

demonstrated in several ZnO nanostructures, such as powder [116, 130], nanowires 

[25], nanoparticles [131], or polycrystalline ZnO thin films [129]. 

Figure 2.16(a-c) present an example of random lasing showing the evolution of the 

emission spectra as the pumping intensity was increased. When the pumping intensity 

was increased, additional peaks emerged and the emission peak became narrower due 

to the preferential amplified emission at frequencies close to the maximum of the gain 

spectrum. After the pumping intensity was further increased larger than the threshold, 

distinct narrow peaks appeared on top of the broad spontaneous emission peak. The 

linewidth of these peaks was less than 0.3 nm, which is much smaller than the width 

of the spontaneous emission peak. Laser emission from the ZnO nanostructures could 

be observed in various directions. As shown in Figure 2.16(d) and 2.16(e), the laser 

emission spectra changes with the detection angle. Since different laser cavities formed 

by multiple scattering show different output directions, lasing modes observed at 

various angles can be different. Additionally, Cao et al. studied micro-random lasers 

with disordered and closely packed ZnO nanoclusters [132]. Figure 2.16(f) shows a 

nanocluster of size ~ 2 μm. The ZnO nanoparticles have an average size of 50 nm. 

When the pumping intensity exceeded a threshold, a sharp peak appeared from the 

emission spectrum in Figure 2.16(g). Simultaneously, some bright spots appeared with 

light distribution in the nanocluster in Figure 2.16(h) and 2.16(i) which show the 

images of the light distribution on two planes with different depth inside the 

nanocluster. These images demonstrate three-dimensional localization of laser 

emission in the random medium. This three-dimensional light confinement could be 

realized through the process of multiple light scattering and wave interference. When 
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the pumping intensity was increased further, well above the threshold, a second sharp 

peak appeared in the emission spectrum (not shown), and the total emission intensity 

increased with the pumping intensity. 

 

 

Figure 2.16. (a-c) Spectra of emission from ZnO powder when the excitation intensity 

is (from bottom to top) increased. Inset in (b) is a schematic diagram indicating the 
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formation of a closed loop path for light through recurrent scattering in the powder. (d, 

e) Emission spectra of laser emission into two directions: (d) 60° from the sample 

surface, (e) 15° from the sample surface [116]. (f) SEM image of a second ZnO cluster. 

(g) Spectrum of emission from this cluster above the lasing threshold. The incident 

pump pulse energy is 0.27 nJ. (h, i) Spatial distribution of emission intensity in the 

cluster at the same pumping power [132]. 

2.4.2 Hybrid / heterostructures 

Regarding the electrically driven light devices and lasers, the fabrication of high-

quality p-type ZnO remains great challenge. Due to the p-type doing problem, many 

researchers reported on the heterostructures with n-type ZnO grown on p-type 

materials of GaN, Si, and conducting oxides [31, 133, 134]. Among the possible 

heterostructures, the structure ZnO/GaN has attracted extensive interest [135-137] 

because device structures such as n-ZnO/p-GaN can be readily realized because the 

lattice mismatch between ZnO and GaN is modest (~ 1.9 %) [43]. Another alternative 

p-type material is acceptor doped Si [138]. Some of heterostructure devices are shown 

in Figure 2.17. 

 

Figure 2.17. (a, b) SEM image and schematic diagram of Mg-doped GaN film/ZnO 

nanowire array/Al-doped ZnO film structures for nanometer-sized ZnO/GaN 

heterojunction applications. Inset of (a) is a photograph of blue-light emission from 
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the heterojunction diodes observed through a microscope at the forward current [135]. 

(c) Optical image of ZnO nanorod arrays imprinted on GaN. (d) Top view micrograph 

image of the ZnO nanorod arrays, along with their enlarged (e) top view and (f) tilt 

view SEM images [137]. (g-i) Schematic description, SEM and optical images of a 

single ZnO nanowire/Si heterostructure [139]. 

One of the most promising applications of the ZnO-based heterostructure is for UV 

light emitting devices [140]. Figure 2.18(a) shows electroluminescence (EL) spectra 

of the ZnO-nanowires/p-GaN heterostructures with forward bias, exhibiting emission 

peak centered in the UV at 397 nm. The EL emission significantly increased from the 

emission threshold (~ 4.4 V) and is slightly red-shifted compared to the PL emission 

of ZnO and GaN. The top inset in Figure 2.18(a) shows there is no short circuit in the 

constructed device, consequently the UV emission is most likely attributed to radiative 

recombinations in ZnO from the heterojunction. Above 6 V, the violet-blue emission 

is easily observed with the naked eye as shown in the bottom inset of Figure 2.18(a), 

imaged with a charged coupled device (CCD) camera. The round-shape spot is 

originated from the whole disk-shape ZnO nanowires-layer. 

Another study showed different EL behavior from other n-ZnO/p-GaN heterojunctions 

where the EL generated only from either the n-ZnO or p-GaN side [136]. EL spectra 

from the n-ZnO/p-GaN:Mg exhibited the superposition of light emissions from both 

the n-ZnO and p-GaN layers. The competition between the EL from the n-ZnO and 

from the p-GaN can be explained by difference in carrier concentration and emission 

efficiency between n-ZnO and p-GaN, as well as the interfacial layer. To improve the 

emission of n-ZnO-based heterojunctions, double and triple heterostructures such as a 

hybrid n-MgZnO/CdZnO/p-GaN structure with a quantum-well structure [141] and 

MgZnO/ZnO/AlGaN/GaN were fabricated producing strong emission at 390 nm [142]. 

Visible EL can also be observed from ZnO/GaN heterostructures [143]. The ZnO 

nanorod arrays were grown on p-GaN layer using metal-organic vapor phase epitaxy 

without the catalyst. ZnO nanorods are fabricated vertically well on the GaN layer due 

to a low lattice mismatch. EL spectra from the heterojunction were measured at 

different reverse bias voltages as shown in Figure 2.18(b). As increasing the reverse 
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bias from 3 V, the yellow emission appeared and increased, and blue and UV emission 

were also observed. The EL emission peaks of the visible (yellow and blue) emission 

can be attributed to a defect-related emission and a radiative recombination related to 

Mg acceptor in Mg-doped GaN. On the other hand, Klason et al. used p-Si to obtain 

visible luminescence. They reported the EL spectra obtained from ZnO nanodots/p-Si 

heterojunctions [144]. White light EL consisting of a blue light at 450 nm and a 

broadband around 550 nm from n-ZnO/p-GaN heterojunction was also reported [145]. 

Alvi et al. also investigated the n-ZnO nanostructures (nanowalls, nanorods, 

nanoflowers, and nanotubes)/p-GaN white light emission systematically [146]. EL 

spectrum of ZnO heterostructures showed two main peaks positioned at violet, and 

violet-blue emission with some visible emission as well. 

The electrically pumped WGMs ASE from hexagonal ZnO has been recently reported 

[147]. Figure 2.18(c-h) shows the schematic procedure for fabricating a ZnO 

microrod/GaN microlaser diode and its SEM images. A 20 nm Zn thin film was 

sputtered between the p-GaN substrate and the ZnO microrods and the thin film is put 

into a ZnO buffer layer after annealing process to contact between the ZnO microrod 

and the GaN substrate. Figure 2.18(i) shows current – voltage (I-V) rectifying curve 

of the device and the inset is the energy band diagram of the n-ZnO/p-GaN 

heterojunction. Figure 2.18(j-l) shows the room temperature EL spectra of the device 

at different applied current and insets of 2.18(j) are an EL image at the current of 15 

mA and the EL intensity profile against the current. As the applied current is increased, 

4 distinct sharp peaks occurred from the EL band, indicating the presence of ASE. 

When the current is increased to 15 mA, more obvious resonant peaks emerge on the 

spectrum and the emission intensities significantly increase. Based on the calculations 

using the plane wave model, it has been confirmed that the resonant sharp emission 

peaks originate from WGMs emission through the electrically driven device of the 

ZnO microrod on GaN. Even though Q factor from EL is lower than that of PL, these 

results strongly suggest that ZnO microdisk could be promising candidate for 

electrically pumped microlaser diodes. 
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Figure 2.18. (a) Room temperature EL spectra of an indium tin oxide (ITO)/ZnO-

nanowires/p-GaN/In-Ga heterojunction under different forward bias voltages. Inset 

(top right) shows the comparison of EL spectra from the heterojunction structure and 

an ITO/GaN/In-Ga structure. Inset (bottom right) is an image of the light emission spot 

under a DC bias of 6 V at room temperature [140]. (b) EL spectra of a n-ZnO 

nanorods/p-GaN device with a reverse bias voltage. Inset is a photograph of light 
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emission from the EL device at a bias voltage of 5 V. (c-f) The fabrication process of 

a ZnO microrod/GaN heterojunction [143]. (g, h) SEM image of the ZnO microrods 

covered by a polymethyl methacrylate (PMMA) thin film and microrod after reactive 

ion etching. (i) I-V curve for the ZnO microrod/GaN heterojunction; the inset shows a 

schematic of the band diagram. (j) EL spectra from the ZnO microrod/GaN 

heterojunction under different applied current. The left inset shows a photograph of 

the EL emission from the sample and the right inset shows the relationship between 

the EL intensity with the applied current. (k) Gaussian fit of the EL spectrum under 

the applied current of 10 mA. (l) The enlarged spectra from 360 nm to 420 nm under 

current equal to 12 mA and 15 mA [147].
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Chapter 3  

Materials and experimental methods 
 

In this chapter, ZnO samples used during the experiments are described. Key 

experimental techniques to characterize the samples used in this project are also 

discussed. Extensive experimental investigations were undertaken to study 

morphological and optical properties of the sample. 

 

3.1 ZnO samples 

Three different types of ZnO were used during the experiments: 

(1) ZnO nanoparticles, obtained by Nanostructured and Amorphous Material 

Inc., USA. ZnO nanoparticles were dispersed in methanol and ultra-

sonicated to disperse the nanoparticle clumps. The suspension was then drop 

cast using a spin coater with a micropipette onto a clean substrate, so the 

nanoparticles were relatively evenly distributed across the substrate after the 

methanol was completely dried. 

(2) ZnO thin films were produced by sputtering of 2” ZnO target (99.99 %) with 

a DC current controlled deposition. The film thickness is ~ 50 nm, and its 

SPSs and electrical properties were characterized. Growth details of the ZnO 

thin film are described in Chapter 6. 

(3) ZnO microdisks were fabricated by carbothermal reduction of ZnO using a 

horizontal tube furnace, which is discussed later. The ZnO microdisks have 

a hexagonal structure which facilitates the observation of WGMs optical 

resonance. 
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3.1.1 Carbothermal reduction of ZnO to fabricate ZnO microdisks 

ZnO growth has been studied extensively in the field of optoelectronic. One of the 

popular fabrication methods of ZnO micro- and nano-structures is chemical vapor 

deposition where a source material (typically a 1:1 weight mixture of ZnO powder and 

graphite) and a substrate are placed inside a growth furnace in such way that the 

temperature of the source material is higher than that of the substrate. Zn vapor was 

produced through the carbothermal reduction of ZnO powder by using graphite which 

was used as a reducing agent. ZnO has a melting point of 1875 °C, but the addition of 

graphite can lower this to 907 °C. The process of reduction is followed by: 

 ZnO(s) + C(s) → Zn(g) + COx(g) (3.1)

The Zn atoms and C were then reoxidized [69] by the oxygen in air to facilitate the 

formation of ZnO micodisks. Oxygen can also be introduced in the furnace tube as 

carrier gas. The reaction can proceed according to the equation: 

 Zn(g) + O2(g) or COx(g) → ZnO(s) (+ C(s)). (3.2)

Generally, this method usually takes a lot of time, so a metal catalyst is used to seed 

up the process. Additionally, control of the position of the substrate in the growth 

furnace is difficult and time consuming. Recently, however, some studies have been 

conducted for the fabrication of ZnO micro- and nanostructures without carrier gases 

and on a catalyst [148, 149]. 

Synthesis of the ZnO microdisks was carried out in a conventional Lindberg/Blue 

horizontal tube furnace. The details of fabrication methods are discussed in chapter 7. 

 

3.2 Annealing process 

Annealing processes have been performed in the tube furnace. The general 

arrangement of the furnace is shown in Figure 3.1. The tube was sealed at both ends, 

with one end connected to a rotary pump and the other connected to a gas inlet. The 

furnace allows annealing from low temperature up to 1100 °C for a range of annealing 
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times with programmable heating and cooling rates. Gas flow rates can be controlled 

by mass flow controllers and the pressure was also managed through a pressure 

limiting valve. The sample was placed in a ceramic boat, which was placed in the 

middle of a sealed quartz tube. Details of annealing conditions are presented in each 

chapter as different annealing approaches are required to create different defect centers 

in ZnO. 

 

Figure 3.1. Photograph of the annealing tube furnace. 

 

3.3 Hydrogen doping 

To probe the charge state of defects, the nanoparticles were doped with hydrogen. 

Hydrogen was chosen as the investigative plasma since it is known to exist exclusively 

as a positively charged donor in ZnO [150]. Consequently, it is expected to interact 

strongly with negatively charged defects and hydrogen passivates some peaks in the 

broad DL emission resulting in enhancement of the NBE. H-Doping was achieved by 

exposure to radio-frequency (RF) plasma in a vacuum chamber controlled by AG 

0201HV-OS high voltage RF plasma power source. The basic setup is presented in 

Figure 3.2. 
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Figure 3.2. Schematic diagram of the plasma deposition chamber. 

Annealed ZnO nanoparticles were put in the chamber which was evacuated with the 

pressure of ~ 10-1 torr. A constant pressure is monitored with a Lam research series 

capacitance diaphragm gauge. The stage was then heated up to 200 °C. As the 

temperature used throughout the plasma treatment process was kept constant at 200 °C 

or below, intrinsic defects were not produced due to the high formation energy. 

Hydrogen gas (H2) is flown into an evacuated chamber moderated using an Apex mass 

flow controller. A 10 standard cubic centimeters per minute (sccm) H2 flow was also 

maintained across all samples. The chamber is equipped with a RF plasma source that 

ionizes the gas introduced into the chamber through the gas pipe connected to the gas 

cylinder. The plasma is generated using an AG 0202-HV OS high voltage plasma 

generator from T&C power/conversion, Inc. H2 gas is ionized creating energetic 

radicals which penetrate into the sample and diffuse. 
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3.4 Characterization of ZnO 

3.4.1 Scanning electron microscopy (SEM) 

A SEM is used for high-resolution imaging of a sample to provide information of its 

composition, morphology and topography. [151]. The SEM morphology analysis was 

performed using a Zeiss Supra 55VP SEM high resolution field emission SEM 

operating in SE mode. The microscope was equipped with an in lens SE detector 

capable of 1 nm resolution. Images were collected at room temperature using an 

accelerating voltage of 15~20 kV. 

3.4.2 Cathodoluminescence (CL) spectroscopy 

3.4.2.1 Background 

CL spectroscopy is one of the main analysis tools used in this project. CL is the 

phenomenon associated with the emission of light from the surface of a material when 

excited by an electron beam. Irradiation by a high energy electron beam will result in 

the promotion of electrons from the VB and into the CB, leaving behind holes. 

Following excitation the CB electrons quickly thermalize via phonon scattering and 

recombine with the holes in the VB, where the excess energy is conserved via photon 

or phonon emission. There are several radiative pathways for the electrons and holes 

to recombine which are illustrated in Chapter 2. 

Band-to-band and excitonic emissions occur at the NBE, and the free-to-bound and 

DAP recombinations involve transitions at levels within the bandgap. So CL can be 

used to study excitonic behavior as well as to probe electronic states within the 

bandgap of a material. However, it is important to note that in CL is a competitive 

process dependent on the concentration of a recombination center, and can be either 

radiative or non-radiative. 

The advantage of CL in electron microscopes over other optical measurement 

techniques is the high spatial resolution, which can be below 10 nm under optimal 

operating conditions. Moreover, CL depth information on a specimen can also be 
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obtained by varying the accelerating voltage (Eb) of the primary beam up to a few 

microns, and adjusting the beam current (Ib) to provide constant beam power (Eb·Ib). 

Also, CL can be used to perform power density, depth-resolved, and temperature 

dependent measurements. As a result, with CL, the bandgap as well as various 

electronic states such as defect states in the bandgap of a semiconductor can be 

investigated at high spatial resolution in three dimensions. 

3.4.2.2 CL measurement 

Scanning CL can be conducted using a SEM equipped with a suitable light collection 

and optical spectrometer. In this work, the sample is placed at the focal point of a 

parabolic mirror which focuses the emitted CL onto a fiber optic cable, connected to 

either the OceanOptics QE65000 CCD spectrometer or the Oriel MS257 

monochromator equipped with a Hamamatsu CCD. The OceanOptics spectrometer 

gives a luminescence ranging from ~ 200 nm to ~ 1000 nm which a spectral resolution 

of 1 nm. The monochromator system disperses the light emission to a variable 

wavelength range and the dispersed light is projected onto the Hamamatsu CCD sensor, 

which is attached to the lateral port of the monochromator. A schematic diagram of 

the system is given in Figure 3.3. The monochromator setup was used to investigate 

optical resonance behaviors of ZnO microdisks which were not able to be observed 

using OceanOptics spectrometer. The system used for CL imaging was an FEI Quanta 

200 ESEM with a Gatan MONOCL3 system equipped with a liquid nitrogen cold stage 

for cooling samples down to 80 K. The collection conditions used in CL experiments 

can have a dramatic effect on spectra [152]. CL conditions used in this project vary 

significantly depending on the nature of the experiment. For this reason, collection 

conditions are presented in each chapter. Beam current was measured by using a 

Faraday cup. 
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Figure 3.3. Diagram of SEM-based CL system. 

3.4.3 Electron paramagnetic resonance (EPR) spectroscopy 

Electron paramagnetic resonance (EPR) spectroscopy, also referred to as electron spin 

resonance (ESR), is a technique used to study materials with unpaired electrons using 

microwave energy. Thus, EPR is powerful technique to characterize defects in ZnO 

that contain an unpaired spin which is EPR active. 

When a molecule or compound with an unpaired electron is placed in a strong 

magnetic field of strength Bo produced by a magnet in the laboratory, the spin of the 

unpaired (paramagnetic) electrons can either orient in a direction parallel ms = -½ or 

antiparallel ms = +½ to the direction of the magnetic field because the electron is a spin 

½ particle, as can be seen in Figure 3.4(a). This creates two distinct energy levels for 

the unpaired electrons and this effect is known as the Zeeman Effect. The higher 

energy state arises when the magnetic moment of the electron, μ, is aligned against the 

magnetic field. On the other hand, the lower energy state occurs when the μ is aligned 

with the magnetic field. The energy of a magnetic moment (E) in a magnetic field can 

be expressed as the product of μ and Bo. For an electron spin magnetic moment is given 

by 

 μ = msgμB (3.3)

where μB is the Bohr magnetron and g is the g-factor. For a molecule with one unpaired 

electron in a magnetic field, the energy states of the electron are given by 



 

52 
 

Chapter 3. Materials and experimental methods 

 E = ±
1
2

gμBB0. (3.4)

Therefore, the separation between the upper and the lower state is determined as 

 ∆E = (E + ) (E ) = gμBB0 = hν, (3.5)

where h = Planck’s constant, ν = the frequency of radiation. The g-factor is a unit-less 

measurement of the intrinsic magnetic moment of the electron. The equation indicates 

that the splitting of the energy levels is linearly proportional to the magnetic field’s 

strength. 

In EPR spectroscopy, the magnetic field is changed to collect an absorption spectrum, 

while the frequency of the radiation is kept constant. Electromagnetic radiation will be 

absorbed if the resonance condition ∆E = hv, is obeyed, leading to Eq. 3.4. The 

absorption of this energy results in a transition of an electron from the lower energy 

(spin-down) state to the higher energy (spin-up) state. EPR spectrum is plotted by the 

absorption of microwave frequency radiation against the magnetic field intensity. A 

phase-sensitive detector is used in EPR spectrometer, causing the absorption signal 

being presented as its first derivative in the spectrum. Thus, absorption peak of the 

EPR spectrum corresponds to the point where its first derivative spectrum passes 

through zero which is the point used to measure the center of the signal. Figure 3.4(b) 

shows an example of EPR absorption spectrum and its first derivative. EPR 

spectroscopy was conducted for the investigation of electronic structure of point 

defects in ZnO nanoparticles. The condition details (temperature, power, and 

frequency) for the experiment are described in Chapter 4. 
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Figure 3.4. (a) Minimum and maximum energy orientations of magnetic moment μ 

with respect to the magnetic field B0. (b) EPR absorption spectrum. The middle 

spectrum is the absorption spectrum in a varying magnetic field and the bottom 

spectrum is the first derivative of its absorption spectrum [153]. 

3.4.4 X-ray diffractometry 

X-ray diffraction (XRD) is a useful technique that examines detailed information about 

the crystallographic structure of samples. Constructive interference of diffracted x-ray 

occurs when Bragg’s law is satisfied. The Bragg’s law is defined as 

 2d sin θ = nλ (3.6)

where d is interatomic spacing in Angstroms which is usually called d-spacing, θ is 

the diffraction angle in degrees, n is an integer, and λ is wavelength in angstroms. In 

XRD experiments the intensity of x-rays arriving at the detector is measured as a 

function of 2θ which is the total angular displacement of the x-ray. Maxima in the 

intensity profile correspond to crystal planes meeting the Bragg condition in Eq. 3.6. 

A schematic diagram of the XRD is shown in Figure 3.5. The x-ray diffractometer 

consists of an x-ray source (usually an x-ray tube), a sample stage, a detector, and a 

way to vary the angle θ. The x-ray beam is focused on the sample at some angle θ, 

while the detector opposite the source reads the intensity of the x-ray that receives at 

2θ away from the source path. The incident angle is increased over time while the 

detector angle always remains 2θ above the source path. 
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Figure 3.5. Schematic diagram of x-ray diffractometer. 

3.4.5 X-ray near absorption edge spectroscopy (XANES) 

In order to probe core levels within atoms, high energy x-rays are needed. In this 

project, XANES measurements were performed at the Soft X-ray Beamline of the 

Australian Synchrotron. 

XANES measures the absorption of x-rays as a function of x-ray photon energy. As it 

probes the unoccupied electron states in the energy level above the selected atomic 

core level ionization energy, XANES provides information of conduction hand, 

oxidation state and transitions from the core level to an unoccupied states of elements 

in a sample. Two different types of defection modes can be obtained: total electron 

yield (TEY) and total fluorescence yield (TFY). TFY measures the emitted photons 

that give information about the bulk sample due to the long mean-free-path of photons. 

TEY on the other hand collects the neutralization current flowing into the sample. 

Generally, TEY measurement probes the surface of a material due to the short mean-

free-path of electrons and is sensitive to sample charging. In this project, TEY mode 

was used during the measurements and details of the conditions are described in 

Chapter 4. 

3.4.6 Confocal microscopy 

The confocal microscopy provides a major improvement in optical microscopy 

scientific disciplines developed. The principle of confocal imaging was developed in 
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1957 by Marvin Minsky. In a conventional wide-field optical fluorescence microscope, 

a sample is completely illuminated by the excitation light, so entire area of the sample 

is fluorescing at the same time. The highest intensity of the excitation light is at the 

focal point of the lens, but nonetheless, the other parts of the sample do get some of 

the light and they do fluoresce. Thus, the fluorescence emitted by the specimen 

obscures resolution of features due to a large amount of unfocused light. This is most 

pronounced in thick three-dimensional specimen, where the most of the fine detail is 

absent. Conversely in confocal microscopy only light emission close to the focal plane 

is collected and thus optical resolution and contrast of an image is enhanced with 

confocal microscopy over conventional far-field techniques. The basic principle of the 

confocal microscopy is that a confocal microscope is able to exclude out-of-focus 

fluorescent light in areas from resulting images due to a confocal pinhole in front of 

the detector. This approach enables to obtain sharply distinct optical sections from 

which three-dimensional structures can be imaged at high spectral resolution. 

In a typical confocal microcopy, laser excitation source passes through a pinhole 

aperture that is positioned in a confocal plane with a scanning point on a sample, and 

a second pinhole aperture is placed in front of the photomultiplier detector. The 

microscope uses a dichroic mirror which reflects light shorter than a certain 

wavelength, and passes light longer than that wavelength. As the laser is reflected by 

the dichroic mirror and scanned across the sample focal plane, emitted light from 

points on the sample in the same focal plane pass back through the dichroic mirror and 

is focused as a confocal point at the detector pinhole aperture to form an image. 

3.4.6.1 Second order autocorrelation function (g2(τ)) 

Second order autocorrelation function, g2(τ), is used to observe SPSs from a material. 

g2(τ) describes the intensity correlation of the fields at two different time-space points 

and classifies in which the light is described as antibunched, coherent, or bunched light. 

Antibunched light is clear signature of the quantum nature of light. g2(τ) is defined as 

 g2 τ =
t t + τ t + τ t

t t t + τ t + τ
I t I(t + τ)

I t I t + τ
 (3.7)
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where ε(t) and I(t) are the electric field and intensity of the light beam at time t. The 

bracket symbols again indicate the time average computed by integrating over a long 

time period (expectation values). If we consider a source with constant average 

intensity, <I(t)>=<I(t+τ)>, g2(τ) can be written as Eq. 2.4 which is 

g2 τ = I t I(t + τ) I(t) 2. 

For antibunched light, only one photon arrives into a detector at given time t, thus the 

value of g2(τ) becomes less than 1, sub-Poisson photon statistics. Based on the quantum 

mechanical theory of light in second quantization, g2(τ) at the zero time-delay 

correlation can be expressed as 

 g2(0) =
n(n 1)

n2  (3.8)

where n is the photon number. For a true single photon emitter, no more than one 

photon can be detected at any given time, n = 1, and subsequently g2(0) = 0. 

3.4.6.2 Hanbury Brown and Twiss (HBT) setup 

In order to investigate antibunching behavior, a HBT interferometer is used. The HBT 

experiment gives a direct measurement of g2(τ) in the photon interpretation of light. 

The HBT measures correlation of light emissions received by two detectors from a 

stream of light particles. Figure 3.6(a) shows a schematic diagram of the HBT system. 

Firstly, a stream of photons is incident on a 50/50 beam splitter, and is divided into 

two output paths. The beam splitter outputs are connected to two APDs for the photon 

detection, instead of photomultiplier tubes. The outputs of the APDs are then 

connected to the start and the stop inputs of a correlator card. When a photon reaches 

one of the APDs, the correlator records the time interval between a pulse detection at 

an APD, (“start”) and a subsequent detection at the other APD (“stop”), while 

simultaneously counting the number of pulses at each input. The results of the 

coincident events are presented as a histogram as a function of time delays between 

two consecutive photon detections, Figure 3.6(b) shows a histogram that exhibits the 

number of events recorded at each time delay between the start and the stop pulse. 

Note that in practice, a delay is placed in the stop channel. 
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Since the number of counts registered on a photon counting detector is proportional to 

the intensity, the definition of g2(τ) can be rewritten as: 

 g2 τ =
n1 t n2(t + τ)

n1 t n2(t + τ)
 (3.9)

where ni(t) is the number of counts registered on detector i at time t. This shows that 

g2(τ) is proportional to the conditional probability of detecting a second photon at time 

t = τ, given that one photon is detected at t = 0.  

If a true single photon emitter is emitted, only one photon is incident on the beam 

splitter at a time (t = 0). Multiple photons do not exist at the same time since one 

photon cannot be divided. Hence there is a 50 % probability that the emitted photon 

will be detected one of the APDs and activate the timer to start recording. The 

triggering of a start pulse in the APD indicates that there is a 0 % probability of 

obtaining a stop pulse from the other APD from this photon due to only one photon 

emission. That means the joint probability of equal time photo detection at the two 

detectors will be zero. Thus the timer will record no events at τ = 0. The process 

continues until a stop pulse is achieved. The stop pulse will be recorded at larger values 

of τ, but never at the time of t = 0. The result of the coincident statistics will be a dip 

at t = 0. The obtained curve of the statistics events is generally known as “antibunching” 

curve, shown in Figure 2.6(a) and 2.6(b). The absence of the peak at zero delay time, 

g2(0) = 0, indicates that the source is a true SPS. Antibunched light is a purely quantum 

state with no classical equivalent: However, in our experimental setup, there is always 

background emission present which causes the slight deviation from an ideal SPSs, 

giving 0 < g2(0) < 0.5. 
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Figure 3.6. Schematic illustration of a HBT experiment with a photon stream incident 

on the beam splitter. (a) The beam splitter directs the incoming photons to two APDs. 

The APDs are connected to a correlator card, which records the time elapses between 

the start and the stop pulses. (b) A histogram of an experiment from a true single 

photon emitter, showing the number of events recorded within a particular time 

interval.  

3.4.6.3 Single photon source (SPSs) measurement 

Measurements of SPSs were performed using a confocal microscope with HBT 

interferometer and PL spectroscopy at room temperature. The overall structures are 

illustrated in Figure 3.7. A CW of 532 nm green laser was used in the project and the 

excitation power was changed using a variable neutral density filter. ZnO sample was 

mounted on a movable XYZ stage. A high numerical aperture (0.9) objective lens was 

used and the confocal excitation spot size was ~ 600 nm. The laser is collimated and 

excites the sample through the objective lens which also collects the emitted light. The 

emission and residual laser line was filtered by a dichroic beam splitter and a band-

pass filter centered at 572 nm. The emitted light passes through the dichroic and is 

focused onto a pinhole in front of a detector. The light that passes through the pinhole 

and a 50:50 fiber-coupled beam splitter guided the light to the both APDs, providing 

an aperture for the confocal imaging. Then their outputs were sent to the start and stop 

inputs of the time correlator card. The correlator card is attached to a computer which 

builds up the image, one pixel at a time. Once the scanning mirror scans many thin 
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sections through a sample, a confocal image of the sample can be obtained. The laser 

polarization was controlled by a half-wave plate. The PL from the emission was 

coupled into a 62.5 nm core multimode fiber, which acts as an aperture. The PL was 

recorded using a fiber-couple spectrometer with a cooled CCD array. 

 

Figure 3.7. Experimental setup of measurements of SPSs using a customized confocal 

microscope with HBT interferometer operating at room temperature. A CW laser at 

532 nm is used and a variable neutral density filter was used to change the excitation 

power. The fluorescence emission was collected with a microscope objective lens. The 

emitted light passes through a dichroic mirror, band-pass filter, and is focused onto a 

pinhole. The laser polarization was varied by a half wave (λ = ½) plate. The light was 

coupled into a multi-mode fiber and sent to two APDs and a PL spectrometer. 

3.4.7 Raman spectroscopy

Raman spectroscopy has proven to be an effective and non-destructive characterization 

to investigate the lattice dynamics of materials. The experimental Raman system 

(Renishaw in Via Raman Spectrometer) is a compact single-grating (1800 lines per 

mm) Raman spectrometer system equipped with microscope optics (Leica DMLB 

microscope). This system provides a spectral resolution about 1 cm-1. To avoid effects 
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due to the laser heating: (i) a 632.8 nm line of a Renishaw He-Ne laser was used as 

excitation wavelength. (ii) a lens with only 5 times magnification was used, and (iii) 

the excitation power was kept under 6 mW. The ZnO samples were put under 

microscope objective lens, the laser was focused on the samples, and then the 

parameters such as time, power, and spectral range were set.
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Chapter 4  

Photophysics of point defects in ZnO 

nanoparticles 
 

ZnO nanoparticles have recently been identified as a promising candidate for advanced 

nanophotonic applications and quantum technologies. In this chapter, the formation of 

luminescent point defects and their photophysical properties will be described. This 

work provides important knowledge towards employment of point defects in ZnO in 

nanophotonic technologies. 

 

4.1 Introduction 

ZnO offers attractive optical, mechanical and electronic properties, including a large 

exciton binding energy, a high dielectric constant, high carrier saturation velocity, 

piezoelectric behavior and low lasing density threshold [118]. ZnO can also be grown 

into a variety of different nanostructures such as nanoparticles, nanowires, and 

nanobelts. Fabrication of ZnO nanostructures is quite simple promoting it for 

inexpensive nanotechnology devices such as environmentally friendly, high efficiency 

lighting solutions. These nanostructures, due to large surface to volume ratio, are also 

ideal for gas sensing applications, and would be potential building blocks of nano-

scale electronic components. 

One of the most fascinating applications of ZnO is its ability to host bright fluorescent 

defects that exhibit luminescence across the entire visible range, facilitating extensive 

applications in lighting technologies [6, 7]. Thus, it is important to understand the 

origin of the emissions related to DL defects in ZnO for the development of 

optoelectronic devices with high efficiency. The origin of the observed near-UV lines 
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was identified as bound exciton complexes and their phonon replicas due to emission 

of a single optical phonon or multiple phonons [9]. While it is widely acknowledged 

that substitutional LiZn (a common impurity in hydrothermal growth) introduces a deep 

~ 60 meV acceptor level and is responsible for YL [54, 55], the chemical origin of GL 

remains highly controversial. Earlier works attributed the GL to several native defects 

including VO [56] VZn [154], interstitials (Zni, Oi) [51] and antisite defects (ZnO, OZn) 

[57] as well as chemical impurities such as Cu [155]. With advances in nanotechnology 

and the decreasing size of electronic components, surface effect may dominate the 

properties of future of nano-scale structures. In order to consistently produce ZnO with 

useful and reproducible properties, a comprehensive knowledge of the dominant 

defects is crucial. 

The need to characterize point defects in ZnO is further amplified with the recent 

applications of ZnO nanoparticles as hosts of single emitters for quantum information 

processing [11, 12] and their use in random lasing [156] and other advanced sensing 

technologies [13]. These applications require precise control over the defect 

engineering of ZnO nanoparticles. Consequently, correlative characterization of point 

defects will be valuable to explore the luminescence properties and affiliate them with 

their chemical and paramagnetic spin features. 

In this chapter comprehensive studies on the formation and photophysical properties 

of point defects in ZnO nanoparticles are performed. Because of the larger surface-to-

volume ratio, the properties of nanoparticles primarily reflect the properties of the 

surface. The surface can have unique and novel properties, as well as large 

concentrations of native defects. 20 nm nanoparticles were chosen since at this size the 

surface-to-volume ratio would be significant, however, they were large enough to 

avoid  quantum size effects as the Bohr exciton radius of ZnO is 2.34 nm [157]. 

Annealing of ZnO nanoparticles are performed to investigate the origin of different 

emissions in ZnO. To date, annealing studies of ZnO nanoparticles have not been 

investigated systemically over a wide range of temperatures and various gas 

atmospheres. The control of the optical emission of ZnO nanoparticles and the 

structural quality by the annealing process in the nanostructures are crucial for future 
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ZnO nanophotonic devices. Correlative characterization techniques are employed to 

assign the optical emission peaks and EPR lines to specific defects in ZnO 

nanoparticles. The results provide new insight into optical luminescence properties of 

ZnO nanoparticles and promote them as potential candidate for nanophotonic 

technologies [16]. 

 

4.2 Generation of point defects in ZnO nanoparticles 

4.2.1 Annealing process on ZnO nanoparticles 

To generate the defects within the ZnO nanoparticles (Nanostructured and Amorphous 

Materials Inc., USA), several annealing treatments were applied. ZnO nanoparticles 

were first annealed for 1 hour at temperatures between 400 °C up to 900 °C in pure O2 

and Zn vapor with a flow rate of 20 sccm at a pressure of 1 atm. The Zn vapor ambient 

was generated using a metallic Zn source held just above its melting point (420 °C) 

upstream from the ZnO nanoparticles. When the samples were annealed in metal Zn 

vapor atmosphere, the metal zinc was placed at a few centimeters away from the 

middle of the furnace depending on the annealing temperature. The position of boat 

containing metal Zn kept remain constant at around 420 °C to produce similar amount 

of Zn vapor. To keep the temperature of metal Zn constant, the furnace temperature 

was measured by using thermocouple in 2 cm steps (center to 20 cm from the middle 

of the furnace) (Figure 4.1). After measuring the temperature range, 2 g of metal Zn in 

the boat was placed the position at which the temperature was around 420 °C. An Ar 

gas was used as the carrier gas and flow rate was 20 sccm during the annealing. 
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Figure 4.1. Temperature inside the furnace depending on the annealing temperature. A 

red horizontal line is the melting point of Zn which is 419.6 °C. 

Annealing conditions are shown in Table 4.1. Samples were cooled to 80 oC before 

being removed from the furnace to prevent reaction with the atmosphere at elevated 

temperatures. 

Atmosphere Temperature Time Pressure Gas flow 

Argon 
400 °C to 900 °C in 

each 100 °C step 1 hour ~ 2 torr 

Argon 20 sccm 

Oxygen Oxygen 20 sccm 

Zinc Argon 20 sccm 
 

Table 4.1. Annealing conditions in this experiment. 

4.2.2 Hydrogen doping on annealed ZnO nanoparticles 

In this experiment, RF power 15 W (175 V) was used to create hydrogen radicals, 

which was lower than the voltage used for DC ion implantation. As the RF power and 

treatment time was minimized, the possibility of surface damage through the lattice 

structure of the ZnO samples was avoided. The hydrogen plasma treatment on the 

samples was done for 3 minutes. After plasma processing the sample was cooled in an 
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H atmosphere to less than 50 °C before removal from the chamber for analysis. As 

mentioned above, during the treatment the gas flow rate and sample temperature were 

kept constant. The reactant gas was leaked into the chamber through a mass flow 

controller, and temperature and chamber pressure were controlled and monitored by a 

computer running a custom LabVIEW program. 

 

4.3 Characterization of ZnO nanoparticles 

4.3.1 Structural characterization 

XRD measurements were performed with a Siemens D5000 diffractometer using 

CuKα radiation source λ = 1.54056 Å. Scans were taken in the range 25° < 2θ < 80° 

with a step size 0.01° and dwell time 1.25 s. Structural analysis was performed using 

the XRD. The EPR measurements were made using a Bruker Elexys E500 cw X-band 

EPR spectrometer equipped with an Oxford ITC605 temperature controller. All 

presented EPR spectra were collected at 10 K using a power of 2.0 mW with a 

modulation amplitude of 5.0 G and a frequency of 9.4 GHz. The local surface 

electronic structure around Zn and O atoms in ZnO nanoparticles before and after 

annealing process was studied using an XANES. XANES implemented in the TEY 

mode was performed around the Zn L3-edge and O K-edge on the Soft X-ray 

Spectroscopy beamline, Australian Synchrotron. The photon energy scale was 

calibrated against the Au 4f7/2 peak at 84 eV from a clean gold film in electrical contact 

with samples. 

4.3.2 Optical characterization 

The samples were characterized by CL spectroscopy at 80 K using a FEI Quanta 200 

Environmental SEM equipped with a liquid nitrogen cold stage and an Ocean Optics 

SD2000 Diode Array Optical Spectrometer. For CL measurements, the accelerating 

voltage was fixed at 15 kV and the electron beam current was 0.25 nA. All spectra 

were corrected for the total response of the light collection and measurement system. 
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In order to investigate the sub-bandgap excitation, PL spectra of the annealed ZnO 

nanoparticles were collected using a home built confocal microscope with 500 nm 

resolution. The excitation was performed using a CW laser (λ = 405 nm and 532 nm) 

through a high numerical aperture (NA = 0.9) objective. The signal was collected using 

the same objective and directed into a spectrometer (Princeton Instruments, 300 

lines/nm grating). For the time-resolved measurements, a picoseconds pulsed laser (λ 

= 405 nm and 514 nm, repetition 20 MHz) was employed. The signal was recorded 

using an APD (Excelitas, SPCM-AQRH-14) and analyzed using a TCSPC (PicoHarp 

300) with 64 ps resolution. In all cases, a dichroic mirror was used to filter the 

excitation laser, and a band-pass filter to select only the defect emission. The sub-

bandgap measurements were done at room temperature. 

 

4.4 Structural properties of ZnO nanoparticles 

4.3.1 Morphology of annealed ZnO nanoparticles 

A range of properties of ZnO nanoparticles were investigated after annealing 

processing. SEM images of the annealed ZnO nanoparticles are shown in Figure 4.2. 

After being annealed in an Ar or Zn vapor environment at 700 °C – 900 °C the as-

received ZnO nanoparticles (diameter ~ 20 nm) coalescence [158, 159] and display 

faceted morphologies. The nanoparticles increase in average size up to about 120 nm 

after annealing in inert gas (Ar) or oxygen, and up to 150 nm for annealing in Zn vapor 

at 900 °C. The tendency for nanoparticles to form clusters is well known and is related 

to excess surface energy. Since the Bohr radius of ZnO is 2.34 nm, the nanoparticles 

are large enough to avoid quantum size effects but still possess a sufficiently large 

surface area to allow defect engineering. 
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Figure 4.2. SEM images of the ZnO nanoparticles annealed at (a) 700 °C in Zn vapor 

(b) 900 °C in Zn vapor, and (c) 900 °C in Ar. The annealed nanoparticles exhibit highly 

faceted morphologies and enlargement from the 20 nm as-received size. 

4.3.2 XRD analysis of ZnO nanoparticles 

The XRD patterns of as-received ZnO nanoparticles and ZnO nanoparticles annealed 

at temperatures between 400 oC and 900 oC are shown in Figure 4.3. The nanoparticles 

show typical powder diffraction for a wurtzite crystal and all peaks are indexed to 

ensure they originate from ZnO without any impurity phase. With increasing the 

annealing temperature, the intensities of the diffraction peaks increase and become 

narrower with smaller FWHM, indicating better crystallinity. A sharp peak at (201) 

occurred at 900 °C annealing could come from the Si wafer due to the different 

coverage of the ZnO nanoparticles or the nanoparticles may get sintered and 

preferentially oriented in (201) direction. 

 

Figure 4.3. XRD patterns of (a) as-received and (b) Zn-annealed ZnO nanoparticles in 

a range of annealing temperature between 400 °C and 900 °C. The diffraction peaks 

increase in intensity and become sharper with increasing annealing temperature. 
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XRD is utilized to evaluate peak broadening due to crystallite size and lattice strain 

using the Williamson-Hall (W-H) method, which evaluates the peak width, βhkl, as a 

function of diffracting angle θ. The expression is 

 βhkl cos θ =
kλ
D

+ 4ε sin θ (4.1)

where βhkl instrumental corrected integral breadth of the reflection (in radians) located 

at 2θ, θ is the diffracted angle, k is the Scherrer constant (0.9) [160], λ is the wavelength 

of the x-ray, D is particle size, and ε is strain [161]. The peak width (βhkl) is defined as 

 βhkl=
1

Imax
I 2θ d2θ (4.2)

which the integrated intensity of a diffraction peak is divided by the peak maximum 

(Imax) [162]. Instrument broadening was subtracted from the data for the W-H method. 

A plot is drawn with 4sinθ along the x-axis and βhklcosθ along the y-axis for ZnO 

nanoparticles. Among 11 XRD peaks, first nine peaks ((100), (002), (101), (102), (110), 

(103), (200), (112) and (201)) are used to do W-H analysis since last 2 peaks ((004) 

and (202)) are too weak to measure the integrated intensity. From the linear fit to the 

data, the crystallite sizes of the ZnO nanoparticles are extracted from the y-intercept 

and the strain ε from the slope of the Eq. 4.1, where the y-intercept is kλ
D

 and the slope 

is ε. Figure 4.4(a) and 4.4(b) present the W-H analysis of the as-received ZnO 

nanoparticles and annealed ZnO nanoparticles at 900 oC. From the linear fit to the data, 

the crystallite size was extracted from the y-intercept. Figure 4.4(c) and 4.4(d) shows 

the crystallite size of Zn- and Ar-annealed ZnO nanoparticles as a function of 

annealing temperature. The evaluated particle size for the as-received ZnO 

nanoparticles is 20 (± 5) nm. The crystallite size obtained using the W-H method is 

within the experimental errors of the diameter that was measured directly by SEM in 

Figure 4.2. The particle size increases with annealing temperature, evident of crystal 

growth by coalescence of smaller nanoparticles. The numerical data of particle sizes 

of annealed ZnO nanoparticles are also shown in Table 4.2. The degree of orientation 

of the ZnO nanoparticles is strongly dependent on the annealing temperature. It 
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increases as the annealing temperature increases. This result can be explained by the 

fact that annealing provided energy of ZnO atoms to increase atomic mobility, 

enhancing the ability of atoms to find the most energetically favored sites. Sintering 

of ZnO nanoparticles can also happen because the powdered material was held in a 

mold and then heated to a temperature below the melting point (1,975 °C), resulting in 

some agglomeration along with individual particles and consequently particle size 

increases [163]. 

 

 

Figure 4.4. The W-H analysis of (a) as-received ZnO nanoparticles and (b) Zn vapor 

annealed ZnO nanoparticles at 900 °C. The W-H plot is used for the determination of 

particle crystalline size. Variations of nanoparticle size with annealing temperature in 

(c) Zn vapor and (d) Ar gas as determined by the W-H method and SEM image analysis. 
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Annealing 
Temperature(°C) 

As-
received 400 500 600 700 800 900 

Calculated 
Particle size(nm) 20±5 24±3 32±8 35±7 40±10 53±11 128±50 

Estimated 
Particle size(nm) 20 20-25 25-35 35-40 40-45 50-70 100-150 

 

Table 4.2. Particle sizes depending on the annealing temperature. 

 

4.5 Electronic properties of ZnO nanoparticles 

4.5.1 EPR investigation  

To investigate the occurrence of defects in ZnO nanoparticles, EPR spectroscopy was 

performed. Figure 4.5 shows EPR spectra of the as-received, O2 annealed, Zn vapor 

annealed ZnO nanoparticles and a bare Si(100) substrate for comparison. The as-

received ZnO nanoparticles exhibit a strong signal at g = 1.96, which has been 

previously assigned to single ionized zinc vacancies (VZn) [164], Oi  [164], Zni
+ [165] 

and electrons in weakly bound or CB states arising from different donor impurities, 

such as Ga, In, Al [166, 167] and H [168]. A weak signal is also present at g = 2.00, 

which has been attributed to VO
+  [169]. An EPR signal from a VO  center was 

unexpected as the reported EPR signal at g = 2.00 occurs during photo-ionization of 

neutral oxygen vacancies, VO. Computational DFT modeling has shown that the VO 

center in bulk ZnO behaves as a negative U center and consequently will either 

spontaneously capture or emit an electron, converting to VO or VO
2+ center, respectively 

[41]. Consequently the presence of the g = 2.00 line in the as-received ZnO 

nanoparticles indicates that its chemical origin is likely related to singly ionized 

surface oxygen vacancy centers, VO,s
+ . 
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Figure 4.5. (a) EPR spectra of as-received, O2 annealed, Zn vapor annealed ZnO 

nanoparticles and a bare Si(100) substrate for comparison. Two main types of 

paramagnetic signals at g = 2.00 and g = 1.96 are observed, corresponding to VO,s+ 

defects and localized donors, respectively. (b) Magnified EPR spectra of the g = 1.96 

line for the as-received and annealed ZnO nanoparticles, showing a decrease in the 

EPR linewidth after annealing. 

Upon annealing in O2, the weak signal at g = 2.00 vanishes consistent with its 

assignment to VO,s
+  defects. Conversely the g = 1.96 slightly increases due to an 

improvement in crystal quality. This result also suggests its assignment to Zni or H 

donors unlikely. Both of these particular defects are highly mobile in ZnO [170, 171] 

and should be annihilated by surface reactions with the O2 gas during annealing. The 

thermally induced EPR changes could arise from the stronger presence of VZn which 

are created by via chemical surface reactions with gaseous oxygen at elevated 

temperatures. However, more recent studies have concluded that the EPR signatures 

for VZn related centers are located around g = 2.02 [172]. Accordingly, the g = 1.96 

line is attributed to the presence of localized donor states as suggested by other workers 

[167]. 

As shown in Figure 4.5(a) annealing in Zn vapor produced a strong line at g = 2.00 

which can be attributed to formation of VO,s
+  as described above. This result can be 

explained by (i) the rapid coalescence of the nanoparticles in an oxygen deficient 

atmosphere at elevated temperatures [158], as shown in Figure 4.2 above, leading to 

the formation of VO and (ii) surface chemical reactions with Zn vapor that remove 
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oxygen from the surface. In contrast the g = 1.96 peak intensity was dramatically 

reduced after annealing in Zn vapor. This result can be explained by the thermal 

displacement of donors on Zn sites by Zni or via the formation of ionized donor - zinc 

interstitial defect pairs (D+ - Zni
+) [173]. A Lorentzian line shape was used to fit the g 

= 1.96 EPR peaks shown in Figure 4.5(a) to compare their FWHM. Figure 4.5(b) 

shows the fitted EPR spectra, which shows the FWHM decreasing from 9.5 to ~ 6.8 

Gauss after annealing. The narrow EPR lines after annealing indicate an improvement 

in the crystal quality which increases the average spin-spin distance [174]. 

4.5.2 XANES investigation 

To gain greater insight into the formation of the point defects before and after thermal 

annealing, XANES measurements were used to probe the local electronic structure of 

O and Zn atoms in the nanoparticles (Figure 4.6). The Zn L3-edge spectra before and 

after annealing in O2 or Zn vapor environments are shown in Figure 4.6(a). These 

spectra exhibit three peaks labeled A1, B1, and C1 at 1022.7 eV, 1024.3 eV, and 1028.9 

eV, respectively, which mainly reflect the electron transitions from Zn 2p3/2  4s, 5s 

and Zn 2p3/2  3d derived states in the CB [175]. The Zn L3-edge spectra are virtually 

identical in all three samples, indicating that the atomic configurations of Zn atoms are 

unaffected following the coalescence of nanoparticles. This result confirms that no 

additional Zn-related defects such as Zn interstitials are introduced during Zn vapor 

annealing presumably because of the high mobility of Zni. 

Figure 4.6(b) shows the O K-edge XANES of the ZnO nanoparticles, which were 

normalized in the energy range of 550 eV - 555 eV. The spectra show five resolvable 

features labeled A2, B2, C2, D2 and E2 at 533.5 eV, 536.5 eV, 539.0 eV, 542.0 eV, and 

544.6 eV, respectively. The spectral features predominantly reflect the O 2p 

unoccupied states and their hybridization with Zn orbitals. Features A2 and B2 are 

mainly attributable to the hybridization of O 2p and highly dispersive Zn 4s in ZnO 

[176]. Features C2, D2 and E2 are attributed to electron transitions from O 1s to 

unoccupied O 2p, hybridized with Zn 4p and 4d states [177, 178]. Upon annealing in 

Zn vapor, the intensities of C2, D2 and E2 increase significantly. It has been recently 
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established that stronger antibonding interactions of O 2p and Zn 4p states are formed 

due to a lattice distortion caused by VO which affects its shell of surrounding O atoms 

[179]. Consequently, the increase in C2, D2, and E2 features are attributed to the 

presence of a high concentration of surface VO, supporting the EPR g = 2.00 

assignment to these centers. This interpretation is consistent with the work of 

Krishnamurthy et al. [180]. 

 

Figure 4.6. Normalized (a) Zn L3-edge and (b) O K-edge XANES spectra of ZnO 

nanoparticles annealed at 900 °C under O2 and Zn vapor. The spectra were collected 

in surface sensitive TEY mode (probing depth is ~ 5 nm). No additional Zn-related 

defects were produced during annealing, however, VO is formed in Zn vapor anneal. 

Nanoparticles annealed in Zn vapor at 700 °C show similar behavior. Figure 4.7 shows 

the effects of annealing at 700 °C on the atomic configurations of Zn and O atoms in 

nanoparticles. There are no variations in the Zn L3-edge spectra following annealing; 

however, surface VO are formed when the nanoparticles are annealed in Zn vapor 

environment. Negligible changes to O K-edge XANES spectra occur for annealing 

temperatures below 600 oC, however, significant enhancement of VO-related features 

(C2, D2 and E2) is observed when the nanoparticles are annealed in the temperature 

range 700 °C – 900 °C. 
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Figure 4.7. Normalized (a) Zn L3-edge and (b) O K-edge XANES spectra of ZnO 

nanoparticles annealed at 900 °C under O2 and Zn vapor. The spectra were collected 

in surface sensitive TEY mode. 

 

4.6 Optical properties of ZnO nanoparticles 

4.6.1 Low temperature CL measurement 

4.6.1.1 Effect of hydrogen on different green emission 

Now the optical properties of the defects in the nanoparticles are reported. Figure 4.8 

shows the effects of annealing at 900 °C and hydrogen doping on the CL properties of 

the ZnO nanoparticles. The DL CL emission of the as-received ZnO nanoparticles at 

80 K exhibits a broad visible band centered at 1.82 eV. The LO phonon replicas in 

NBE are not resolved which could be attributed to peak broadening or crystal quality. 

Annealing in O2 atmosphere induces a strong green emission at 2.28 eV (GL1), while 

Zn vapor annealing produces a green peak centered at 2.48 eV (GL2). The emission 

intensity of these two GL bands change in an opposite manner in response to a mild 

H-plasma treatment: decreasing GL1 and increasing GL2, confirming these emissions 

are of different chemical origin. Quenching GL1 following incorporation of H+ donors 

suggests that this emission is related to an acceptor-like defect. The VZn
2  defect is a 

likely candidate because, as a double acceptor, it will preferentially interact with H+ 

donors forming (H - VZn
2  - H) complexes [181]. Assignment of GL1 to VZn

2  is 

consistent with the absence of a corresponding EPR signal in Figure 4.5(a) as this 
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defect has no unpaired electrons. Additionally XANES measurements show that the 

presence of VZn
2  does not strongly affect the atomic configuration of Zn in the ZnO 

nanoparticles. Zn vapor annealing leads to an increase in the concentration of VO due 

to surface chemical reactions, as confirmed by the EPR and XANES results presented 

above, since the nanoparticles coalesce in a Zn-rich environment [182]. GL2 can 

therefore logically be assigned to the formation of surface VO centers. In a control 

study carried out in inert gas Ar at the same annealing temperatures, the nanoparticles 

exhibit similar faceted morphologies and coalescence behavior as in Zn vapor anneal, 

which are described in Figures 4.2 and 4.4, albeit at a slightly slower growth rate. The 

comparatively larger particle sizes when annealing in Zn vapor environment are due 

to the efficient diffusion of Zni in ZnO at elevated temperatures [170]. Enhancement 

of GL2 following exposure to H+ can be explained by hydrogen passivation non-

radiative recombination channels.  This interpretation is supported by the increase of 

the intensity of the NBE which doubled after hydrogen doping. Previous work by other 

authors showed that GL decreases with increasing particle size, due to holes trapped 

at the ZnO surface [183, 184]. However, no such size dependence was observed in this 

work, presumably because the particle size range in our study is approximately two 

orders of magnitude greater than the nanoparticle size in the earlier work (~ 1 nm). 

Moreover, the fact that the GL2 CL spectral shape remains unaltered with the increase 

in the size of annealed ZnO nanoparticles confirms that VO surface defects are not 

influenced by particle size. 

4.6.1.2 Gaussian fitting of visible emission 

It is known that the broad optical emission from ZnO is a superposition of multiple DL 

bands involving native and extrinsic defects. Non-linear least squares curve fitting was 

applied to extract intensities of individual emissions from the broad overlapped defect 

band. To overcome uncertainty in curve fitting, reference Li-doped ZnO was used to 

establish the peak parameters of the common yellow emission in ZnO at 80K, which 

yields the peak position and FWHM of 1.96 eV and 0.56 eV, respectively [185, 186]. 

These parameters were constrained during a curve fitting to provide rigorous fitting 

solutions to the DL band. Figure 4.9 shows two examples of curve fit to the DL CL 
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spectra of ZnO nanoparticles after thermal annealing in O2 and Zn vapor environment. 

Using this constrained fitting approach, the intensities of RL, YL and GL in the 

nanoparticles are established, which are presented in Figure 4.10 as a function of 

annealing temperature. 

 

Figure 4.8. CL spectra of O2 and Zn annealed nanoparticles, recorded at 80 K. The O 

annealed GL1 at 2.28 eV is quenched by hydrogen plasma treatment, whereas the Zn 

vapor annealed GL2 at 2.48 eV is increased after the same treatment. 

 

Figure 4.9. CL spectra of the ZnO nanoparticles acquired at 80 K (EB = 15 keV, IB = 

0.25 nA) with its fitted components. Typical fit of the defect-related band for the 

nanoparticles annealed at 800 °C in (a) O2 and (b) Zn vapor atmosphere. 
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4.6.1.3 Intensity variation of visible emission depending on annealing conditions 

As shown in Figures 4.10(a) and 4.10(b), GL1 and GL2 are dominant in O2 and Zn 

vapor anneals, respectively. Furthermore, these GL1 and GL2 defects can be 

engineered by employing two-stage annealing in two different gaseous environments, 

as illustrated in Figure 4.10(c) and 4.10(d). When annealing at 900 oC, the VZn-related 

GL1 in O2-annealed nanoparticles is completely quenched by Zn vapor and the 

spectrum becomes predominantly GL2, while the VO-related GL2 of Zn-annealed 

nanoparticles is gradually reduced and shifted towards GL1. The rapid annihilation of 

VZn defects upon annealing in Zn vapor can be attributed to the high mobility of Zni at 

temperatures above 400 oC [41]. These results indicate that VZn and VO can be 

eliminated by reductive and oxidative anneal, respectively. 

Figure 4.10(a) shows a significant difference in the thermal behavior of Li-related YL, 

which increases drastically in O2 anneal while the RL is only slightly affected. The 

rise in the YL in O2 anneal is due to an increase in the number of LiZn acceptors that 

can be explained by VZn defects being occupied by mobile Lii with increasing 

temperature via the following defect reaction, Lii + VZn  LiZn. Conversely annealing 

in Zn vapor produces a strong enhancement of GL2 but only a modest rise in YL and 

no change in the RL (Figure 4.10(b)). This behavior is different to O2 anneal due to 

the growth of the nanoparticles in Zn vapor (oxygen deficient) atmosphere. These 

results further confirm that GL1 and GL2 have a different chemical origin: GL2 results 

from recombination channels involving VO defects while GL1 is related to VZn centers. 

The formation of point defects upon annealing at high temperatures (> 500 oC) can be 

described as the following: 

 Zn(g)  ZnZn + VO,S (reductive anneal in Zn vapor) 

 ½O2(g)  OO + VZn (oxidative anneal in O2) 

In terms of the stability of the point defects in the ZnO nanoparticles, it is noteworthy 

that after one year of storage the samples in air the CL spectra of the annealed ZnO 

nanoparticles are unchanged, indicating that the point defects are stable in air. This 

result is consistent with the CL data presented in Figure 4.10(a) and 4.10(b), which 
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show the CL spectra remain unaltered over the annealing temperatures from room 

temperature to 400 oC. 

 

 

Figure 4.10. Thermal evolution of RL, YT, GL1 and GL2 emissions as a function of 

annealing temperature in (b) O2 and (c) Zn vapor atmosphere. GL1 and GL2 arises 

from thermally generated VZn and VO related centers, respectively. (c, d) Normalized 

CL spectra of the ZnO nanoparticles after a two-stage annealing process in two 

different environments (O2 and Zn vapor) at 900 °C, which can be compared with the 

CL spectra from one-stage annealing. The spectral shift indicates an interchange 

between GL1 and GL2 after the second annealing stage and that VO and VZn defects 

can be annihilated by oxidative and reductive annealing, respectively. 

4.6.1.4 Power density measurement 

To gain a better understanding of the DL emission, power density-resolved CL 

measurements were performed on the annealed ZnO nanoparticles at 80 K. In power 

density measurements, a penetration depth (the beam energy) is maintained constantly, 
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while the beam current is varied. By increasing the beam current, a greater number of 

electron-hole pairs are generated based on the equation: 

 [n]eh Ib Eb (4.3)

where  [n]eh is the number of electron-hole pairs generated, Ib is the beam current and 

Eb is the beam energy. 

A series of power density-resolved CL measurements were investigated on both the 

as-received and annealed ZnO nanoparticles at 80K. In this experiment, the beam 

energy was kept constant at 15 keV while the beam current was varied from 10 pA to 

40 nA. In the power density measurement, ZnO nanoparticles are exposed to high 

density electron beams. The electron bombardment to ZnO can cause defect formation 

in the specimen through atomic displacement arising from elastic collisions. Using a 

minimum displacement energy of Zn and O ions [187], however, the threshold energy 

of the electron beam necessary for displacement of Zn and O ions is calculated to be ~ 

400 keV for Zn ions and ~ 245 keV for O ions, which is much higher than those used 

in this experiment (Eb = 15 keV). Thus, the electron beam did not damage the samples 

during the experiment. 

NBE and DL behaviors are illustrated in a log-log plot using a simple power-law model. 

These slopes are able to give information about indications of each emission type and 

the recombination kinetics. Thus, the logarithmic scale of CL intensity (ICL), versus 

the logarithmic scale of beam current is plotted and the data are fitted using the 

following relationship [188, 189]: 

 ICL Im
b     or     log ICL  m log Ib, (4.4)

where m is a linear slope of the logarithmic scale of the fitting curve. Typically the 

value of the slope (m) is expected to be less than 1 for defect-related emission (slow 

recombination ~ ≥ 10-9 s) [190, 191], while band-to-band or excitonic emission (fast 

recombination ~ 10-12 s) have the value of m larger than 1 [192]. However, if the rate 

of the generation of electron-hole pairs is faster than the recombination rate, saturation 

effects may occur, showing a non-linear graph at higher beam currents. 
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Figure 4.11 shows the power-dependence of the emission with the increase of electron 

beam current. All graphs are plotted as log-log scale to show the power dependency of 

the emission. Varying beam current in this range only changed the relative NBE and 

DL and did not introduce any noticeable changes in peak shape or position. Both the 

NBE and the DL emissions show increasing trend with the electron beam current, but 

the increasing gradients of the two lines vary. 

Both of the data points are the linear fits to the data with the slope m on a log-log scale. 

The NBE emissions in all specimen exhibit a linear dependence on Ib using a power-

law exponent within experimental error for CL measurements, with m = 1.01 ± 0.02, 

m = 1.13 ± 0.01 and m = 1.14 ± 0.02. The power-law fits reveal that the intensity of 

the DL for as-received ZnO nanoparticle shows a sub-linear dependence on Ib, with k 

= 0.86 ± 0.02. While the O-rich DL exhibits an almost linear relationship with k = 0.92 

± 0.02, the Zn-rich DL also exhibits a linear relationship with k = 0.93 ± 0.02. With 

increasing Ib, the intensity of the Zn-rich DL increases faster than the DL intensity of 

the as-received sample. For the both of the samples, DL emission shows sub-linear 

power dependencies with the values of the slopes less than 1, indicating radiative 

transitions involving DL lattice coupled defects. DL centers are present in a fixed 

concentration and have typical recombination times of the order of nanoseconds to 

microseconds as compared to excitonic recombinations which are of the order of 

picoseconds. NBE exhibits a linear dependence on beam current, indicating that the 

saturation of the NBE electronic stated in ZnO does not occur. The absence of a peak 

shift indicates that the DL emission is not a DAP recombination. 
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Figure 4.11. Power density CL measurements of the as-received and annealed ZnO 

nanoparticles at 80 K with various beam currents at an accelerating voltage of 15 kV. 

The data points show power-law exponent fit. 

4.6.2 Sub-bandgap PL measurement at room temperature 

Finally, the photophysics of the defect-related luminescence emissions are discussed. 

Here, PL measurements were performed using sub-bandgap 405 nm and 532 nm laser 

excitation to directly access the DL defects in the ZnO nanoparticles. Normalized sub-

bandgap PL spectra and above bandgap CL spectra at 300 K for the as-received, Zn 

and O2 annealed samples are shown in Figure 4.12. When excited using the 405 nm 

laser PL peaks are observed at 2.33 eV (Zn vapor anneal), 2.23 eV (O2 anneal) and 

1.75 eV (as-received). The last two peaks can be attributed to photo-ionization and 

radiative relaxation transitions involving ionized LiZn and VZn
2  acceptors, respectively 

[61, 193]. The large Stokes shift with the 1.75 eV has been explained by strong Jahn-

Teller (JT) distortion of the VZn center [61]. The first peak at 2.33 eV has not been 

reported in the literature, consequently it is assigned to a radiative transition between 

photo-excitation of carriers in donor states below the CB with deeply trapped holes at 

surface VO. Sub-bandgap excitation with the 532 nm laser at 300 K on the other hand 

produces a PL peak around 1.90 eV in all three samples, which has been ascribed to 

Oi [193]. 
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Figure 4.12. Comparison of steady-state 532 nm and 405 nm laser excitation PL and 

CL spectra at 300 K for (a) as-received as well as (b) and (c) for ZnO nanoparticles 

annealed at 900 °C in O2 and Zn vapor, respectively. The sharp feature is due to the 

presence of an edge filter. 
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Figure 4.13(a) shows the excited state lifetimes of the fluorescent defects excited by 

sub-bandgap 405 nm excitation. The as-received nanoparticles and Zn annealed 

nanoparticles exhibit a similar short lifetime of τas = 10 ± 0.3 ns and τZn = 13 ± 0.4 ns 

for the 1.75 eV and 2.32 eV emission, respectively. The sub-bandgap emission at 

2.22 eV formed under O2 annealing displayed a much longer decay time of τO > 1 μs, 

confirming that the 2.23 eV peak has a different chemical origin to the PL peaks at 

2.33 eV and 1.75 eV. The very slow decay time and position of this emission is 

consistent with reported optical properties for the LiZn center [194] observed in the CL 

data Figure 4.10(a). PL decay curves of the ~ 1.90 eV center excited by 514 nm laser 

light are shown in Figure 4.13(b) exhibiting short lifetimes of τas = 3.55 ± 0.17 ns, 

τO = 3.60 ± 0.12 ns and τZn = 3.50 ± 0.16 ns for the as-received, O2 and Zn vapor 

annealed samples, respectively. These sub-bandgap excitation data indicate that the 

relaxation of the excited states occurs through very fast non radiative channels, which 

enable the system to be efficiently re-excited. This can occur through fast internal 

phononic relaxation. A complete understanding of the sub-bandgap excitation and 

emission PL transitions would require detailed resonant studies of single VZn and VO. 

 

Figure 4.13. PL decay curves at 300 K acquired with (a) 405 nm and (b) 514 laser 

pulse for corresponding nanoparticles shown in Figure 4.12. 
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Sample 

Emission energy (eV) and lifetime at 300 K EPR H-plasma 
effect on 

CL 
Above 

bandgap 
CL 

Sub-bandgap PL 
405 nm 

Sub-bandgap PL 
532 nm g-factor 

Zn vapor 
anneal 
GL2 

2.48 
Surface VO

+  

2.33 
shallow donors - 

surface VO
+ , τ = 13 ns 

1.94 Oi, τ = 3.6 ns 2.00 Quenched 

Oxygen 
anneal 
GL1 

2.38 
VZn center 

2.2 
LiZn, τ = > 1 μs 1.80 Oi, τ = 3.6 ns None Enhanced 

As-
received 1.96 Oi 

1.75 
shallow donors - VZn 

related center, 
τ = 10 ns 

1.90 Oi, τ = 3.5 ns None Quenched 

 

Table 4.3. Summary of luminescent point defects in ZnO nanoparticles and their 

photophysical properties. 

 

Figure 4.14. Band diagram showing the possible excitation and emission pathways 

from the discussed defect states. Dashed lines indicate radiative pathways while solid 

red lines indicate excitation. (a) GL2 emission at 2.48 eV produced with above (CL) 

and 2.33 eV emission generated with sub-bandgap 405 nm excitation laser, where VB 

electrons are promoted to the CB and shallow donor states respectively. (b) Promotion 

of electrons from ionized LiZn and VZn
2  acceptors to the CB (photo-ionization) using 
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sub-bandgap 405 nm light forming LiZn  and VZn  and a CB electron (eCB) and the 

ensuing radiative recombination reinstating the LiZn and VZn
2  with PL at 2.23 eV and 

1.75 eV, respectively. The later has a large Stokes shift due to a Jahn-Teller (JT) 

distortion and (c) photo-ionization and radiative relaxation of ionized Oi (Oi
2 ) using 

sub-bandgap 532 nm light to produce PL at 1.94 eV. 

 

4.7 Conclusions 

In summary, detailed correlative CL, PL, EPR and XANES studies of radiative defects 

in ZnO nanoparticles have been undertaken. An optical emission peak at 2.28 eV has 

been attributed to a VZn related center while an emission at 2.48 eV and corresponding 

EPR signal at g = 2.00 have been assigned to surface VO
+  centers. Their properties at 

300 K are summarized in Table 4.3. In addition, the excitation and radiative decay of 

all of sub-bandgap and above bandgap electronic transitions for each of the defects 

described above are illustrated in Figure 4.14. The fact that the same defects (i.e. VZn 

and VO) can be accessed using either sub-bandgap excitation or above bandgap 

excitation, exemplifies that these defects provide very efficient radiative 

recombination pathways. This is important for future integration of these defects with 

electrically stimulated devices and photonic resonators [195]. These radiative point 

defects can be excited using both above bandgap and sub-bandgap excitation which is 

beneficial for devices and different centers exhibit lifetimes ranging from nanoseconds 

to microseconds. These exciting luminescence properties of ZnO nanostructures are 

important to the future development of ZnO materials for nanophotonics, 

optoelectronics and quantum applications.
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Chapter 5  

Single photon emission from ZnO 

nanoparticles 
 

Room temperature single photon emitters are very important resources for photonics 

and emerging quantum technologies. In this chapter, single photon emission from 

defect centers in 20nm ZnO nanoparticles is studied. 

 

5.1 Introduction 

Sources of non-classical light, are important for a range of applications in quantum 

communications, sensing and information processing [14, 15]. A particular emphasis 

is placed on the development of solid-state SPSs that operate at room temperature, as 

those are the most promising sources for scalable and integrated devices. Color centers 

in diamond [65], and in particular the nitrogen vacancy [196], and the silicon vacancy 

defects [197, 198], have been the subject of intense study in recent years due to their 

unprecedented photostability and spin properties. Recently, several additional 

materials have emerged as candidates for single photon generation, including site 

controlled GaN quantum dots [199], defects in SiC [200] and ZnO [11]. While the 

single photon emission in SiC is attributed to the intrinsic defect known as an “antisite 

– vacancy pair”, the origin of the quantum emission in ZnO remains under debate.  

ZnO offers an interesting and valuable system to study quantum effects at the 

nanoscale [201]. ZnO nanoparticles are commercially available while nanowires and 

other nanostructures can be easily synthesized by hydrothermal [202] or chemical 

vapor deposition growth techniques [69, 203]. In addition, ZnO is very suitable for 

photonic applications, as it has a wide, direct bandgap (3.4 eV) and a large number of 



 

87 
 

Chapter 5. Single photon emission from ZnO nanoparticles 

intrinsic defects and impurities that emit from the ultra-violet to the near infrared [7, 

44]. Finally, photonic elements including microdisk cavities [87, 202] can be easily 

fabricated from ZnO. Therefore, there is an urgency to understand and fully 

characterize the photophysical properties of single emitters to transform ZnO as a 

valuable platform for quantum photonic applications. 

In this chapter, single photon emission from point defects in 20 nm ZnO nanoparticles 

is studied. The emitters exhibit bright broadband fluorescence in the red spectral range 

centered at 640 nm. Polarization measurements are performed and the effect of surface 

termination on the emission properties of these single emitters are investigated. 

 

5.2 Observation and statistical analysis of SPSs from ZnO 

5.2.1 Generation of SPSs 

ZnO nanoparticles (average size 20 nm, Nanostructured and Amorphous Materials Inc.) 

were spin coated onto a Si substrate (0.5 cm x 0.5 cm). Then, the substrates were 

annealed at 500°C in air using a horizontal tube furnace to remove graphitic residue in 

the powder and to induce the formation of color centers that produced a bright red 

fluorescence. Single photon emission characteristics were investigated at room 

temperature under ambient conditions using scanning confocal microscopy. Briefly, a 

CW pump laser with a wavelength of 532 nm was used as an excitation source, and 

was focused on the sample through a high (0.9) numerical aperture objective lens 

(Nikon, x100). The signal was collected using the same objective, directed through a 

dichroic mirror and a long pass filter (Semrock) and coupled into a multimode fiber 

(62.5 μm core) that acts as a confocal aperture. The confocal excitation spot in our 

setup is estimated to be ~ 600 nm. Single photon emission was measured using a 

standard HBT setup, while the PL spectra were collected using a Princeton Instruments 

spectrometer with 300 mm focal length. 

Figure 5.1(a) shows a representative secondary electron SEM image of the ZnO 

nanoparticles after annealing in air, where the nanoparticles are clearly visible. Figure 
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5.1(b) shows a typical confocal map of the ZnO nanoparticles using a 532 nm 

excitation laser. Several bright spots (marked as circles in Figure 5.1(b)) are visible, 

and correspond to localized bright fluorescent defects. 

  

Figure 5.1. (a) SEM image of a dense film of ZnO nanoparticles annealed at 500 °C in 

air. (b) An 80 × 80 μm2 scanning confocal image of ZnO nanoparticles excited with a 

532 nm laser. Bright isolated emitters are indicated with the circles. 

5.2.2 g2(τ) analysis 

The g2(τ) parametrizes the probability of detecting a photon at a delay time, given the 

probability of detecting a photon at initial time. According to the g2(τ), a different 

classification can be determined. Based on the value of g2(0), emitted light sources are 

classified as 

coherent light: g2(0) = 1. 

bunched light: g2(0) > 1, and 

antibunched light: g2(0) < 1.  

The coherent light has Poissonian photon statistics, with random time intervals 

between the photons such as laser source. Coherent light has g2(τ) = 1 for all values of 

τ because the probability of obtaining a stop pulse is the same for all values of τ. 

Bunched light, usually thermal light, is considered as light with g2(0) > 1. It consists 

of a stream of photons with the photons all clumped together in bunches. This means 

that if a photon is detected at time t = 0, there is a higher probability of detecting 
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another photon at short times than at long times. Hence g2(τ) is expected to be larger 

for small values of τ than for longer ones. Photon streams of different light sources and 

those g2(τ) plots are described in Figure 5.2. 

Figure 5.2. Comparison of the photon streams for antibunched light, coherent light, 

and bunched light. For the case of coherent light, the Poissonian photon statistics 

correspond to random time intervals between the photons. g2(τ) for chaotic, perfectly 

coherent light, and SPSs plotted on the same time scale. 

5.2.3 Two-level system of g2(τ) 

Figure 5.3(a) shows a room temperature PL spectrum recorded from one of the bright 

spots in the confocal map shown in Figure 5.1(b) (black curve). The curve shows a RL 

peak at around 640 nm which can be tentatively attributed to VZn [61]. The background 

fluorescence exhibited a broad weak RL (red curve). Figure 5.3(b) shows the second 

order correlation function relevant to Eq. 2.4, g2(τ) = <I(t)I(t+τ)>/<I(t)>2, that 

describes the probability of detecting a photon at a delay time, τ, given that a photon 

was detected at time t, recorded from the same emitter using the HBT configuration. 

The pronounced antibunching dip in the photon statistics at zero delay time (g2(0) ~ 

0.1) indicates that the emission originates from a single photon emitter. The deviation 

from 0 is attributed to the overall background luminescence. The photon statistics of 

the single emitters can be described with a frame of a two- or three-level system [11, 

64]. The lifetime of the emitters can be deduced from fitting the second order 

correlation function to the following the Eq. 2.5 at low excitation powers. The lifetime 
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of the investigated emitter is therefore 6.4 ns – comparable with other single defects 

in solids [11, 63]. 

 

 

 

Figure 5.3. (a) PL spectrum recorded from a bright defect within the ZnO nanoparticles 

(black curve). The red curve represents the background emission. (b) The presence of 

a single quantum emitter in the ZnO nanoparticles is revealed by the second order 
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autocorrelation function, g2(τ), corresponding to the PL spectrum in Figure 5.3(a). The 

dip at zero delay time indicates that it is a single emitter. The sold line is a fit using a 

two-level mode. (c) Single photon emission count rate versus excitation power. The 

red circles are the raw data and the solid line is the fit using Eq. 5.1. The saturation 

count rate for this emitter is 1.84 × 105 counts/s. 

The saturation curve of a single emitter determined by summing the count rates output 

by the two APDs of the HBT setup is shown in Figure 5.3(c). The number of emitted 

photons or the fluorescence count rate of a two-level system can be deduced to quantify 

the single photon efficiency. This is done by the overall count rate to extract the signal 

of emitters as a function of laser power, and then fitted to the saturation model for the 

power-dependent intensity following the equation: 

 = ∞Popt

Psat+Popt
 (5.1)

where  represents the single-photon count rate at a given excitation power (Popt) and 

 is the saturation count rate at optical saturation power (Psat). From this fit, the 

saturation count rate was determined to be 1.84 ×  105 counts/s with an optical 

saturation power of 1.46 mW. Some emitters were brighter with count rates 

approaching ~106 counts/s. The photon statistics of the ZnO defect and its brightness 

are comparable with other solid state room temperature SPSs in terms of brightness, 

which can be advantageous for efficient quantum devices of the emitted light to 

external cavities, waveguides or heterostructure devices. 

5.2.4 Three-level system of g2(τ) 

Some of single emitters show bunching behavior at higher excitation powers, 

indicating the three-level system with the presence of a metastable (shelving) state. 

These emitters exhibited very narrow PL lines that corresponded to a very strong 

bunching, as shown in Figure 5.4(a). This emitter also exhibited blinking. Single 

emitters with narrow spectral lines are often associated with an extremely fast decay 

time (~ few ns) and a strong bunching, as also evident by the ZnO defects observed in 

our work. The g2(τ) of the ZnO nanoparticles exhibiting three-level system is shown 
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in Figure 5.4(b). The calculated radiative and metastable state lifetimes are therefore 

2 ns and 25 ns, respectively. In this experiment, only 10 % of the investigated emitters 

showed strong bunching behavior. Emission from those defects is also associated with 

a very narrow emission line (~ 5 nm at FWHM). Most of the emitters, however, 

exhibited moderate or no evidence of a shelving state. 

 

Figure 5.4. (a) Single photon emitter from ZnO that exhibits a narrow PL signal and 

(b) a strong bunching behavior. 

5.2.5 Polarization behavior of SPSs in ZnO 

The excitation polarization behavior of the single photon emission was measured by 

rotating a half-wave plate in the excitation path, and the result is shown in Figure 5.5 

(red curve). The emission polarization was characterized by fixing the polarization 

excitation to a maximum and rotating the polarizer at the collection channel. An almost 

full extinction of the emission was observed (Figure 5.5 blue curve), indicating that 

emission occurs from a linearly polarized dipole. The mismatch between the 

polarization and the emission dipoles originates from the redistribution of the electrons 

upon photon absorption. 

The polarization visibility is defined as 

 V = 
Imax Imin

Imax Imin
 (5.2)
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where  Imax  and  Imin are maximum and minimum intensities, respectively. The 

visibility of the emitter is calculated to be ~ 85 %. High visibility is very important for 

employing sources for quantum communications as the information is encoded in the 

polarization state of the emitter. Therefore, highly polarized emitters can provide 

excellent signal to noise ratios.  

 

Figure 5.5. Polarization measurement of a ZnO single emitter for both polarized 

excitation (red curve) and emission (blue curve) as a function of the polarizer angle. 

The circles are the raw data and the solid line is a fit following Malus’ law. 

 

5.3 Surface termination of single emitters on ZnO 

All of the investigated emitters in our experiments showed blinking and eventual 

bleaching after several minutes. To investigate the bleaching behavior, we performed 

two treatments to modify the ZnO surface. Emission from ZnO point defects is 

influenced by surface modification such as hydrogen plasma treatment and coating 

with a polymer barrier layer. In the first experiment, the ZnO nanoparticles were 

exposed to a hydrogen plasma (2 minutes, 15 W, 473K). The hydrogen plasma 

treatment is known to lead to quenching of the RL due to the passivation of acceptor–

like defects, possibly the VZn [204]. The reduction in RL is confirmed by CL 

measurements on the ZnO nanoparticles. Figure 5.6 shows the CL spectra of ZnO 
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nanoparticles before and after hydrogen doping processing. This clearly shows that the 

hydrogen termination quenched the RL. The second process involved the deposition 

of 200 nm of optically transparent PMMA to coat the nanoparticles. This was inspired 

by recent reports on the quenching suppression of emission in diamond nanoparticles 

using polymer coatings [205]. After each step, confocal maps were recorded and single 

emitters were identified. Figure 5.7(a) and 5.7(b) show antibunching curves recorded 

from single emitters after hydrogen plasma and after PMMA coating, respectively. It 

is clear that the emitters still maintain their quantum behavior after the hydrogen 

passivation treatment and PMMA coating. 

 

Figure 5.6. CL spectra of ZnO nanoparticles before and after hydrogen plasma 

treatment. Reduction of RL is observed after the exposure to hydrogen plasma. 

5.3.1 Effect of PMMA coating on stability of SPSs in ZnO 

Figure 5.7(c) and 5.7(d) show the defect stability recorded from a blinking single 

emitter from untreated nanoparticles and PMMA coated nanoparticles, respectively. 

The blinking traces clearly show that the emitters embedded in ZnO nanoparticles that 

have only been annealed, bleach after several minutes of excitation with a laser beam. 

Over 20 emitters were measured and all exhibited equivalent behavior. Conversely, 

the ZnO nanoparticles that are coated with PMMA exhibited blinking, but did not 

bleach under same excitation conditions. The time constants associated with the on/off 
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PL intermittency follows an exponential trend, in contrast to that observed for quantum 

dots, where a power law is followed, but similar to the behavior of other point defects 

in semiconductors [200, 205, 206]. The mechanism giving rise to this blinking may 

likewise arise from a photo-induced charge conversion of the defect, to a charge 

exchange with other impurities in close proximity that act as charge traps or from low 

probability transitions to a meta-stable dark state. The duration at which the system 

spends in the “off” state is in the range 70 – 160 ms. Figure 5.8 shows the distribution 

of the “on” and “off” times of the blinking defect on a semi-logarithmic scale. Both 

on and off follow an exponential trend. As expected, the emitters spend considerably 

longer in their “on” state. For this particular emitter, ton = 1.85 s and toff = 152 ms. 

 

 

Figure 5.7. g2(τ) recorded from single defects within ZnO after (a) coating with PMMA 

and (b) exposure to hydrogen plasma. (c) Intensity trace recorded from a single emitter 

within an untreated ZnO nanoparticle showing permanent bleaching after 3 minutes. 

(d) Intensity trace of a single emitter of a ZnO nanoparticle coated with PMMA 

exhibits blinking but no bleaching. The red curve in (c, d) is the background 

fluorescence. 
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Figure 5.8. The “on” and “off” times of a single ZnO emitter. 

5.3.2 Effect of hydrogen on density of SPSs in ZnO 

Hydrogen passivation did not yield similar results, and the investigated emitters 

exhibited similar bleaching as the untreated ZnO nanoparticles. However, after 

exposure to the hydrogen plasma, the density of emitters increased by a factor of three 

compared with the untreated samples. The PMMA coating did not influence the 

absolute number of observed single defects. This indicates the likelihood that the 

quantum emitters are charged defects, which are influenced by the surface termination 

and can be switched on and off [207, 208]. Hydrogen termination is likely to induce 

band bending, thus stabilizing or increasing the probability to populate the single 

emitter. Hydrogen also rapidly diffuses in ZnO nanoparticles [209], and can create 

local charge traps and defects that increase the formation of quantum emitters. 

Furthermore, during the “off” and bleaching states, the emitters are still bright (~ 

80,000 counts/s) compared to the background fluorescence from the particles (~ 6000 

counts/s – marked as a red base line in Figure 5.7(c) and 5.7(d). However, this emission 

does not exhibit quantum behavior. This suggests that the quantum emitter is likely to 
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be a different charge state of the same broad emission that contributes to bright 

fluorescence or associated to transition metal impurities that do have emission at a 

similar spectral range [210]. At this point, however, the chemical origin of the quantum 

emission to a specific defect center has not been assigned yet. 

 

5.4 Conclusions 

In summary, single photon emission from point defects in 20 nm ZnO nanoparticles 

was observed. The quantum emitters can easily be formed through annealing in air – 

providing an excellent platform for easy access to solid state quantum systems at room 

temperature. The emitters exhibit red fluorescence centered at 640 nm with a high 

count rate (~ 200,000 counts/s) and display a fully polarized emission. SPSs in ZnO 

defects are extremely advantageous in terms of its visibility (~ 85 %). The as-grown 

and annealed emitters all exhibit blinking which quenched after exposure to the laser 

beam after several minutes. However, observed ZnO single emitters were stable after 

the ZnO nanoparticles were coated with PMMA. Emission count rates from ZnO 

single emitters were collected more than 10 minutes, which is important for future 

quantum photonic applications. Exposure to a hydrogen plasma treatment increased 

the yield of the single photon emitters. The long term optical stability of SPSs in ZnO 

is still under investigation, with some results suggesting blinking, while others found 

photostable emitters. Different treatment conditions can strongly affect on the 

formation of color centers in ZnO. For example, plasma treatment or annealing in 

different atmospheres and temperature can change emission properties, such as Zn-

rich or O-rich conditions. In ZnO nanostructures, high temperature annealing (> 700 
oC) creates other defects that showed strong green emission, rather than red emission 

showing SPSs. Further studies to optimize the formation probability of these quantum 

emitters are required. Finally, generation of these quantum emitters in bulk material is 

important to broaden their applicability to various quantum applications.
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Chapter 6  

Electroluminescence from localized defects 

in ZnO – toward electrically driven single 

photon sources at room temperature 
 

SPSs are required for a wide range of applications in quantum information science, 

quantum cryptography and quantum communications. In the previous chapter, single 

photon emission from ZnO nanoparticles was observed under the optical excitation. In 

this chapter, ZnO/Si heterostructures are fabricated and these EL are studied for 

potential quantum photonic applications. 

  

6.1 Introduction 

As discussed in the previous chapter, SPSs have been observed from ZnO 

nanoparticles. SPSs are widely used in quantum applications such as quantum 

cryptography and information science. Although SPSs based on quantum dots are 

robust and have ideal optical properties, such as narrow emission linewidth and short 

excited state lifetimes, their operation is mostly limited to cryogenic temperatures 

[211-213]. Alternatively, color centers in wide bandgap materials are excellent 

candidates for room temperature SPSs. These color centers have energy levels within 

the bandgap of the host matrix, and form localized confined states that can emit single 

photons on demand. Diamond, for example, has been studied extensively, due to its 

ability to host plethora of emitters that are photostable and exhibit single photon 

emission at room temperature [214]. 

The need to integrate the SPSs with scalable photonic devices, such as resonators or 

optical cavities, enhances the urgency of generating electrically driven SPSs [215-218]. 
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It has been shown previously that electrically driven light emission can be realized 

with heterojunction nanostructures, where carrier injection occurs across the p-n 

junction or in the i region of a p-i-n junction [219-221]. However, engineering efficient 

junctions from materials like diamond is challenging, and requires sophisticated 

growth conditions and cumbersome implantation of the single emitting defects [222]. 

A more promising approach for fabrication of quantum LEDs is exploiting other 

semiconductors that are more suitable for current optoelectronic applications. One of 

these materials is ZnO, which has recently been shown to host single defects that are 

harnessed as SPSs [11, 12]. In addition, ZnO has attracted significant attention for its 

extensive photonic applications in UV and visible spectral range due to its relatively 

large bandgap and high exciton binding energy. The mature technology of ZnO 

heterojunctions with Si or GaN has enabled fabrication of advanced optoelectronic 

devices including transistors and LEDs [30, 31, 223, 224]. Therefore, the 

transformation of these technologies into the quantum device regime, where single 

emitters can be electrically addressed in ZnO heterojunctions is a promising avenue 

for scalable quantum photonic applications. 

In this chapter efficient electrically driven light emission from localized defects in n-

ZnO/p-Si heterojunctions is reported. Two different sources of n-ZnO are investigated. 

The first source is based on sputtered ZnO films and the second involves deposition of 

ZnO nanoparticles. n-ZnO/p-Si heterojunction devices have been chosen due to their 

cost effective and mature fabrication techniques. 

 

6.2 Device fabrication and electrical characteristics 

A schematic diagram of the devices is shown Figure 6.1(a). First, ~2 mm diameter 

circular electrodes were patterned by standard lithographic process. Then, 300 nm 

SiO2 layer was deposited on a p-Si substrate (Boron-doped, 0.001-0.005 ohm∙cm) via 

e-beam evaporation, followed by 150 nm Al sputtered as the electrodes on the SiO2 

layer to achieve a Schottky barrier. The thin layer of SiO2 is used as a spacer between 
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the two electrodes. The photoresist was lifted-off by ultrasonication in acetone solution 

for 5 minutes to fabricate the proper structure of Si/SiO2/Al. 

 

 

Figure 6.1. (a) Schematic diagram of the n-ZnO/p-Si heterojuction. Electrically driven 

light emission is generated at the edge of the circle, and then collected through a 

microscope objective and directed into APDs or a spectrometer. (b) The energy band 

diagram of the n-ZnO/p-Si heterojunction under zero voltage bias. Defect-related 

radiative recombination occurs in the devices. The electrons in the CB of ZnO will 

drop down into the defect-related energy level of ZnO to recombine with the holes 

therein, giving rise to the visible emission. (c, d) I-V characteristic of the n-ZnO/p-Si 

heterostructure devices; (c) ZnO nanoparticles/Si configuration with a threshold 

voltage of ~ 18 V and a measured current of 20 μA at 40 V of forward bias. Inset is 

the I-V characteristic of Al-Al and Si-Si contacts showing good Ohmic characteristics. 

(d) ZnO thin film/Si configuration, with a threshold voltage of ~ 7 V and a measured 

current of 200 μA at 20 V for the ZnO thin film-based device. 
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To fabricate the heterojunction with the nanoparticles, ZnO nanoparticles (20 nm, 

Nanostructured and Amorphous Materials Inc., USA) were first annealed at 500 °C 

for 30 minutes, dispersed them in methanol solution and then drop cast on to the pre-

patterned Si/SiO2/Al substrate to stick on the wall of the mesa to obtain p-Si/n-ZnO 

heterojunction. To engineer the devices with sputtered ZnO, 50 nm ZnO thin films 

were grown on the wall of the mesas using a 0.25A DC current controlled  deposition 

from a 2” ZnO (99.99%) sputter target with an argon pressure of 2 mTorr. Prior to the 

deposition, the sputter chamber was evacuated to a base pressure of ~ 5  10-7 torr. The 

film thickness was monitored using a quartz crystal monitor in the chamber. To obtain 

reliable Ohmic contacts and to create the color centers within the sputtered ZnO, the 

sample was annealed at 500 °C for 30 minutes in air environment. On the basis of the 

positioning of the junction on the side of the mesa structure, the common problem of 

absorption within each of the electrodes is avoided entirely. The light is generated in 

the ZnO on the side walls of the mesas and is directly observable from above without 

having to be transmitted through either electrode. During deposition, the ZnO covers 

all areas of the devices and the SiO2 insulating layer is utilized to separate the Al 

electrode from the Si. The only conductive path between the electrodes is through the 

ZnO coated on the walls of the mesa structure. When contacting the electrodes the 

probes penetrate thorough the ZnO to directly contact the Al. 

To understand the mechanism of light generation from the formed devices that were 

fabricated, an energy band alignment diagram n-ZnO/p-Si heterojunction is considered 

in Figure 6.1(b) based on individual band structures. The dominant mechanism of EL 

is the recombination of holes injected from the Si with electrons in the ZnO that were 

supplied additionally by the contact with Al. With the increased forward bias, the 

energy barriers for electrons and holes are both lowered, thus favoring the injection of 

electrons and holes.  The electron affinities of Si (χSi) and ZnO (χZnO) are 4.05 eV and 

4.35 eV, respectively, and the bandgap energies are 1.12 eV and 3.37 eV, for Si and 

ZnO, respectively. Therefore, the CB offset for electrons is ∆EC = χZnO  χSi = 0.3 eV, 

whereas that for holes is ∆EV = 2.55 eV [225]. Although holes injected from the p-Si 

are limited due to the large barrier, the very high concentration of holes in p-Si causes 
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a certain amount of holes to be injected into ZnO under the appropriately high forward 

bias. The electrons from the CB of the ZnO may first occupy these empty defect-

produced traps and subsequently, directly recombine with DL defects in the bandgap 

to produce the visible emissions. The details of the mechanism are discussed in later 

with EL and PL spectra from the devices. 

To study the diode characteristics, I-V measurements were carried out for the two 

different devices, which are shown in Figure 6.1(c) and 6.1(d). Tungsten probes with 

1 μm tips attached to micropositioners were used to connect to the sample electrodes. 

The inset of Figure 6.1(c) shows a linear behavior of I-V characteristic between two 

Si-Si and Al–Al electrodes, indicating that a good Ohmic contact was achieved. The 

red curves represent the measurement without the ZnO materials to confirm that there 

is no metal leakage of Al on the Si through the insulating layer of SiO2. The black 

curves in Figure 6.1(c) and 6.1(d) are the I-V measurements after the deposition of 

ZnO nanoparticles (film) on the samples. Both junctions exhibit excellent, well-

defined rectifying behavior. The ZnO nanoparticle device shows a threshold voltage 

at ~18 V and a forward current more than 20 μA at 40V, whereas the ZnO thin film 

device exhibits higher current, ~200 μA at 20 V with lower threshold voltage of ~7 V. 

The different onset voltages between two devices and noise of the curves in Figure 

6.1(c) may arise from the presence of surface states, from the presence of an oxide 

layer at the interface because the SiO2 layer acts as a barrier in series [226], or from 

unavoidable voids in the nanoparticle sample. 

 

6.3 Electroluminescence (EL) from the n-ZnO/p-Si 

heterostructures 

To investigate the luminescent properties of the formed devices, EL and PL 

measurements were collected using a confocal microscope with 500 nm lateral 

resolution. The signal was collected through an objective with a numerical aperture of 

0.7 and directed into a spectrometer (Princeton Instruments, 300 lines/nm grating). For 

the PL excitation, a CW laser of 532 nm was employed. A dichroic mirror was used to 
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filter the excitation laser. All signals were recorded using an avalanche photodiode 

(Excelitas, SPCM-AQRH-14) and analyzed using a single photon counting (PicoHarp 

300). The measurements were carried out at room temperature under ambient 

conditions. Upon applying the voltage between the Al contacts and the Si wafer, the 

emission was generated at the edge of the circular mesas. Throughout the 

measurements, the contact probes were positioned close to the scanning area to achieve 

higher EL generation and therefore better a signal-to-noise ratio. 

6.3.1 Confocal map of the devices 

Panels (a) and (b) in Figure 6.2 show room temperature EL confocal maps recorded 

from the ZnO nanoparticles and the sputtered ZnO heterojunctions, respectively. The 

bright spots in the confocal image correspond to localized electrically excited 

luminescence defects. For the ZnO nanoparticles-based device, the EL signal becomes 

detectable when a forward direct current bias of 35 V is applied across the device.  No 

EL is detected under reverse biasing. However, further increasing the applied voltage 

over 40 V resulted in electrical breakdown of the devices. 

6.3.2 EL and PL of the devices 

Panels (c) and (d) in Figure 6.2 show the corresponding EL spectra from the 

nanoparticles and the sputtered films (blue curves), respectively. Both devices exhibit 

broad peaks at the red spectral range (at 660 nm and 620 nm) – that is typical to the 

sub-bandgap defect emission described in chapter 4 and 5. The fact that the EL signal 

was obtained from a localized spot indicates that recombination occurs on an 

individual defect site – ideal for generation of non-classical light.  
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Figure 6.2. EL and PL results of defects in ZnO/Si devices recorded at room 

temperature. (a) EL confocal maps recorded from the ZnO nanoparticles/Si and (b) 

ZnO thin film devices, respectively. The bright spots correspond to defect-related color 

centers in ZnO. (c, d) EL and PL spectra of the devices recorded at room temperature; 

(c) ZnO nanoparticles/Si, and (d) ZnO thin filn/Si devices. Both devices exhibit 

orange-red emission ranging from ~ 500 nm to 800 nm when 40 V and 15 V were 

applied to ZnO nanoparticles/Si and ZnO thin film/Si, respectively. While PL spectra 

show no difference from both samples, positions of peak wavelength of EL are slightly 

different, possibly resulting from different defect centers in ZnO. Inset of (d) is the 

g2(τ) of ZnO thin film excited by PL, indicating the presence of a single quantum 

emitter in the ZnO thin film. The bunching (g2(τ) > 1) indicates the presence of a 

metastable state. 

Complementary PL spectra from same spots were collected using a 532 nm excitation, 

with no bias applied to the sample, to access the DL defects in the ZnO. The spectra 
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are shown in Figure 6.2(c) and 6.2(d) as red curves. Slight spectral shift between the 

EL and the PL signals can be observed, likely due to different excitation pathways. 

However, their full width half maximum spectra are similar, indicating that similar 

defects are addressed. This attribute is unique to ZnO and is highly advantageous 

because often EL and PL result in excitation of completely different emission spectra, 

such as in the case of diamond [222], where optical excitation results in emission of 

negatively charged nitrogen vacancy but electrical excitation triggers the neutrally 

charged nitrogen vacancy center. Whereas PL depends only on the material’s optical 

properties, EL, which is excited by current injection, is determined by the entire device 

structure, including the optical and electrical properties of its light emitting layers, 

electrodes and contacts. The difference between the PL and EL spectra is merely due 

to the difference in the luminescence excitation mechanisms not different defects. The 

EL and PL signals can be potentially ascribed to Oi centers or VZn- defects [61, 193]. 

All the studied defects emitted at the same spectral range and had similar linewidth, 

and they can be generated by controlled atmosphere heat treatment, as shown in our 

results. 

To verify that the ZnO thin film exhibits single photon emission, HBT interferometer 

was used on the same position of the confocal map in Figure 6.2(b) under a 532 nm 

laser excitation. Inset of Figure 6.2(d) shows the second order correlation function g2(τ) 

from the ZnO defect center. An antibunching dip at zero delay time (g2(τ) = 0.2) 

indicates that the emission originates from a single photon emitter. Because the emitter 

was measured at high excitation power (~ 2 mW), bunching behavior was also 

observed, indicative of a three-level system with a shelving, metastable state. The red 

line is the theoretical fit using a three-level system Eq. 2.6. The fit indicates that the 

values of the lifetime are τ1 ~ 5 ns and τ2 ~ 34 ns. 

 

6.4 Brightness and stability of the devices 

Now, the emission saturation from the electrically driven devices is studied. Figure 

6.3(a) and 6.3(b) shows the measured count rate as a function of injection current for 
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the ZnO nanoparticles/Si and the ZnO thin film/Si, respectively. The black dots are 

experimental values, while the red curves are the fit according to the following 

equation: 

 C =
CSat I

ISat + I
 (6.1)

where C is the emission count rate at a given injection current (I) and CSat represents 

saturation count rates at saturation current (ISat). From the fitting equation, the 

saturation count rates are determined to be 7.23 103 counts/s and 2.07 104 counts/s 

with saturation current of 32.4 μA and 6.4 μA for the ZnO nanoparticles/Si and ZnO 

thin film/Si, respectively. These values are comparable with other electrically driven 

sources [215, 216]. 

 

 

Figure 6.3. (a) Count rate of the EL generated emission as a function of the device 

current for the ZnO nanoparticles/Si and (b) ZnO thin film/Si devices. The black dots 

are raw data and red curves are the fitting curve showing saturation behaviors 

according to the Eq. 6.1 with CSat = 7.23 × 103 counts/s and ISat = 32.4 μA for ZnO 
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nanoparticles/Si and CSat = 2.07 × 104 counts/s and ISat = 6.4 μA for ZnO thin film/Si, 

respectively. (c) and (d) are the intensity traces recorded from one of the bright spots 

in the confocal map from the ZnO nanoparticles/Si and the ZnO thin film/Si devices, 

respectively. Both devices exhibited excellent photostability for more than 30 minutes. 

To test the photostability of the studied defects, luminescence intensity traces were 

measured as a function of applied current. Panels (c) and (d) in Figure 6.3 shows the 

stability measurements of the EL generated from the ZnO nanoparticles and the ZnO 

film devices, respectively. These figures show that the emission was persistently stable 

for more than 30 minutes, indicating that the ZnO/Si devices could be a potential light 

source for future solid-state quantum photonic applications operating at room 

temperature. The low count rate is most likely due to low quantum efficiency of the 

defect responsible for the single photon emission. Compared to even diamond that has 

only emerged in the last decade, the ZnO system is new in the realm of the quantum 

world, and many important questions such as the quantum efficiency – are still 

unknown. Thus, this work will expedite these studies and will highlight this intriguing 

system to the community. 

The fabricated device from the sputtered films and the nanoparticles exhibit slightly 

different device performances, mainly due to their basic structural dissimilarities: 

Figure 6.4 shows SEM images of the (a) sputtered ZnO and the (b) ZnO nanoparticles. 

The nanoparticles have a much higher crystal quality, lower concentration of bulk 

point defects and impurities due to their short diffusion length during growth and 

strong surface effect due to their significantly larger surface-to-volume ratio compared 

to the films. Typically, VO or Zni dominate the emission spectra of the films. A 

reduction in the number of defects due to the stoichiometric mismatch can be achieved 

via annealing in an oxygen atmosphere, which concurrently increases the crystallinity 

of the films, as was done in our work. 
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Figure 6.4. (a) SEM image of the sputtered ZnO thin film and (b) ZnO nanoparticles. 

There should not be any fundamental issue with generating single photon emission 

from EL in the ZnO system. These results are pioneering the field, and clearly there is 

still much scope for improvement. However, EL from localized defects in ZnO has not 

been achieved to date, and are reported in this work for the first time. Comparing this 

present work to other known systems, such as GaAs or diamond, it took many decades 

to record first antibunching measurement from a single defect. 

Finally, the potential integration of these electrically driven sources with proper 

photonic structures is discussed. For instance, to achieve electrically driven ZnO 

microdisks, one can employ bottom up growth of ZnO on Si through a well-defined 

lithographic mask. Similar works have been realized recently with gallium nitride 

microdisk lasers that were grown on Si [227]. Separately, it was shown that ZnO 

microdisks can be effectively grown bottom up on a substrate of choice [202]. We 

therefore believe it is viable to grow high quality n-type photonic resonators from ZnO 

on a p-type Si substrate to achieve electrically driven devices. 

 

6.5 Conclusions 

In summary, electrically driven emission from localized ZnO defects integrated within 

a ZnO/Si heterojunction are reported. The devices were fabricated either from ZnO 

nanoparticles or from sputtered ZnO. Room temperature I-V characteristics of the 

diodes confirmed excellent rectifying behavior with the threshold voltages at ~ 18 V 
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and ~7 V for ZnO nanoparticles and thin film devices, respectively. Defect-related EL 

at the red spectral range has been achieved under forward bias and it is shown that both 

devices were stable over 30 minutes, which is crucial for the development of future 

ZnO based quantum devices. Although the origin of the defects is unknown, they can 

be reliably and reproducibly engineered in both sputtered films and nanoparticles. 

Further studies are required to understand the origin of the emission. In combination 

with the recent progress into ZnO cavities and resonators [104, 202]. These results will 

be important to realization of cost efficient fabrication of electrically driven, quantum 

nanophotonic devices employing ZnO as the fundamental building block.
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Chapter 7  

Observation of whispering gallery modes 

from hexagonal ZnO microdisks using 

cathodoluminescence spectroscopy 
 

In the previous chapters, several promising SPSs in ZnO were highlighted and 

electrical excitation from defects in ZnO has been discussed. The last step is coupling 

those emitters to optical cavities. Fabrication of n-type ZnO optical resonator on p-

type substrate can realize practical nanophotonic devices for quantum photonic 

technologies. Therefore, in this chapter, ZnO hexagonal microdisks with diameters 

ranging from 3 μm up to 15 μm were fabricated by the carbothermal reduction method. 

Apart from other ZnO optical resonators, this ZnO microdisk can be readily engineered 

when a proper substrate is used. 

 

7.1 Development of ZnO optical resonators for 

nanophotonics 

The development of photonics is now being enabled by semiconductor device 

technologies such as lasers and detectors. Especially, laser research has met a variety 

of different laser performance goals and this improvement has revolutionized a wide 

range of research fields. The interaction between light and semiconductors in a simple 

manner has made nanophotonics an interesting topic in semiconductor physics. 

Among a lot of semiconductors with different structures, wide bandgap semiconductor 

optical resonators are of great importance in developing paradigms for optoelectronics 

and LEDs. ZnO is a promising wide bandgap semiconductor for the development of 
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optical devices in the visible spectral range because of its highly efficient optical 

emission. ZnO is presently used in a variety of optoelectronic applications, such as 

LEDs, sensors, piezoelectrics, and transparent semiconductors [6, 203, 228, 229]. In 

addition, the flexible control over ZnO growth enables bottom up engineering of ZnO 

micro- and nano-structures with various geometrical shapes and sizes (e.g. tetrapods, 

tapered nanowires, mushrooms) [68-70]. In particular, there is currently great interest 

in the bottom up fabrication of ZnO optical resonators that can confine and guide light 

for applications in photonics and quantum information processing. Thus, the 

outstanding optical and geometrical characteristics of ZnO make it a promising 

photonic candidate for optoelectronic devices. 

To date, various types of resonators with hexagonal shape have been fabricated and 

drawn significant attention for optical resonator cavities because of their distinctive 

geometry and outstanding lasing characteristics. For example, the micro- and 

nanostructure resonator reveals a FPMs type of resonance, in which the top and bottom 

planes or the two side facets of the resonators serve as two reflecting mirrors so that 

the light travels back and forth between two parallel interfaces [118, 230]. Some 

authors also suggested the cavities formed by ZnO nanostructures showing a FPMs 

type of resonance [231, 232]. However, this FPMs type of resonators may not provide 

strong confinement due to the limited reflection at the top and bottom or two opposite 

side facets. Hence, the performance of lasers based on FPMs may suffer from the low 

reflectivity of the interface resonator/air. 

Conversely, the WGMs, which has been developed in many applications to optics 

fields, has attracted much interest because it is a very efficient means of luminescence 

improvement for micro- and nanostructure resonators [233, 234]. As the efficiency of 

light confinement is subject to the geometrical properties of ZnO, light enhancement 

based on WGM is much better that FPMs since the light wave propagates circularly 

around the interface of ZnO/air due to multiple total internal reflections [90]. Since the 

ZnO refraction indices in the UV and GL region are about 2.4 and 2.0 respectively, the 

critical angle of the total internal reflection is less than 30°. As a result, the optical 
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losses can be significantly reduced so that the WGMs can provide an attractive means 

to increase luminescence efficiency in optical resonators. Among other optical 

resonators, ZnO microdisks are of a particular interest. Microdisk resonators support 

propagation of WGMs, enabling technologies like bright LEDs, sensing and low 

threshold lasers [235-238]. As compared to one-dimensional structures, such as 

nanowires and nanorods, hexagonal microdisk resonators employing WGMs are 

promising due to their potential applications in nonlinear optical devices. However, 

fabrication of microdisks is non-trivial, as they require undercutting the active layer to 

achieve vertical light confinement. 

Recently, numerous works on ZnO micro- and nanostructures with a moderate level 

of light confinement and increased luminescence efficiency were reported [79, 81, 82]. 

However, most of the WGMs of ZnO structures are formed on a Si substrate. Since 

the refractive index of Si is ~ 3.5 in the visible range, which is higher than that of ZnO 

(~ 2.0). Therefore, efficient light reflection may be difficult as total internal reflections 

do not happen from low to high refractive index material. Furthermore, while some 

attributed the emission enhancement to the presence of WGMs, most of previous work 

showed excitonic WGM is in the UV range [84, 90, 239], which is not suitable for 

visible applications. In addition, the ZnO structures were not well separated from each 

other, which make it challenging for realistic applications as WGMs resonators.  

In this chapter, bottom up growth of well isolated ZnO microdisks on SiO2 substrate 

is demonstrated. The proper substrate is chosen since refractive index of SiO2 is less 

than ZnO, producing efficient light enhancement. By controlling the amount of raw 

materials and the size of the substrate, the ZnO microdisks are grown vertically and 

sparsely on the substrate. Optical characterization of ZnO microdisks was performed 

using low temperature (80 K) CL imaging and spectroscopy. The microdisks exhibited 

CL locally distributed near the hexagonal boundary of the ZnO microdisks. High 

resolution CL spectra of the ZnO microdisks revealed WGMs emission. The 

experimentally observed WGMs were in excellent agreement with the predicted 

theoretical positions calculated using a plane wave model. Raman spectroscopy 

confirms the high quality of the ZnO material. High resolution CL studies clearly 
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reveal that the resonators exhibit green emission and clear presence of WGMs with 

quality factors of ~ 60 and ~ 90 in ZnO microdisks of diameter 5μm and 9 μm, 

respectively. The position of the WGMs is supported using a plane wave model. 

 

7.2 Growth of ZnO microdisks 

Synthesis of the ZnO microdisks was carried out in a conventional horizontal tube 

furnace. No catalysts, no carrier gases, and low pressure were used in the experiment. 

All the reactions occurred in the furnace at ambient atmospheres, and 1 μm thick 

thermally grown SiO2 on Si (100) wafers (1 cm  2 cm) were used as substrates for 

ZnO microdisk fabrication. The setup of the growth of ZnO microdisks is shown in 

Figure 7.1. The substrates were cleaned with acetone and isopropanol by ultra-

sonication. ZnO powders (200 mg) were mixed with graphite powders (200 mg) 

according to the weight ratio of 1:1 and put into a small boat as a source material. 

Before the boat was inserted into the horizontal tube, only the tube was pushed into 

the furnace and rapidly heated up to 1050 °C from the room temperature. Then, the 

boat filled with the source material was pushed into the center of the horizontal tube 

under atmospheric condition. Zn vapor was produced through the carbothermal 

reduction of ZnO powder by graphite, which acts as a reducing agent. With the 

increase of the concentration of the Zn vapor, Zn atoms condense and form liquid Zn 

clusters on the substrate and in the quartz boat. At the same time, the Zn vapor was 

reoxidized by oxygen in air at the nucleation sites to facilitate the formation of ZnO 

microdisks. After heating for 5 minutes with the substrate at the same temperature, the 

boat with the source materials was immediately removed from the furnace quickly and 

finally the system was cooled down to the room temperature in several minutes to limit 

the vertical growth to less than 10 μm. After the reaction, a large amount of ZnO 

microdisks were formed on the substrate. The control of source materials and carrier 

gas influences defect states of ZnO, resulting in different morphology and amount of 

defects so that it gives rise to different visible luminescence of DL centers. 
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Figure 7.1. ZnO microdisk growth setup in the tube furnace. 

 

7.3 Characterization of ZnO microdisks 

The SEM analysis was performed using a Zeiss Supra 55VP SEM high resolution field 

emission SEM operating in secondary electron mode to examine the morphology and 

size of the ZnO microdisks. Raman spectroscopy was used to investigate the structural 

properties of the ZnO microdisk and the spectral range was set from 250 cm-1 to 650 

cm-1 to detect Raman peaks relevant to ZnO. Since the later excitation could pass 

through the substrate, a bare SiO2 substrate was also measured to compare with the 

spectrum of the ZnO microdisk. 

CL measurements were carried out at liquid nitrogen temperature (80K) using a Gatan 

Mono-CL system attached FESEM with an accelerating voltage of 15 kV. The 

monochromator with the attached Hamamatsu S7011-1007 CCD sensor was used for 

investigating the detailed WGMs emission with high-resolution CL spectra. Once CL 

spectra were collected for high resolution of 0.05 nm / pixel, wavelength calibration 

was performed by measuring atomic spectral lines of mercury or neon lamp after the 

acquisition of the CL spectra. ZnO microdisks with diagonal width of 5 μm and 9 μm 

were selected under optical microscopy to investigate WGMs behaviors. 
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7.4 Observation of WGMs from ZnO microdisks 

7.4.1 Structural analysis 

An optical resonator is a transparent body of certain shape consisting of a substance 

with a high refractive index, surrounded by air. Such a structure has the ability to 

confine and guide light inside the resonator, thus it can be utilized in photonic 

applications of optical fibers or waveguides. Figure 7.2(a) and 7.2(b) show SEM 

secondary electron images at 20 kV of the as-grown 5 μm diameter ZnO microdisk. 

The density of the microdisks changed across the substrate surface (not shown), but 

isolated ZnO microdisks were always observed due to the lack of nucleation sites and 

source materials, resulting in the ZnO forming sparsely. Controlled growth of isolated 

microdisks is vital for future devices fabrication and proper spectroscopy studies. The 

perfectly hexagonal symmetry of the sample on the top can be clearly seen from the 

microdisks in Figure 7.2(a). The diameters of the microdisks were in the range of 3 

μm up to 15 μm. Figure 7.2(b) shows a side view of SEM image of an individual ZnO 

microdisk. The diameter of the microdisk reduces from top to bottom and the length 

of the microdisk is about 5 μm. It can be seen that the top of the microdisk has well 

defined symmetry and very smooth edge facets that are likely to support WGMs 

propagation. The use of lower refractive index substrate (SiO2) than ZnO is efficient 

for light confinement due to the reduction of light absorption into the substrate. 

 

Figure 7.2. (a) Top and (b) side-view SEM secondary electron images of ZnO 

microdisk at an operating voltage of 20 kV. A well-defined hexagonal shape is clearly 

visible. 
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Figure 7.3. Raman spectrum of the ZnO microdisk confirming a high quality wurtzite 

structure. The Raman peak at 437 cm-1 is associated with the hexagonal wurtzite ZnO 

optical photon E2high mode. The strong peak at 520 cm-1 is associated with the Si 

substrate. 

Figure 7.3 shows the Raman spectrum recorded from the ZnO microdisk using 633 nm 

line of a Renishaw He-Ne laser. Since the excitation laser source can penetrate into the 

substrate, a Raman spectrum of a bare substrate was also collected. The inset shows 

the Raman spectrum of the bare substrate that the peaks are seen at 302 cm-1, 520 cm-

1, and 618 cm-1. Thus, one very strong peak at 520 cm-1 and two weak peaks at 302 

cm-1 and 618 cm-1 are attributed to the Si substrate which are the transverse optical 

phonon [240]. Especially, the peak at 618 cm-1 is only observed in boron doped Si, 

which is consistent of the sample properties since the used Si substrate is boron doped. 

The Raman peak at 437 cm-1 with relatively strong intensity is a typical Raman active 

branch of hexagonal wurtzite ZnO originated from the optical phonon E2high mode [241, 

242]. In addition, other two peaks for the ZnO microdisk at 333 cm-1 and 379 cm-1 can 

be assigned to the E2high – E2low (multi-phonon process) and A1 (longitudinal optical 

phonon) modes, respectively [243]. C. Xu et al. also investigated that the peak at 379 

cm-1 is also relating to defects in ZnO [244]. The FWHM of the E2high mode at 437 cm-

1 is ~ 7 cm-1, narrower than the typical reported values for ZnO structures (~ 12 cm-1) 
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[245, 246]. Thus, the narrow and strong E2high mode combined with a very weak A1 

mode confirm that the fabricated ZnO microdisks have predominantly wurtzite crystal 

structure. 

7.4.2 Optical properties of ZnO microdisks 

To characterize the optical properties of the ZnO microdisks, CL measurement of the 

samples were carried out at 80 K with an accelerating voltage of 15 kV inside a SEM 

(FEI Quanta). In order to investigate the CL characteristics, the area in which the 

microdisks are not densely distributed was chosen. To visualize the light emission 

from the ZnO microdisk, the spatially resolved CL of the ZnO microdisks was 

collected by a photomultiplier tube connected to one end of the Oriel MS257 1/4 m 

monochromators. With proper settings of the grating and the position of the center 

wavelength, monochromatic CL images at different wavelengths can be obtained. The 

monochromatic CL image of the vertically grown and isolated hexagonal ZnO 

microdisk at 530 nm is shown in Figure 7.4(a). As can be seen in the image, the GL is 

not distributed uniformly across the microdisk, but is locally concentrated at the 

hexagonal boundary of the microdisk. Figure 7.4(b) shows a CL spectrum of the side 

and center region, respectively. The beam positions are marked as red and blue circles. 

The excitonic emission peak at 378 nm (3.28 eV) is almost equal in intensity at the 

boundary and center of the microdisk. The stronger peak at the green spectral range, 

centered at around 530 nm is the green emission from the ZnO. As can be seen in 

Figure 7.4(b), the luminescence intensity of the green emission is significantly stronger 

near the boundary of the microdisk, likely to be enhanced by the total internal 

reflections of light within the microdisk. Such an enhancement is often associated with 

the presence of WGMs, as discussed below. CASINO Monte Carlo modeling of the 

electron interaction volume at 15 kV shows that the lateral spread of the electron beam 

in ZnO is ≤ 500 nm (represented by a circle in the inset of Figure 7.4(a)) indicating 

that the increase in CL towards the periphery of the ZnO microdisk is not related to 

excitation artifacts due to forward scattered electrons [247]. 
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Figure 7.4. (a) Monochromatic CL image of the ZnO microdisk at 530 nm at 15 kV. 

Inset is 500 nm lateral spread of the interaction volume of the electron beam at 15 kV. 

(b) Representative CL spectra recorded from the side regions of the microdisk, and the 

center regions of the ZnO microdisk, respectively. The local excitation spots are 

indicated by red and blue circles in (a). There is a significant difference of green 

emission between the side and the center region. 

To investigate the CL in more details, high resolution CL spectra (1.5 nm spectral 

resolution), Hamamatsu CCD detector) from the periphery of the ZnO microdisks were 

recorded. The typical CL spectra of a 5 μm and a 9 μm microdisks, are shown in Figure 

7.5(a) and 7.5(b), respectively. Each CL spectrum clearly shows the evolution of the 

WGMs. As expected, the disk with larger diameter exhibits narrower spacing between 

the observed resonator modes. The size dependence of the structured green CL spacing 

confirms that the enhanced edge emission in our ZnO microdisks is clearly unrelated 

to increased surface emission widely reported in ZnO nanowires due to surface band 

bending effects or an increased concentration of surface defects [248, 249]. The energy 

spacing between the emission peaks from the 5 μm and 9 μm microdisks is in the range 

23 – 24 meV and 34 – 40 meV, respectively. These spacing values are significantly 

smaller than the longitudinal optical phonon energy of 72 meV, indicating they are not 

related to the vibronic states as reported previously by Reynolds et al. [250]. 
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The spectra were fitted to a sum of multi-peaks using the Lorentzian deconvolution 

method centered at each resonant wavelength as shown in Figure 7.5(a) and 7.5(b) 

(fitted red curve). Five and eight Lorentzian distributions reproduced the CL spectra 

reasonably well in Figure 7.5(a) and Figure 7.5(b) respectively. The dashed lines in 

Figure 7.5(a) and 7.5(b) represent predicted 5 and 8 discrete optical mode numbers of 

WGMs located at each resonant peak for small and large microdisks. 

 

Figure 7.5. (a, b) High resolution CL spectra from the peripheral area of the ZnO 

microdisks shows a series of peaks corresponding to WGMs with a green emission 

band using Lorentzian deconvolution method. The integers are the mode numbers for 

respective resonant mode peaks; (a) 5 μm and (b) 9 μm of the microdisks. 

7.4.3 Investigation of the light confinement in ZnO microdisks 

Various mechanisms can account for the optical resonance. Since usually the random 

lasing is caused by multiple scattering in a disordered medium [127], the enhanced 

light emission from the ZnO microdisk is not attributed to the random lasing as the 

light emission is observed from only a single ZnO microdisk. In terms of geometrical 

optics, three kinds of resonant cavity modes are possible, FPMs, quasi-WGMs, and 

WGMs. As explained before, FPMs is formed by the two opposing interface of the 

microdisks so the light can travel back and forth between two parallel mirrors. The 
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observation of this type of mode has been reported by Zhao et al. although the cavity 

size in their work is much larger [230]. The hexagonal-shaped dielectric cavity can 

also support quasi-WGMs and WGMs. The quasi-WGMs and WGMs are formed 

when the light ray strikes the boundary at 30° and the boundary at 60° relative to the 

normal to the boundary surface, respectively. The light is totally reflected and the 

luminescence intensity is enhanced by the lateral sides of the ZnO microdisks with the 

critical angle of the total internal reflection (~ 25.8°) at the ZnO/air boundary [251]. 

Because of small critical angle and the large refractive index of ZnO in the visible 

spectral range, multiple total internal reflections in the ZnO microdisks are easily 

achieved. Figure 7.6 shows three possible resonance modes that can be produced in 

the hexagonal ZnO microdisk indicated by the grey arrows for light reflection or 

circulation: (a) a FPM, (b) a quasi-WGM, and (c) a WGM. 

 

Figure 7.6. Different types of resonance mode in the hexagonal shape of an optical 

resonator. (a) a FPM, (b) a quasi-WGM, and (c) a WGM. 

For optical resonators it is important to analyze the observed resonance to understand 

the nature of the light confinement. The mode spacing and the mode resonances are 

representative analysis to show that the ZnO nanostructures support the propagation 

of WGMs. Firstly, the mode spacing can be analyzed using a classical plane wave 

model. For possible resonant modes, the mode spacing ∆λS is defined as 

 ∆λS =
λ2

L(n λ dn
dλ )

 (7.1)
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where λ is the resonant wavelength, L is the cavity path length, n is the refractive index 

of ZnO, and the dn/dλ is the Sellmeier’s first-order dispersion relation, respectively. 

For all of the calculations, two different sizes of the ZnO microdisks were chosen (5 

μm and 9 μm) to find out which modes were formed to the microdisks. In the case of 

FPMs, calculated path lengths L are 2 3Rsmall = 8660 μm and 2 3Rlarge  = 15590 μm 

for 5 μm microdisk and 9 μm, respectively, where R is the radius of the resonator. The 

calculated mode spacing ∆λS for FPMs at 533 nm is about 14.4 nm and 8.0 nm for 

small and large microdisk. If the resonant modes were quasi-WGMs, the calculated 

mode spacing can be deduced about 11.1 nm and 6.2 nm for small and large microdisk, 

respectively. These all values are much larger than the experimentally observed value 

since experimentally observed mode spacing ∆λS is 9.5 nm and 5.4 nm for small and 

large microdisk, respectively. This indicated that the resonant modes may not be 

attributed to the FPMs or quasi-WGMs. If the resonant modes were WGMs, the 

calculated mode spacing is 9.6 nm and 5.3 nm for small and large microdisks according 

to the above equation, which is almost consistent with the experimentally observed 

mode space in Figure 7.5. 

Secondly, a classical simple plane wave model is used to study the observed modes 

[76, 84]. The main idea is that the light wave circulates around exploiting the process 

of multiple total internal reflections and finally interferes with itself when having 

completed one full circulation within the resonator. Considering the number of the 

total internal reflections, refractive index, and path length, the mode equation is 

obtained which describes the resonance model and the number of interference orders 

of a ZnO microdisk for each resonance mode. The constructive interference can be 

generated and the standing wave forms if the total phase shift along the path in the 

microdisk is an integer multiple of 2π [232]. The results of theoretical modeling show 

that the eigenmodes of such a hexagonal cavity can be numbered by the integer mode 

number N. For the FPMs, the constructive interference condition is described as 

follows; 

 λ =
2nL
N

 (7.2)
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where N is the interference order. The integer N ≥ 1 characterizes the interference order 

of the resonance, which is in this case identical with the respective optical resonance 

number. For large mode numbers, a simple plane wave model has been deduced. 

According to the equation above, the constructive interference at green emission is 

formed with the resonant wavelength of 525 nm and 528 nm when the integer N is 33 

and 59 for small and large microdisks, respectively. As compared to the experimentally 

observed positions of peaks, FPMs do not fit the resonant peak positions. In addition, 

the two opposite side surfaces of the microdisks are not perfectly parallel. In such a 

tapered nanostructure, the top and down surface could not form a proper FPMs 

resonator and provide good confinement for light transport as the light is transported 

between these two opposite surfaces for FPMs. Thus, the FPMs barely form in the 

ZnO microdisks. 

Taking into account the polarization-dependent negative phase shift that occurs during 

the process of the total internal reflection, the constructive interference condition for 

the WGMs is given by 

 =
3 3R

N+ 6
π arctan(β 3n λ 2 4)

 (7.3)

where n(λ) is the wavelength-dependent refractive index and the factor β refers to the 

different polarizations which is equal to n-1 and n for the TM and the TE polarization, 

respectively [76, 90]. As described in Figure 7.6, the light can be assumed to circulate 

around only within the cross section of the optical resonator. The optical mode patterns 

can be obtained by solving the above wave equation in its two dimensional form. 

Hence, two decoupled types of polarizations can occur, namely TE polarized modes 

(electric field (E)  c-axis (c)), and TM polarized modes (E  c) in a hexagonal optical 

resonator. While the electric field is transverse to the longitudinal axis of the resonator 

for TE modes, the magnetic field is transverse to the longitudinal axis of the resonator 

in TM modes. In addition, the wavelength-dependent refractive indices at the TM-

WGMs polarization and TE-WGMs polarization are expressed as the Sellmeier’s 

dispersion function: 
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 n λ TM = 1+
2.9535λ2

λ2-82.302 +
0.1660λ2

λ2-358.602 +
0.1050λ2

λ2-17502

1
2
 (7.4)

 n λ TE= 1+
2.4885λ2

λ2-102.302 +
0.215λ2

λ2-372.602 +
0.2550λ2

λ2-18502

1
2
 (7.5)

where n(λ)TM and n(λ)TE are refractive indices of ZnO for TM mode  and TE mode, 

respectively [83, 252]. Figure 7.7 shows refractive indices of a ZnO microdisk against 

wavelength which are based on the equations above. It can be seen that both modes 

decrease with increasing wavelength, but the refractive index n(λ)TM is larger than 

n(λ)TE at the same green wavelength region, resulting in different peak positions from 

the calculations using the plane wave model. 

 

Figure 7.7. Wavelength-dependent refractive indices of a ZnO microdisk were 

deduced using Sellmeier’s dispersion functions. 

The peak positions in obtained from the CL spectra are fit to those predicted by Eq. 

7.3 as can be seen from Figure 7.5. According to the constructive interference 

condition for WGMs above, the constructive interferences at green emission were 

formed with the resonant wavelength of 532 nm when the integer N is 46 and 85 for 

small and large microdisks, respectively. As compared to the experimentally observed 

positions of peaks, WGMs model with TE mode satisfied the resonant peak positions. 
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To check the consistency with other resonant peaks, all of the peak positions in 

obtained from the CL spectra compared to those calculated by Sellmeier’s dispersion 

function, as can be seen from Figure 7.5(a) and 7.5(b). The solid lines in Figure 7.5(a) 

and 7.5(b) represent predicted 5 and 8 discrete optical mode numbers located at each 

resonant peak for small and large microdisks for TE polarization mode. Based on the 

calculation, the wavelength is gradually varied from 514 to 553 nm with the step of 10 

~ 11 nm for the small microdisk and from 517 to 555 nm with the step of 5 ~ 6 nm for 

the large microdisk, each corresponding to a refractive index of TE mode, then the 

resonant wavelengths related to the integer numbers N were established. For the small 

microdisk, the calculated 5 integers are 48, 47, 46, 45, and 44, located at 514 nm, 523 

nm, 533 nm, 543 nm, and 553 nm, respectively. The experimentally observed values 

are 515 nm, 523 nm, 533 nm, 543 nm, and 532 nm, which are in good agreement with 

the result obtained from the calculated peak positions with error < 1nm to the values 

obtained. For the large microdisk, the calculated 8 integers are 88, 87, 86, 85, 84, 83, 

82 and 81, located at 517 nm, 522 nm, 527 nm, 532 nm, 538 nm, 543 nm, 549 nm and 

555 nm, respectively. The experimentally observed values are 517 nm, 522 nm, 527 

nm, 532 nm, 538 nm, 543 nm, 549 nm and 555 nm. The observed resonant wavelengths 

for the large microdisk in experiment also match with the theoretical values very well. 

Therefore, the WGMs plane wave model also supports that the spatial distribution near 

hexagonal boundary is due to the WGMs-enhanced luminescence. Theory indicates 

that both of the optical conduction modes (TM and TE) can exist simultaneously in 

the resonator. However, the WGMs observed from the ZnO microdisks were mostly 

TE polarized since typically TM polarized emission is much weaker and broader than 

TE modes [87]. Thus the TM polarization mode from ZnO is difficult to be detected 

at ZnO/air interface relative to the TE polarization mode. 

The Q factor of both sizes of the ZnO microdisks can be calculated from the WGMs 

emission mode. For a resonant mode, the Q factor can be calculated with the formula: 

 Q =
λ
Δλ

 (7.6)
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where λ and ∆λ are the peak wavelength and its FWHM, respectively. Figure 7.8 shows 

the CL spectrum of 5 μm ZnO microdisk highlighted with the peak wavelength and its 

FWHM. According to Figure 7.8, the values of the FWHM of the resonant mode were 

observed to be about 9.2 nm and 5.5 nm at the wavelength of 532 nm for small and 

large microdisks, respectively. Therefore, the corresponding Q factors can be 

estimated to be about ~ 60 and ~ 90 for small and large microdisks, respectively. The 

relatively low Q factor is mostly due to the poor vertical confinement of light, 

contribution from losses such as defect absorption, and the light leakage at the air/ZnO 

interfaces. Moreover, the surface roughness of the cavity can also influence the 

reflection of light since tapered area of the ZnO microdisks is not sufficiently smooth 

as shown in Figure 7.2(b). 

 

Figure 7.8. CL spectrum of 9 m ZnO microdisk showing the peak wavelength and its 

FWHM for calculation of the Q factor. 

The reflectivity (r) for a hexagonal WGM cavity can be deduced using the expression: 

 Q =
πnmDrm 4

2λ(1-rm 2)
sin

2π
m

 (7.7)

where D is the diagonal of the hexagon and m is the number of the side facets [253]. 

Based on the experimental Q factor of 90 and 60, the deduced reflectivity is ~ 50 % 

for the peak at 535 nm, which is reasonable for the total internal reflection at the 
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ZnO/air boundary considering the cavity loss at the corners, because there may be 

some energy dissipation at the reflection point caused by the surface defects. 

While a hollow metallic resonator is called closed cavity, a dielectric resonator is an 

open cavity. No energy is radiated from the hollow resonator so that the whole 

radiation field is restricted inside the metallic cavity. For the hollow resonator, the 

boundary conditions for the electric and magnetic field lead to a complete suppression 

of wave propagation outside the resonator, resulting in a discrete set of eigenmodes 

related to a discrete spectrum of eigenmode energies. However, for the dielectric 

resonator, due to the continuity conditions for the electric and magnetic field at the 

boundary of the optical resonator, the radiation field is not completely constrained to 

the optical resonator itself, but can be extended to infinity. This causes a permanent 

radiation loss of energy and hence, every possible field distribution decays 

exponentially with a lifetime, therefore not representing a steady state solution.  

Further improvement of the device is possible by limiting the vertical growth of the 

microdisk, therefore creating a properly undercut structure. More precise fabrication 

control (e.g. use of silica beads) to produce undercut structures will reduce light 

absorption into the substrate and thus high Q factor is achievable with sharp WGMs 

resonance peaks. 

 

7.5 Conclusions 

In summary, ZnO microdisk resonators were grown vertically and sparsely on SiO2 

substrates without catalysts, templates, and carrier gases. The Raman data shows that 

the material is predominantly hexagonal ZnO. Monochromatic CL images and spectra 

of the ZnO microdisks showed that CL is dramatically enhanced at the hexagonal 

boundary of the ZnO microdisks. High spectral resolution CL measurements revealed 

WGMs presence with moderate quality factors. Theoretical analysis of the wave 

propagation inside the resonator confirms that the observed resonances are WGMs. 

Further studies to realize ZnO resonators with higher quality factors by isolating the 

top layer through undercut will be of a great importance to improve the ZnO devices. 
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These results indicate that the ZnO microdisks may be a prime candidate for the 

advance of microdisk green LEDs and other applications in photonics and quantum 

information.
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Chapter 8  

Conclusions and outlook 
 

In summary, this thesis provides the foundations for nanophotonics using ZnO, 

including the defect-related visible emission, quantum photonics, heterostructure 

devices, and optical based on ZnO nanostructures. First of all, structural and optical 

characterization of as-received and annealed ZnO to utilize optoelectronic devices 

were investigated using several annealing processing and characterization techniques. 

The effects of annealing on the structural and luminescent properties on ZnO were 

studied. The annealed ZnO nanoparticles had significant defect-related emission after 

annealing in O2 and Zn vapor conditions at high temperature over 700 °C. Defect 

creation and removal in ZnO is achieved at elevated temperatures. Annealing in O2 

and Zn vapor creates different GL bands and the emissions are attributed to the 

different defects. High temperature annealing creates other visible luminescence, 

indicating that the DL band in ZnO has multiple origins. 

Secondly, SPSs from ZnO nanoparticles and sputtered thin films are presented through 

PL and HBT measurements. ZnO clearly shows quantum behavior and bright 

fluorescence with high count rates. The emitters are stable under optical exciation, thus 

can be used for quantum photonic applications. Surface termination by hydrogen 

doping and PMMA coating influences the density of emitters and stability. The origin 

of the emitters has not been determined yet, but our measurements suggested that the 

emitters could be localized charge traps. 

After single photon emission from ZnO was successfully observed under the optical 

excitation and electrical excitation from defects in ZnO is discussed. To engineer 

electrical excitation, ZnO/Si heterostructures were fabricated and light emission from 

the devices is successfully achieved under the forward bias.  Electrically driven SPSs 

from ZnO are not observed, but the EL is bright and stable. Further studies to increase 
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the efficiency and density of light emission can contribute to the SPSs under the 

electrical excitation. 

Finally, cavity effects exhibiting WGMs emission are observed. Because of the WGMs, 

luminescence spectra of visible region are amplified. Enhanced light emissions are 

observed from GL peak from ZnO optical cavities with moderate Q factors. 

Achievement of optical cavity with high Q factor should be able to provide a good 

platform for future nanophotonic applications. 
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Outlook 

Even though ZnO attracts a considerable interest across nanophotonics and material 

science, there are still important issues that are in need of further investigation before 

this material can be used in practical devices. New ideas for fabrication techniques are 

required to achieve high Q factor with a proper undercut, especially in the red area 

ranging from 1.5 eV to 2 eV, which has emerged ZnO SPSs so far. So far, SPSs in 

ZnO has been only observed by thermal annealing process at 500 oC in air since the 

particular processes reduces VO and produce VZn as mentioned in Section 2.2. Other 

annealing or doping processes can generate SPSs more efficiently and increase the 

probability of SPSs observation. ZnO nanostructures that exhibit WGMs and lasing 

emission can be generated by carbothermal reduction or chemical vapor deposition of 

ZnO with graphite. By changing the synthesis parameters, different colors of WGMs 

and lasing can be realized based on what structures need to be obtained, such as 

nanodisks, nanoneedles, and nanowires. For example, positioning a substrate at high 

temperature (> 1000 °C) could form ZnO microdisk, but ZnO nanowires could be 

fabricated by placing a substrate at low temperature (~ 650 °C) [254]. It also 

determines different reaction temperatures, resulting in different light emission. 

Dedicated studies to correlate between growth conditions, SPSs generation and device 

performance will be a crucial step in developing ZnO nanophotonic technologies. 

Size-tunable ZnO nanostructure with flexible substrate would provide different cavity 

modes and then the resonant wavelength can be optimized to emit SPSs in the cavities. 

Rather than changing the resonant wavelength, lower excitation wavelengths (~ 400 

nm) in cryogenic temperature could also provide visible emission at the green spectral 

range, so confocal scanning using blue laser can excite different position of single 

emitters. Moreover, ZnO that hosts single emitters should be integrated with proper p-

type heterostructure of ZnO to generate EL. 

Recently, Konidakis et al. presented ZnO nanolayers synthesized inside the capillaries 

of a photonic crystal fiber [255]. The periodic photonic crystal structure confines the 

light propagation through the fiber, thus light loss can be reduced. This structure can 
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be potentially used in an innovative approach to fabricate ZnO cavities, exploiting 

lasing properties such as random lasers. Hybrid structures of ZnO/GaN heterojunction 

can develop different emission depending on the ZnO structures or schematics. This 

electrical excitation also can offer WGMs ASE, which can open the door for this use 

as fundamental building blocks in quantum photonics. Further optimization in 

synthesis of ZnO nanostructures and device engineering will pave the way to employ 

ZnO in 21th century quantum photonic technologies.
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Appendix A. CL system correction 

For accurate CL measurements, the collected data have to be corrected for the response 

of the system in intensity and wavelength. Since the OceanOptics spectrometer has a 

wide wavelength range from ~ 200 nm to ~ 1000 nm, effects of the optical absorption 

of the light by the optical fiber and mirror need to be considered after collection of CL 

data. An Oriel 63358 Quartz Tungsten Halogen calibrated lamp of known spectral 

profile was used for CL intensity calibration. The system intensity calibration curve is 

calculated according to the following equation: 

 Corrected response curve =
Normalized standard intensity 
Normalized measured intensity

 (A.1)

Figure A.1(a) shows the measured intensity as a function of wavelength as well as the 

standard irradiance curve. Figure A.1(b) is the calculated response curve from the 

equation above. 

 

Figure A.1. (a) CL spectra of the tungsten halogen lamp (red curve) and the standard 

irradiance using the OceanOptics detector (blue curve). (b) System optics response 

curve calculated from Eq. A.1. 

A result of the CL spectrum using the Hamamatsu CCD shows CL intensity against 

pixel, so pixel to wavelength calibration is needed. In addition, CL spectra obtained 

from the Hamamatsu CCD covers narrow wavelength range of the emission with the 

large number of gratings (~ 50 nm, 1800 lines/mm), wavelength calibration for CL 

spectral analysis was performed by measuring atomic spectral lines of neon lamp after 
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the acquisition of the ZnO spectra for visible luminescence. Figure 3.7 shows CL 

spectra of a neon lamp as well as the calculated wavelength calibration curve using the 

Hamamatsu CCD. No intensity calibration is required for the range of 50 nm using the 

Hamamatsu CCD. 

 

Figure A.2. Wavelength calibration for the Hamamatsu CCD with the center 

wavelength of 530 nm. (a) CL spectrum of the mercury lamp. (b) A linear wavelength 

calibration curve to convert the unit from pixel to wavelength. 

CL emission peaks show a symmetric Gaussian or Lorentzian distribution in energy. 

Thus, the wavelength calibration is converted to energy unit (eV) according to the 

equation: 

 Photon energy in eV = 
1239.84
λ (nm)

 (A.2)

The measured CL intensity also needs to be corrected to have equal steps in ∆eV by 

multiplying I(λ) by λ2 because the spectrometer measures photons per second in a ∆ 

nm interval in λ. 

 
ΔE
Δλ

=
d
dλ

hc
λ

=
hc
λ2 ,                  I eV ·ΔeV = I λ ·Δλ·λ2 (A.3)
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Appendix B. Normalization of the g2(τ) 
The normalization of the g2(τ) is obtained by the following equation: 

 g2
Norm τ  = 

c(τ)
C1C2tw

 (B.1)

where c(τ) is the recorded coincident count rate, C1 and C2 are the count rates from 

each APD, t is the integration time, and w is width of the time bin. After the 

normalization is done, background correction needs to be considered. Generally, 

background emission is collected by moving the laser source few microns away from 

the bright spots, which does not show an antibunching behavior. The background-

corrected g2(τ) is given by 

 g2
Corr τ  = 

g2
Norm τ (1 ρ2)

ρ2 , where ρ =
S

S + B
 (B.2)

and S is the count rate from the bright spot and B is the count rate from the background. 

Since the bright spots may have different emission intensity (count rates), the term  

is measured every time for each measurement.
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