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Abstract 
With the development of smart society, there is a growing interest in developing high-resolution 

displays for smart phones, smart watches, and augmented reality and visual reality (AR and VR) 

that provide us with beautiful experiences of truly immersive real-world sensation. To achieve such 

devices, micro-LED (μ -LED) display is the best technology candidates, where micrometer-sized 

LEDs are densely integrated. Conventional red LEDs are made from AlxGayIn1-x-yP-based materials, 

while blue and green LEDs are made utilizing III-nitride materials. Therefore, the fabrication 

process is complex because different color LEDs are cut out from substrate and placed on a wafer, 

leading to high fabrication cost. Development of III-nitride-based red LEDs is demanded for the 

monolithic integration of three primary colors LEDs, however, conventional InxGa1-xN-based red 

LEDs remain issues in various aspects, including the color stability and color purity, as well as the 

luminescence efficiency. In this context, Eu,O-codoped GaN (GaN:Eu,O) has been in a spotlight, 

due to its high color stability and color purity which originate from 4f-intra transition of Eu3+ ions. 

The light output of GaN:Eu,O-based LEDs has been increasing, however it is still relatively low as 

compared to InxGa1-xN-based blue and green LEDs. Therefore, “intrinsic control” is essential to 

selectively form Eu3+ luminescent sites with high excitation efficiencies. 

Furthermore, GaN;Eu,O is expected to be utilized as a laser source for next-generation laser 

display application, and as a quantum light source for quantum information technology and quantum 

computing, due to its noteworthy luminescence properties. In order to achieve such light sources, 

“extrinsic control” of Eu3+ luminescence by optical cavities with high Q-factors is crucial to 

modulate the radiative properties of Eu3+. 

In this thesis, we perform “intrinsic” and “extrinsic” control of Eu3+ emission in GaN:Eu,O 

grown using the organometallic vapor-phase epitaxy (OMVPE) method. As the “intrinsic” control, 

we perform thermal annealing to selectively form luminescent sites with high excitation efficiencies. 

In terms of the “extrinsic” control, we investigate the design of two-dimensional photonic crystal 

(2D-PhC) cavity structures which achieve high Q-factors even with structural disorder (fabrication 

error). 

In Chapter2, we investigate the effect of thermal annealing on optical properties of GaN:Eu,O. 

GaN:Eu,O grown using the OMVPE method typically has eight unique luminescent sites with 

different local atomic structures (OMVPE1-8). Particularly, OMVPE1 and OMVPE2, which are 
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considered to be Eu clusters, have a large existing ratio in GaN:Eu,O when a relatively low growth 

temperature (960 °C) is utilized. However, their low excitation efficiencies limit the output of 

GaN:Eu,O. To dissociate the Eu clusters (OMVPE1 and OMVPE2), we perform post-growth 

thermal annealing. As results, we exhibit that annealing at high temperatures (> 1000 °C) effectively 

converts OMVPE1 and OMVPE2 into sites with much higher excitation efficiencies (OMVPE7, 

OMVP8 and OMVPE-X), leading to reasonably enhanced photoluminescence (PL) intensities. 

In Chapter 3, we focus on OMVPE-X, with an emission peak at ~2.004 eV which shows a 

strong emission under low excitation power region. This peak has been tentatively assigned as 

OMVPE8 so far, because it is excited at the similar resonant excitation energy of OMVPE8. Using 

combined excitation-emission spectroscopy (CEES) and time-resolved PL measurement, we reveal 

that OMVPE-X is an independent site. Furthermore, temperature and excitation power dependent 

PL exhibit that OMVPE-X is a noteworthy luminescent site due to its small thermal quenching ratio 

and high excitation efficiency. Furthermore, we introduce the annealing technique to LED 

fabrication process to investigate the impact of annealing on the electrical and optical properties of 

LEDs. As results, optimized annealing process enable fabrication of an LED with good rectification 

property. Moreover, the annealed LED exhibit a reasonably stronger electroluminescence (EL) 

intensity as compared to a conventional LED. The annealed LED exhibits a dominant emission 

associated with OMVPE-X at low current injection regime. These results indicate that OVMPE~X 

has a quite high excitation efficiency also under current injection, and annealing is an effective 

method to selectively form such beneficial sites and to improve EL intensity. 

In Chapter 4, to extrinsically control Eu3+ emission by utilizing outer optical cavities, we 

perform a study on design of nanocavities to achieve high Q-factors. Especially, we focus on 2D-

PhC cavities, because high-Q 2D-PhC cavities have a potential to significantly modify the radiative 

probability of Eu3+ emission, which could lead to lasing in this material. However, Q-factors of III-

nitride-based 2D-PhC cavities have been limited up to ~5000 in the ultraviolet-visible range. This 

is mainly due to the small device size designed for short wavelength range, and the chemical and 

physical stability that hinders accurate dry- and wet-etching process. In order to improve Q-factors 

of III-nitride-based 2D-PhC cavities, we reproduce experimentally introduced structural disorder in 

3D-FDTD simulations and investigate the impact of such disorder on Q-factors. As a result, we 

demonstrate that HN cavities, particularly an H3-type cavity exhibits high robustness to structural 

disorder, and can maintain high Q-factors even when large structural disorder is introduced. 
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In Chapter 5, we fabricate H3 cavities to validate the simulation results and to explore the 

dominant optical loss that limits Q-factors with the aim of further enhancement. As a result, the 

maximum experimental Q-factor of 7900 is demonstrated, which is reasonably higher than earlier 

reported values, confirming our suggestion that the H3 cavity is a promising structure to achieve 

high Q-factors. For an even further improvement of Q-factors, we explore the dominant optical loss 

of H3 cavities through the combination of experimental and simulation studies. As a result, the 

designed Q-factor itself (12000) is derived as the most important limitation. Based on this 

knowledge we design 2D-heterostructure type of cavity, which strongly confine light by 

appropriately modulated photonic band gap. Through a proper cavity design, we show that a high 

design Q-factors beyond 1.1×105 can be attained using this structure. Furthermore, 

electromagnetic simulations reveal that this cavity can maintain the high Q-factor even large 

structural disorder is introduced. Based on this design we show a much higher experimental Q-

factor of 10500. These results clearly suggest the high potential of this type of cavity, and even 

higher Q-factors are expected through a further optimization of design parameters. 

Finally in Chapter 6, we summarize the obtained results and discuss several future prospects. 
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Chapter 1. Introduction 

1.1 Background of light emitting devices 

Artificial light sources have evolved along with modern human civilization. Fluorescent lamps have 

been in use for a long time and are still widely used because of the high light emission efficiency as 

compared to the conventional incandescent lamps. In a fluorescent lamp, accelerated electrons 

excite mercury vapor, generating ultra-violet (UV) light that excites the phosphors coated inside the 

lamp. Rare-earth (RE) ions are widely used as the component of the phosphors because of the 

efficient light emitting properties that originate from the intra-4f transitions.  

In recent years, light-emitting diodes (LEDs) and laser diodes (LDs) have emerged; they show 

high luminous efficiency which originates from band-to-band transitions in semiconductors. As the 

three primarily colors LEDs and LDs, AlxGayIn1-x-yP alloy is used for the red light source and InxGa1-

xN is used for blue and green light sources with quantum well (QW) structures. The combination of 

blue LED and yellow phosphors enabled high-efficient white light sources [1,2], which have 

replaced conventional fluorescent lamps. 

In the field of displays, thin film transistor liquid crystal displays (TFT-LCDs) and organic 

light-emitting diode (OLED) displays have emerged and delivered high-resolution and high-

efficient displays for a broad range of applications (e.g., smartphones, televisions, handheld gaming 

consoles). 

The evolution of human light sources has enriched our lives and played a vital role in the 

reduction of energy loss. However, with the further evolved human civilization, next generation 

light sources are required for a variety of applications including ultrahigh resolution displays, 

quantum computing and quantum information communication, which are difficult to achieve using 

conventional lighting technology.  
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1.2 Candidate materials for high-resolution μ-

LED displays 

There is a growing interest in developing high-resolution displays for smart phones, smart watches, 

and augmented reality and visual reality (AR and VR) devices. In order to experience a truly 

immersive real-world sensation using AR and VR devices, ultra-high-resolution of 5000 pixels per 

inch (PPI) is required, with each pixel being as small as ~5 μm. Candidate display techniques are 

TFT-LCDs, OLED displays, and micro-LED (μ-LED) displays. TFT-LCDs typically consist of 

color-filters, polarizers, a liquid crystal layer, and a backlight. The transmittance can be adjusted by 

applying voltage, allowing for the modulation of light output from the backlight. Images are 

produced by blocking light, therefore the luminescence efficiency is inevitably limited. Besides, 

enhancing the contrast ratio (the ratio of luminescence between the brightest and the darkest state) 

is challenging due to the difficulty to minimize the transmittance when no voltage is applied. This 

is because of several issues, such as light diffraction, scattering, and misalignment of optical 

components [3–7].  

In contrast, OLEDs are self-light-emissive devices, and they have achieved high luminous 

efficiency and high color contrast. However, the device lifetime is typically shorter than LCDs 

because of several degradation mechanisms including the deterioration of the organic/metal 

interface [8,9] and trap formation [10]. 

Another noteworthy display technique is μ-LED display, where LEDs with dimensions ranging 

from several to hundreds of micrometers are integrated. μ-LED displays can achieve higher 

efficiency than LCDs and OLEDs [2,11–13], as well as the great color contrast ratio and extended 

device lifetime. One of the primary bottlenecks for the implementation of μ-LED display is the cost 

of fabrication. Currently, commercial three-primary color LEDs utilize AlxGayIn1-x-yP for red LEDs 

and InxGa1-xN for blue and green LEDs. While full-color LED displays have been demonstrated 

using a pick-and-place method [14,15], there is still room for improvement in this process. It 

remains time-consuming, expensive, and there are challenges creating small pixels (~ 5 μm for 5000 

PPI).  

Furthermore, with the reduction of device size, AlxGayIn1-x-yP-based red LEDs strongly suffer 

from the internal quantum efficiency (IQE) degradation due to their long carrier diffusion length 

and high surface recombination rate [16,17]. In contrast, it is widely known that InxGa1-xN-based 
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blue and green LEDs demonstrate better size dependent characteristics because of the carrier 

localization effect caused by composition fluctuations leading to a relatively small surface 

recombination rate [18–20].  

For these reasons, there is an urgent need for monolithic integration of three primary colors μ-

LEDs based on III-nitride-semiconductors. However, efficient InxGa1-xN-based green and red LEDs 

remain to be realized because high indium composition leads to degradation of the crystal quality 

and strong internal electric fields in the well layers [21–32]. Besides, with increasing current 

injection level, the emission wavelength inevitably blueshifts due to screening of the quantum 

confined Stark effect [33]. Additionally, the influence of well-width fluctuations, alloy-disorder, 

and compositional fluctuations significantly contributes to the linewidth broadening [34–36]. As a 

result, the typical linewidth of the present planar InxGa1-xN-based red LEDs exceeds 50 nm [37], 

leading to a poor color impurity. Moreover, it is essential to note that human eyes exhibit a 

significant reduction in spectral sensitivity at wavelengths beyond approximately 650 nm. Hence, 

achieving emissions with a narrow linewidth at the central wavelength of 620-630 nm is of utmost 

importance for brightness and color rendering quality of displays. 

Furthermore, monolithic integration of three primary colors LEDs is technically challenging. 

Several monolithic integration techniques using InxGa1-xN-based material have been proposed. 

Kishino et al. has demonstrated InxGa1-xN nanocolumn structure for III-nitride-based full-color μ-

LEDs [38], which can relax the strain in QWs even for high indium component. However, 

nanocolumn structures with high color purity remain to be realized because of the challenge of 

precisely controlling the uniformity of nanocolumn structures, particularly when the indium 

composition is high. Furthermore, electron-beam lithography process is indispensable prior to the 

growth to achieve desired emission wavelength, which would lower the productivity in the mass 

production process. 

Color-conversion technique is another candidate for the monolithic integration. Quantum dots 

(QDs) or phosphors are used for the color conversion by exciting with InxGa1-xN-based UV-blue 

LEDs, however the color-conversion efficiency remains to be improved [39–41]. Furthermore, to 

mitigate crosstalk between LEDs of different colors and to improve color purity and pixel contrast, 

black partitions need to be applied between subpixels [41], which complicates the fabrication 

process, making it difficult to improve display resolution. 

If a high-efficient III-nitride-based planer red LED is achieved, it enables vertical stacking 

integration of three primary colors LEDs [42–45]. The technique allows the wafer to be prepared 
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by a single epitaxial process. Besides, μ-LED displays can be fabricated using conventional 

lithography and etching techniques. The pixel pitch is primarily constrained by the accuracy of 

mechanical alignment in flip-chip integration. However, it is feasible to achieve μ-LED displays 

with high resolution exceeding 5000 PPI using current technologies [42,44]. 

As the material candidate of III-nitride-semiconductor-based planer red LED, Eu-doped GaN 

(GaN:Eu) has been in the spotlight. GaN:Eu shows high efficient red light emission (~622 nm), and 

the operation of GaN:Eu-based LEDs has been demonstrated [46–48] by combining with p-type 

and n-type layers. Emission from GaN:Eu originates from intra 4f-shell of Eu3+ ions, which is 

shielded by the closed-shell 5s and 5p electrons, therefore the emission wavelength is less sensitive 

to ambient temperature and current injection level. The intra 4f-transitions are parity forbidden by 

the Laporte selection rule, however, within the GaN host, local crystal fields reduce the symmetry 

around Eu ions and relax the selectin rule [49,50]. Nevertheless, the forbidden nature of the 

transition results in a considerably long radiative lifetime. The typical lifetime of red emission 

originating from the 5D0-7F2 transition is ~ 250 μs [51], that often limits the quantum efficiency of 

GaN:Eu. The long lifetime, however, has an advantage for optical device applications. The emission 

linewidth of GaN:Eu is narrow due to the long lifetime of the excited state, thus the color purity is 

much higher than that of emission originating from band-to-band transitions. In addition, it was 

shown that the luminous efficiency of GaN:Eu does not decrease as the device size is reduced [52], 

which is an important characteristic for μ-LED applications. This nature stems from the large carrier 

capture cross section of Eu3+ ions. In this contribution, III-nitride-based monolithic integration of 

three primary colors of μ-LEDs is expected using GaN:Eu red LEDs and conventional InxGa1-xN-

based blue and green LEDs.  

Schematic of the monolithically integrated three primary colors planar μ-LEDs that we 

propose is illustrated in Fig. 1. 1. The typical growth temperature of GaN:Eu(,O) layer is ~960 °C, 

which is considerably higher than those for InxGa1-xN/GaN blue and green QWs (~ 650-850 °C), 

hence the GaN:Eu layer is thermally stable at those temperatures. This allows for the growth of 

subsequent n-type and p-type layers at a relatively high temperature, enabling high crystallinity. 

From this perspective, GaN:Eu-based red LEDs are more suitable for vertically stacked integration 

as compared to InxGa1-xN/GaN-based red LEDs, which are prone to In-desorption at high 

temperatures [53]. 

In most of the early reports, GaN:Eu samples were fabricated utilizing ion implantation  

techniques [54,55]. Ion implantation is attractive because of the relatively easy procedures, and it  
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Fig. 1. 1 Schematic of the proposed structure for the monolithic integration of three primary colors 

planar μ-LEDs. 



1.2 Candidate materials for high-resolution μ-LED displays 6 

 

allows for accurate control of the implantation area and ion concentration. However, this technique 

introduces point defects (e.g., vacancies and interstitials) due to energetic collision cascades of ions, 

and strongly degrades optical and electrical properties [56]. Such damages can be partially 

recovered by thermal annealing [57], however, high temperatures beyond ~900 °C introduces 

additional challenges with the thermodynamic stability of GaN at atmospheric pressure. Ultra-high 

pressure annealing (UHPA) is recently employed to solve this issue, nevertheless, the luminescence 

efficiency is still limited due to the relatively poor crystal quality [58,59] . Molecular beam epitaxy 

(MBE) is a method for in-situ doping of Eu into GaN during an epitaxial growth process [46,47,60–

62]. This epitaxial method enables high crystallinity, however, it requires high vacuum conditions, 

thus is not practical for the mass production. 

Organometallic vapor-phase epitaxy (OMVPE) is a method that is widely used for the mass 

production of semiconductor devices. It enables simultaneous growth on multiple substrates without 

the need for a high vacuum. Using the OMVPE method, Eu ions can be in-situ doped into GaN 

under nearly thermal equilibrium condition, leading to a high crystallinity [63,64]. 

We have fabricated GaN:Eu samples using the OMVPE method and demonstrated LED 

operation [48]. In order to achieve high efficient GaN:Eu-based LED devices, methods to 

selectively form luminescent sites with high luminescence efficiencies has been intensely studied. 

The radiative lifetime of Eu3+ ions does not significantly depend on the kind of luminescent site, 

therefore the luminescence efficiency is greatly determined by carrier-mediated excitation 

efficiency, including free carrier capture rate and energy transfer rate to Eu3+ ions. Therefore, the 

formation of luminescent sites with high excitation efficiencies is crucial to improve the external 

quantum efficiency (EQE). 

It has been reported that GaN:Eu grown using the OMVPE method has mainly eight 

luminescent sites labeled as OMVPE1-8 [51], and each site has different local atomic structure. 

Especially, OMVPE7 (Eu2) and OMVPE8 (Eu2*), which are believed to be charge states of the 

same local atomic structure [65], have large excitation cross section that is two-three order of 

magnitude larger than those of other sites [66]. Ishii et al. has investigated the local potential around 

Eu3+ luminescent site of GaN:Eu grown by the OMPVE method using the site-selective pulse-driven 

emission spectroscopy method, and has suggested that OMVPE7 and OMVPE8 has larger carrier 

capture cross section as compared to OMVPE4, which has the largest abundance [51,67]. 

Consequently, OMVPE7 and OMVPE8 show dominant emission under current injection [66,67]. 

However, these two sites typically account for less than 10% of the total amount of Eu3+ ions doped 
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in GaN [51]; therefore it is highly important to increase the number of luminescent sites with high 

excitation efficiencies such as OMVPE7 and OMVPE8 for the realization of high efficient GaN:Eu-

based LEDs. 

In the research history of RE-doped semiconductors [68–70], co-doping of other ions has been 

recognized as an effective method to form luminescent sites with high excitation efficiencies. It is 

reported that oxygen co-doped into Er-doped Si optically activates Er3+ ions leading to a significant 

increase in the luminescence intensity [71]. In addition, oxygen co-doping into Er-doped GaAs 

selectively forms one specific luminescent site, where an Er atom locates at the Ga sublattice with 

two neighboring O atoms and two As atoms, resulting in a significant enhancement in the 

luminescent intensity [72,73].  

For GaN:Eu, Mg-codoping has been intensely studied because it leads to the formation of Mg-

related Eu luminescent sites, which is much more efficient than Eu sites found in Mg-free GaN:Eu 

[74–79]. However, the enhanced PL intensity was severely reduced after thermal annealing process 

[80], which is required for the activation of Mg-doped p-type GaN layers [81]. The Mg-related Eu 

luminescent sites with high excitation efficiencies are believed to be formed by Eu-Mg-H complex. 

Thermal annealing effectively dissociates the Mg-H complex [82], resulting in a significant 

quenching in the PL intensity associated with that complex. Si-codoping into GaN:Eu,Mg was 

investigated to control the local structure around Eu3+ ions, however, it did not result in an increase 

in the luminescence efficiency [83].  

However, these studies on co-doping have suggested that the formation of donor-acceptor pairs 

(DAPs) in the vicinity of Eu3+ ions may be beneficial because they facilitate free carrier capture and 

energy transfer processes [84]. In the case of GaN:Eu,Mg, it is believed that a nitrogen vacancy 

(VN) acts as a donor and form a DAP with a Mg acceptor around an Eu3+ ion [84]. This knowledge 

is an important guideline for the formation of luminescent sites with high excitation efficiencies.  

Co-doping of oxygen into GaN:Eu has also been intensely studied. Early GaN:Eu samples 

grown using the OMVPE method were fabricated using tris(dipivaroylmethanate)-europium 

[Eu(DPM)3] as the Eu precursor. Eu(DPM)3
 contains a high concentration of oxygen in its molecular 

structure, hence oxygen was spontaneously incorporated into GaN:Eu during growth on the order 

of 1020 cm-3, which is much higher as compared to conventional GaN-based optoelectronic devices. 

Because a high oxygen concentration can lead to the degradation of GaN-based devices [48], an 

oxygen-free Eu source, bis(n-propyl-tetramethylcyclopentadienyl)-europium [Eu(Cppm
2)] was 

developed. However, for samples grown using Eu(Cppm
2), Eu precipitation was observed on the 
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samples surface [85]. In addition, the linewidth of Eu3+ emission was much broader than those of 

GaN:Eu samples grown with Eu(DPM)3. As a result of intentional codoping of oxygen using argon-

diluted oxygen, it was found that oxygen plays an important role in the incorporation of Eu atoms 

into GaN. Besides, Rutherford backscattering/channeling measurements revealed that substantial 

oxygen leads to a homogeneous Eu incorporation into Ga site and an increased Eu concentration 

[85]. Furthermore, it was suggested that the OMVPE7 and OMVPE8 have oxygen atoms in the 

vicinity of Eu3+. The oxygen acts as a donor and form a DAP with a VGa acceptor [86,87], leading 

to a quite high excitation efficiency [84]. Based on these results, luminescence efficiency of Eu3+ 

emission from GaN:Eu,O using Eu(Cppm
2) precursor has been improved by controlling the oxygen 

concentration by the flow rate of argon-diluted oxygen. 

Furthermore, it has been found that multi-layer structure (MLS) samples with alternating layers 

of Eu,O-codoped and undoped-GaN significantly enhance the luminescence efficiency of Eu3+ 

[85,88]. Terahertz spectroscopy revealed that Eu-doping into GaN effectively decreases the 

bandgap while increasing the refractive index. These effects contribute to an efficient confinement 

of carrier and light in the GaN:Eu,O layers, leading to an enhanced luminescence intensity [89]. A 

GaN:Eu,O-based MLS LED exhibited a high light output of 1.25 mW at 20 mA operation with the 

maximum EQE of 9.2% [90], which is significantly improved comparing to the EQE of LEDs in 

the early years of research (~1×10-3%) [48].  

However, for the future implementation of III-nitride-based monolithic LED displays using 

GaN:Eu, it is crucial to improve the EQE of GaN:Eu-based LEDs, because it is still one order of 

magnitude lower than that of InxGa1-xN-based blue and green LEDs [2,11]. 

EQE is proportional to the product of IQE × LEE, where LEE is light extraction efficiency. 

Enhanced light output of GaN:Eu,O-based devices by utilizing microcavities [91,92] and the 

localized surface plasmon effect [93] have been demonstrated. A thorough investigation of their 

optical properties revealed that these methods are effective to enhance the LEE, while has a 

relatively minor impact on the IQE. Therefore, intrinsic approach to enhance the IQE is required for 

even higher EQEs. 

In order to further improve IQEs, it is imminent to develop methods to selectively form 

luminescent sites with high excitation efficiencies such as OMVPE7 and OMVPE8. In this thesis, 

we perform post-growth thermal annealing to selectively form efficient sites, aiming to develop 

highly efficient and bright GaN:Eu,O-based LEDs for the implementation of III-nitride-based μ-

LED displays. 
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1.3 Towards GaN:Eu,O-based LDs 

In addition to the monolithic integration of three primary colors LEDs, the integration of LDs is also 

of great interest for wide applications including high-definition laser displays, head-up displays and 

ultra-small projectors due to the high scanning performance, high brightness and high quantum 

efficiency of LDs. Therefore, there is considerable interest in exploring the possibility of achieving 

lasing in GaN:Eu,O within optical cavities for the realization of III-nitride-based red LDs. 

Besides, with the recent development of an advanced smart society, there is an urgent need to 

simplify and reduce the power consumption of data centers. On-chip optical communications are 

attracting attentions for low-power, compact and fast communications. Conventional optical 

communication systems have utilized RE-doped fiber lasers for decades, which excite RE ions 

doped in a long fiber with an excitation source. However compact lasers using RE ions are required 

for the future on-chip optical communication devices. In this regard, RE-doped-semiconductor-

based LDs are promising candidates.  

Park et al. have reported laser action in GaN:Eu at room temperature by photoexcitation [60,61]. 

They have provided evidence of lasing action through the analysis of emission polarization, spectral 

line narrowing and the quick increase in the integrated PL intensity at a lasing threshold. However, 

regarding the emission polarization, they have not investigated the excitation power dependence of 

the polarization. The polarization of GaN:Eu intrinsic emission is determined by atomic structure 

and group theory [84], therefore more detailed analysis is required to confirm the occurrence of 

lasing action. Furthermore, the emission spectrum for GaN:Eu is highly complicated because it is 

composed of emission peaks originating from several luminescent sites. Each luminescent site has 

different efficiency to be excited [66], therefore a careful attention should be paid when 

investigating the spectral linewidth, as well as the integrated PL intensity. 

To evaluate the possibility of lasing in GaN:Eu,O, optical cavities with high-quality factors (Q-

factors) are required because of the relatively low optical gain of GaN:Eu,O (6.6-14 cm-1) [94–96]. 

Especially, two-dimensional photonic crystal (2D-PhC) [97] cavities are promising because they 

enable high Q-factors and wavelength-scale small modal volumes. 2D-PhC cavities have been 

intensely investigated in the infrared (IR) range utilizing mature semiconductors such as Si and InP, 

and high Q-factors exceeding 1×106 have been reported [98,99]. 
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We have previously reported strongly enhanced light output of GaN:Eu,O using microdisk 

cavities with a maximum Q-factor of 3680 [100,101], however, 2D-PhC cavities have the potential 

to offer even higher Q-factors and much smaller modal volumes. 

Recently, III-nitride-based 2D-PhC cavities have attracted attention for various applications 

including nonlinear wavelength conversion devices [102,103]. Q-factors exceeding 10000 have 

been reported in the IR region [102–104]. However, Q-factors in the ultraviolet-visible regime are 

still limited to about 5000, because Q-factors are greatly dependent on resonant wavelength as 

shown in Fig. 1. 2 [102–116]. Contrarily to cavities designed for the IR-red range, Q-factors of III-

nitride-based cavities designed for the visible range are significantly limited by various optical 

losses. Previous studies have suggested that the Q-factor of III-nitride-based cavities are 

predominantly limited by light absorption of bulk [117], gain medium (QW) [118] and surface [119] 

for microdisk cavities, structural disorder originating from fabrication imperfections [120], and 

scattering losses due to surface roughness [120,121] for 1D-nanobeam cavities. Based on these 

studies, various techniques have been utilized to reduce such losses, for example, surface 

passivation [119] and suppression of light absorption by coupling resonant peaks to longer 

wavelength region of QW emission [120]. Due to these contributions, a high Q-factor of 7950 for a 

1D-nanobeam cavity [119], and 10200 for a microdisk cavity [122] have been demonstrated in the 

visible range. However, the dominant optical loss of III-nitride-based 2D-PhC cavity has yet to be 

clarified. In order to improve Q-factors of 2D-PhC cavities for the realization of GaN:Eu,O-based 

lasers, it is thus essential to determine the dominant loss process and consider measures to suppress 

it. 

Furthermore, based on the knowledge on the dominant optical loss, it is crucial to design 

cavities which can effectively suppress such losses. In these contributions, we reproduce 

experimentally introduced in-plane structural disorder in electromagnetic simulations, and discuss 

the impact of such disorder on Q-factors. In addition, by combining experimental results, we discuss 

the dominant optical loss which limits Q-factors. Subsequently, we design cavity structures to 

suppress the dominant optical loss for III-nitride-based 2D-PhC high-Q cavities. 
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Fig. 1. 2 Reported Q-factors of III-nitride-based 2D-PhC cavities as a function of resonant 

wavelength [102–116]. 
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1.4 Candidate materials for quantum 

information technologies 

With the development of “smart society”, the demand for quantum technologies is rapidly 

increasing for secure communication and ultrafast quantum computation. Further development of 

these technologies requires reliable quantum material systems such as single photon emitters with 

high reproducibility and probability. Atomic and atom-like point defect in solids is the most 

prominent candidate, especially nitrogen vacancy (NV) center in diamond has been intensely 

studied because it provides long spin relaxation lifetimes even at room temperature [123,124]. 

Silicon-vacancy center in diamond, which has very narrow emission lines distinguishable from the 

broad-band NV center emission, is also a promising material system [125]. In addition, quantum 

dots made from III-nitrides are attractive because it offers adequate exciton confinement at high 

temperatures [126–130]. However, for an even wider range of applications, other material systems 

should be investigated to give more choices of emission wavelength and optical and spin coherence 

properties. RE-doped materials are promising candidate because it offers long spin coherence time 

[131] in addition to the narrow linewidth and stable emission wavelength. Besides, it is possible to 

cover the whole visible regime as well as the IR regime using transition of different RE ions, making 

it useful for wide applications. For example, for a large-scale communication, Er3+ ion is the best 

candidate because the emission wavelength is at the telecom band (~1.5 μm), where the signal losses 

in optical fibers is as low as 0.2 dB/km [132] (for NV centers in diamond at 637 nm; 8 dB/km [133]).  

So far, crystals such as YAG, YBO and YSO have been the main focus of study as host 

materials for doping RE ions in the field of quantum technology [131,133–141], taking advantage 

of the expertise cultivated in the development of laser gain media. For such materials, 

inhomogeneous line broadening can be well controlled by applying electric and magnetic fields 

[142,143] and the low-spin crystal hosts can minimize optical decoherence [144,145]. Even though 

the precise nano fabrication to form nanocavities possesses technical challenges because of 

fabrication errors primary caused by ion beam drift during the focused ion beam (FIB) milling 

process, Bayn et al. and Zhong et al. has proposed triangular nanobeams to solve this issue. These 

structures show high robustness against such fabrication errors and have demonstrated relatively 

high Q-factors in the visible-IR regime [146,147]. However, the operation of the devices based on 

RE-doped crystals requires an excitation laser source, limiting miniaturization and power 



Chapter 1. Introduction 13 

 

consumption reduction. Furthermore, for advanced systems such as quantum computers using RE 

ions as qubits, a highly complex optical system is needed to individually excite and detect signals 

from each qubit.  

In this contribution, RE-doped semiconductor is a promising material system for quantum 

information technologies, because it can be driven under current injection making it easy to access 

each RE ion. For the host material, semiconductor transparent to emitted photons is preferable, III-

nitrides are the most encouraging candidate because of the most matured growth and device 

fabrication technologies among wide-band gap semiconductors at this stage. 

One issue of using RE ions for quantum information technologies is the small radiative 

recombination rate which limits the photon emission rate, that needs to be enhanced using optical 

cavities with high Purcell factors [100,133,141,148–150]. Especially, 2D-PhC cavities with high Q-

factors have a large potential for applications, because the integration with 2D-PhC-based optical 

waveguides enables integrated circuits with a small footprint. Furthermore, the emission 

directionality can be well controlled by using band-edge modes near the Γ point in the photonic 

band diagram [151–155], which has a great potential to increase the extraction and detection 

efficiency. 

In addition, it is essential to selectively form efficient luminescent sites with high excitation 

efficiencies such as OMVPE7 and OMVPE8. For the application in quantum information 

technologies such as single photon emitters, it is essential to keep the number of RE ions within a 

device sufficiently low. Assuming that the size of the active layer of a single photon emitter is 100 

nm × 1 μm × 1 μm, the concentration of the Eu3+ ions should be less than 1×1019 cm-3 to achieve 

single photon generation from the device. However, for GaN:Eu,O samples, emission from defect 

levels in GaN becomes dominant with the reduction of RE ion concentration. In Fig. 1. 3, 

photoluminescence (PL) spectra are depicted for GaN:Eu,O films grown by OMVPE method with 

Eu precursor (EuCppm
2) flow rate of 1.1×10-2, 5.7×10-2, 5.9×10-1 μmol/min, with an estimated Eu 

concentration of 4.4×1020, 4.2×1019 and 8.3×1018 cm-3, respectively. The samples grown with  

EuCppm
2 flow rate larger than or equal to 5.7×10-2 show clear Eu3+ emission, however, the sample 

with further diluted Eu3+ concentration dominantly shows a broad emission which originates from 

defect levels in GaN. 

Therefore, to achieve clear Eu3+ emission from samples with diluted Eu3+ ion concentration 

while suppressing emission from defect levels, luminescent sites with high excitation efficiency 

need to be selectively formed.  
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Fig. 1. 3 PL spectra for GaN:Eu,O films grown with EuCppm
2 flow rate of 1.1×10-2, 5.7×10-2, 

5.9×10-1 μmol/min measured at room temperature. 
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1.5 Aims and outline of this research 

In this research, we investigate intrinsic and extrinsic control of Eu3+ emission in GaN:Eu,O for 

wide applications including high efficient LEDs, LDs and quantum information technologies. For 

the intrinsic control, we aim to selectively form efficient luminescent sites with high excitation 

efficiencies through optimization of growth parameters and utilizing post-growth thermal annealing 

process. Furthermore, as the extrinsic control of Eu3+ emission, we investigate on high-Q 2D-PhC 

cavities to modify the local density of states of photons and to improve luminous efficiency of Eu3+. 

In Chapter 2, we study the impact of post-growth thermal annealing at high temperatures on 

the optical properties of GaN:Eu,O. The results clarify that thermal annealing at temperature above 

1000 °C effectively eliminates inefficient Eu clusters and converts them into efficient luminescent 

sites with high excitation efficiencies. These sites can efficiently capture free carriers and compete 

with non-radiative traps, thus the formation of them results in a great improvement in luminescence 

efficiency especially at low excitation power region, where μ-LED displays are expected to be 

utilized. 

In Chapter 3, we focus on a specific luminescent site (OMVPE-X), which is preferentially 

formed by the annealing process. We conduct PL measurements and report that this site has a quite 

high excitation efficiency. Furthermore, we apply the annealing technique to LED fabrication 

process, and report that the OMVPE-X shows a dominant emission under low current injection 

density region, suggesting it has a high excitation efficiency even under current injection. 

In Chapter 4, we focus on 2D-PhC cavities to extrinsically control the optical transition 

probability of Eu3+, and investigate on proper cavity design to achieve high Q-factors even with III-

nitride semiconductors. To numerically examine the impact of structural disorder on Q-factors, we 

reproduce experimentally found disorder in simulations. We demonstrate the importance of cavity 

design to achieve high Q-factors when a large degree of structural disorder is introduced. We 

suggest that hexagonal-defect cavities, particularly an H3 cavity shows a great robust stability of Q-

factors against structural disorder. 

In Chapter 5, we fabricate H3 cavities to validate the simulation results and to explore the 

dominant optical loss that limits Q-factors with the aim of further enhancement. As a result, we 

show that the most important limitation is the theoretical value of the design Q-factor itself. Based 

on this knowledge, a 2D photonic heterostructure, which exhibits a band-edge mode with higher 



1.5 Aims and outline of this research 16 

 

theoretical Q-factor, is introduced. Consequently, we find that such type of cavity structure is 

promising to achieve high Q-factors for III-nitride semiconductors. 

Finally in Chapter 6, we summarize the obtained results and discuss several future prospects. 
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Chapter 2. Enhanced red emission of 

GaN:Eu,O caused by reconfiguration of 

luminescent site during post-growth 

thermal annealing 

2. 1 Introduction 

As we have mentioned in Chapter 1, current EQE of GaN:Eu,O-based LEDs is one order of 

magnitude lower than those of InxGa1-xN-based blue and green LEDs and further improvement of 

luminescence efficiency is highly desirable for future application in III-nitride-based monolithically 

integrated RGB LED devices.  

Schematic diagram of the luminescence process of Eu3+ ions in GaN is illustrated in Fig. 2. 1; 

(1) For photoexcitation, free carriers are created in the conduction band (CB) and valance band (VB) 

by above-bandgap excitation of the GaN host. For current injection, free carriers are transported 

into the CB and VB. An electron (hole) from the CB (VB) is captured by an acceptor- (donor-) like 

trap levels associated with (2) defects and impurities, and (3) Eu3+ ions. By Coulomb attraction, the 

trapped electron (hole) attracts hole (electron) from the VB (CB), forming bound excitons (BE). (4) 

The BE captured by a defect associated with an Eu3+ ion recombines, and the recombination energy 

is non-radiatively transferred to the Eu3+ ion. (5) The Eu3+ ion is excited into the 5D0 state or into 

one of the higher 5DJ (J = 1, 2, 3) excited states [1,2]. (6) If the Eu3+ ion is excited into the higher 

excited states, it relaxes to the 5D0 state through multiple phonon relaxation process [1,3,4]. 

Radiative recombination from the 5D0 state to the 7F2 state generates a photon at ~621 nm, which is 

the main emission peak of GaN:Eu. 

The carrier capture is a competitive process between trap levels associated with defect and 

impurities and those related to Eu3+ ions. Therefore, selective formation of luminescent sites with 

high excitation efficiency is of great importance to efficiently distribute carries to Eu3+ ions for 

efficient GaN:Eu-based light emitting devices. 
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Fig. 2. 1 Schematic of the luminescence process of Eu3+ ions in GaN. 
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It is reported that the excitation cross section of OMVPE7 and OMVPE8 is about two-three 

order larger than that of other sites. However, these two sites typically account for less than 10% of 

the total amount of Eu3+ ions doped in GaN; therefore, to improve the luminescence efficiency, it is 

desirable to increase the number of such luminescent sites with high excitation efficiencies while 

suppressing the formation of other sites. 

For the growth of GaN:Eu,O by the OMVPE method, a relatively low growth temperature (960 

C) is employed as compared to typical growth conditions for undoped GaN because high 

temperature growth (> ~1000 C) results in a limited Eu incorporation and decreased luminescence 

intensity, because large amounts of Eu precipitates out as EuN [5]. Furthermore, the EuN adheres 

to surface and degrades surface morphology. However, such a low temperature growth 

preferentially creates luminescent sites with low excitation efficiencies under carrier injection 

(designated as OMVPE1 and OMVPE2) among the eight unique Eu3+ luminescent sites labeled as 

OMVPE1-8 [5,6]. OMVPE1 and OMVPE2 have been suggested to be Eu diatomic cluster [7], and 

are predominantly created at relatively low growth temperatures, where atomic diffusion length is 

limited, and Eu atom clustering is likely to occur [8]. 

In this chapter, to improve the luminous efficiency of GaN:Eu,O, we perform post-growth 

thermal annealing for promoting diffusion of Eu atoms in order to dissociate OMVPE1 and 

OMVPE2 sites, and convert them into other sites with higher excitation efficiencies. We 

investigate the site distribution using the combined excitation-emission spectroscopy (CEES) 

technique. Furthermore, we conduct excitation power and temperature dependence PL 

measurements to clarify the change in optical properties caused by thermal annealing. 

2. 2 Experimental procedures 

2. 2. 1 Sample fabrication 

All of the epitaxial films were fabricated using the OMVPE method on a (0001) sapphire substrate 

in this study. Trimethylgallium (TMG), trimethylindium (TMI), trimethylaluminum (TMA) and 

ammonia (NH3) were used as precursors of Ga, In, Al, and N, respectively. For the GaN:Eu,O 

layers, EuCppm
2 and argon-diluted oxygen were used as the Eu and O sources, respectively. The 

sample growth was initiated with a low-temperature GaN buffer layer, followed by a 2-μm-thick 
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undoped GaN layer, a 600-nm-thick Al0.19In0.81N layer, a 220-nm-thick GaN:Eu,O layer, and a 10-

nm-thick GaN capping layer. The growth temperature of the GaN:Eu,O layer was 960 C, which 

can effectively suppress EuN precipitation [5]. This layer structure is typically used when a strong 

vertical light confinement is required such as in optical resonators [9–12], because the Al0.19In0.81N 

layer can be selectively etched in hot nitric acid, which can be utilized as “air-clad” layer [13]. It 

is typically difficult to achieve thick (> 100 nm) AlxIn1-xN with high crystalline due to In droplet 

and V-pits [14–21]. To achieve a thick AlxIn1-xN layer with high crystalline and high In 

composition uniformity, we employed an original growth method, as we discuss the detail in 

Chapter 4. 

After the crystal growth, a 50-nm-thick SiO2 film was deposited on samples using an 

electron-beam evaporator in order to prevent thermal decomposition. Thermal annealing was 

performed at TA = 800-1200 C in N2+NH3 atmosphere at 100 kPa for 10 minutes, and finally, the 

SiO2 films were removed using HF solution.  

2. 2. 2 PL measurements 

To characterize the optical properties of samples, PL spectroscopy was performed. The PL setups 

are shown in Fig. 2. 2. For macroscopic PL measurements [Fig. 2. 2 (a)], excitation laser was 

guided by mirrors to a sample in a cryostat. The irradiated light was corrected by lenses, then 

spectrally dispersed by a 50-cm-spectrometer, and detected by a Peltier-cooled CCD camera. For 

microscopic PL spectroscopy [Fig. 2. 2 (b)], excitation laser was focused on a sample with a spot 

diameter of 1.6 μm through an objective lens (50×, NA = 0.42). The luminescence was collected 

by the same objective, dispersed by a 50-cm-spectrometer and detected by a Peltier-cooled CCD 

camera. The excitation laser and corrected light was separated using a dichroic mirror. Both 

measurement setups used a closed-cycle He cryostat to control temperature ranging from ~5 K to 

room temperature (RT).  

Two excitation methods were used to gain deep insight into the optical properties of 

GaN:Eu,O. For the indirect excitation that excites GaN host (as illustrated in Fig. 2. 1), a 

continuous-wave He-Cd (λ = 325 nm) laser was used as an above-bandgap light source. On the 

other hand, an wavelength-tunable dye laser was used for resonantly exciting Eu3+ ions (7F0→

5D0). Especially, we utilized the CEES technique which allow us to selectively excite specific 

luminescence sites by resonantly exciting them. The PL intensity under resonant excitation is not 
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Fig. 2. 2 Schematic of PL measurement setup for (a) macroscopic and (b) microscopic 

spectroscopy. 
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affected by the difference in the efficiencies of carrier capture and energy transfer, thus it makes 

possible to quantify the number of each luminescent site [22–24]. Rhodamine 59 Chloride and an 

InxGa1-xN green laser were used as dye and excitation laser source, respectively. 

2. 3 Results and discussions 

2. 3. 1 Surface morphology 

Nomarski microscopy revealed that samples annealed up to 1100 C show smooth surfaces like the 

as-grown sample (Fig. 2. 3). This result indicates that the lower growth temperature resulted in good 

Eu incorporation and that annealing did not cause Eu precipitation nor the formation of EuN at the 

surface. However, the sample annealed at 1200 C demonstrated a very rough surface morphology 

due to the decomposition of the GaN:Eu,O layer. For this reason, under the annealing conditions 

utilized in this chapter, 1100 C was the maximum temperature capable of preventing 

decomposition.  

We note that an 80-nm-thick SiO2 mask evaporated using radio frequency (RF) sputtering 

technique enabled annealing at 1200 °C maintaining a good surface morphology. This is likely due 

to the higher film density of the SiO2 mask fabricated by sputtering. Optimization of the mask 

evaporation process or exploring alternative materials for the mask (e.g., AlN) would allow us for 

annealing at even higher temperatures without thermal decomposition. 

2. 3. 2 Secondary ion mass spectroscopy 

Next, we conducted secondary ion mass (SIMS) spectroscopy for the as-grown sample and the 

sample annealed at 1100 C to gain insight into the change in the atomic distribution during 

annealing. As a result, the estimated Eu concentration in the GaN:Eu,O layer was identical (1×1020 

cm-3) for the two samples. On the contrary, the O concentration in the GaN:Eu,O layer has increased 

from 1×1018 to 2×1019 cm-3 after annealing at 1100 C, which is likely due to the O diffusion from 

SiO2 mask [25]. 
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Fig. 2. 3 Nomarski microscope image of the as-grown and annealed samples. 
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2. 3. 3 PL measurements 

Subsequently, the samples (as-grown, TA = 800-1100 C) were evaluated by PL spectroscopy at 

10 K using a continuous-wave He-Cd laser. As illustrated in Fig. 2. 4 (a), the samples annealed 

up to 900 C show almost identical spectra to the as-grown sample. However, the spectral shape 

dramatically changes after annealing at 1000 C or higher. The PL intensity related to OMVPE1 

and OMVPE2 decreases, while those related to OMVPE4, OMVPE7 and OMVPE8 increase 

strongly, suggesting the transformation to more beneficial sites at high temperatures. The growth 

temperature of GaN:Eu,O layer is 960 °C, hence the result suggests that temperatures higher than 

the growth temperature is required for luminescent site transformation. 

Normalized PL spectra are shown in Fig. 2. 4 (b). The relative contribution of OMVPE1 and 

OMVPE2 strongly decreases with increasing annealing temperature and reduces the full-width at 

half-maximum (FWHM) of the entire Eu3+ emission spectrum. The FWHM of each sample is 

determined as 5.66 nm (As-grown), 5.16 nm (TA = 800 C), 5.97 nm, (TA = 900 C), 1.54 nm (TA 

= 1000 C), and 1.36 nm (TA = 1100 C). 

2. 3. 4 CEES measurements 

To gain further insight into the site distribution of Eu3+ ions, the CEES technique was performed at 

10 K on the as-grown sample and the sample annealed at 1100 C. The CEES results are shown in 

Fig. 2. 5. For the as-grown sample, the emission from OMVPE1 and OMVPE2 is dominant, while 

that from OMVPE7 and OMVPE8 is negligible. In contrast, for the sample annealed at 1100 C, 

the emission from OMVPE1 and OMVPE2 almost disappears, while that from OMVPE4 and 

OMVPE7 becomes dominant. The increment factor of the number of each luminescent site is plotted 

in Fig. 2. 6. The number of OMVPE4, OMVPE7 and OMVPE8 was increased by factors of 2.2, 

7.7, 9.8, respectively, while that of OMVPE1 and OMVPE2 was decreased by a factor of 0.1. This 

large change in the distribution of luminescent sites clearly demonstrates the site reconfiguration 

that occurs during annealing. The decrease in luminescence intensity from OMVPE1 and OMVPE2 

indicates that the diatomic Eu agglomerates are dissociated and the Eu atoms form complexes with 

nitrogen vacancies (NV), NV and O, or other point defects to create OMVPE4, OMVPE7 and 

OMVPE8, or other luminescent sites, respectively [26].  
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Fig. 2. 4 (a) PL spectra for the as-grown sample and samples annealed at 800-1100 C measured 

at 10 K. (b) Normalized PL spectra for the as-grown sample and samples annealed at 800-1100 

C. 
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Fig. 2. 5 CEES map for the (a) as-grown sample and (b) the sample annealed at 1100 °C 

measured at 10 K. 
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Fig. 2. 6 Increment factor for each luminescent site caused by annealing at 1100 °C. 
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Furthermore, a luminescent site that shows a emission peak at ~2.004 eV has greatly increased. 

Although this site has been tentatively assigned as a part of OMVPE8 [27,28], we have found that 

it is a different site, as mainly discussed in Chapter 3. We label this site as OMVPE-X in this study, 

the number of OMPVE-X was increased 20.3-fold after annealing at 1100 °C.  

2. 3. 5 Excitation power dependent PL measurements 

In order to evaluate the change in the luminescent efficiency associated with the site reconfiguration, 

we performed PL measurements under varied excitation power at room temperature. Integrated PL 

intensities (Iem, integrated over the emission photon energy from 1.97 to 2.02 eV) as a function of 

excitation power for the as-grown sample and the sample annealed at 1000 C and 1100 C are 

illustrated in Fig. 2. 7. Annealed samples show higher integrated PL intensities compared to the as-

grown sample. Especially, the sample annealed at 1100 C shows the highest integrated PL intensity 

among samples studied in this Chapter. The maximum enhancement factor of 5.1 compared to the 

as-grown sample is achieved at an excitation power of 0.18 mW/cm2. Because the Eu3+ 

concentration is unchanged by the annealing process, this PL intensity enhancement demonstrates 

an improved luminescence efficiency. 

In addition to the site reconfiguration, it is conceivable that the emission lifetime of Eu3+ has 

been changed with modified strain or point-defect distribution in the GaN:Eu,O layer [29], and 

contributes to enhancing the luminescence efficiency. In this point of view, we conducted time-

resolved PL (TR-PL) measurements at 10 K. As excitations source, we used a He-Cd laser (λ = 

325 nm) pulsed by an acousto-optic modulator. Luminescence was detected by a streak camera 

equipped with a 30-cm-spectrometer. TR-PL signals of OMVPE7 are plotted in Fig. 2. 8. Fitting 

with single-exponential functions revealed lifetimes of 213±2 μs for the as-grown sample and 235±2 

μs for the sample annealed at 1100 C. Although the details of the change in the lifetime are under 

investigation, the lifetime difference (~10%) is much smaller than the observed emission 

enhancement (×5.1) and has only a minor impact on the luminescence efficiency. 

Subsequently, we evaluated relative quantum efficiencies (QE) by dividing Eem by the 

excitation power (Eex) at room temperature. It has been reported that the luminescence efficiency of 

Eu3+ is typically low under low excitation power conditions because free carriers are captured by 

efficient traps that are competing with Eu3+, such as H1hole trap [30–32]. Under moderate excitation 

power conditions where such traps are filled, more carriers are distributed to trap levels associated  
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Fig. 2. 7  (a) Excitation power (Iex) dependence of the integrated PL intensities (Iem) measured 

at room temperature for the as-grown sample and the samples annealed at 1100 C and 1100 

C. (b) The ratio of Iem and Iex as a function of Iex. 
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Fig. 2. 8 PL decay transient of OMVPE7 and fits for the as-grown sample and the sample annealed 

at 1100 C. 
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with Eu3+ ions, leading to an improved QE. The QE lowers again for even higher excitation powers 

due to saturation effect in which most of the Eu3+ ions are excited [32]. As shown in Fig. 2. 7 (b), 

the relative QEs for annealed samples show reasonably higher QE even under low excitation power 

density (< 10-2 mW/cm2). Moreover, QEs of the annealed samples quickly rise with increasing 

excitation power around ~3×10-2 mW/cm2 and show much larger QE values than the as-grown 

sample. 

PL spectra for the as-grown sample and samples annealed at 1000 C and 1100 C at room 

temperature under an Iex of 0.18 mW/cm2 are illustrated in Fig. 2. 9 (a). Although it is difficult to 

distinguish the emission from each luminescent site due to the broad linewidth at room 

temperature, it is possible to isolate the peak of OMVPE-X (~2.004 eV). For the annealed samples, 

OMVPE-X shows a predominant emission (Note: as discussed in Chapter 3, this site is thermally 

activated like reported for OMVPE8 [33], which explains the large difference in relative intensity 

at room temperature compared to the low-temperature spectra of Fig. 2. 4.). The PL intensity ratio 

of OMVPE-X decreases with increasing Iex [Fig. 2. 9 (b)] due to its high excitation efficiency and 

small existing ratio (~3% of the total amount of Eu3+ ions doped in GaN), and the most of 

OMVPE-X is in the excited states under high excitation power. These results indicate that the fast 

initial increase of QE for annealed samples is primarily due to OMVPE-X as well as OMVPE7 

and OMVPE8 centers formed by the annealing process. These can efficiently capture free carriers 

and compete with non-radiative traps, even at relatively low excitation power conditions, and are 

also responsible for the improvement of the QE of Eu3+ luminescence for a wide range of Iex [Fig. 

2. 7 (b)].  

The luminescent efficiency of the sample annealed at 1100 C is maximized for a laser 

power density of ~18 mW/cm2, where the laser flux corresponds to a current flux of ~5 mA/cm2. 

This is nearly the minimum current density required for μ-LED applications, where current 

densities of 20-2000 mA/cm2 are typically employed [34]. Further optimized growth and 

annealing conditions that lead to increased OMVPE7, OMVPE8 and OMVPE-X concentrations, 

will improve the luminous efficiency at further higher current densities. 

2. 4 Summary 

In this chapter, we have performed post-growth thermal annealing to convert inefficient Eu3+  
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Fig. 2. 9 PL spectra for the as-grown samples and samples annealed at 1000 C and1100 C 

measured at room temperature with an excitation power density of (a) 0.18 mW/cm2 and (b) 130 

mW/cm2. 
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luminescent sites into efficient ones and, in this way, enhance the light output of GaN:Eu,O grown 

by the OMVPE method. Thermal annealing at high temperatures (≥ 1000 C) effectively drives the 

reconfiguration of luminescent sites. By site-selective excitation, we confirmed that the number of 

sites with lower excitation efficiencies under current injection (OMVPE1 and OMVPE2) 

remarkably decreased, while the number of sites with higher excitation efficiencies (OMVPE7, 

OMVPE8 and OMVPE-X) strongly increased. Because the OMVPE7, OMVPE8 and OMVPE-X 

centers can be excited efficiently by free carriers even at room temperature, the sample annealed at 

1100 C showed up to a 5.1-times improved luminescence efficiency as compared to the as-grown 

sample. These results show the potential of improving the efficiency of GaN:Eu,O-based LEDs 

using thermal annealing techniques to realize III-nitride-based monolithic RGB LED displays. 

Additionally, the preferential formation of luminescent sites with high excitation efficiencies by the 

annealing process is expected to enhance the optical gain of GaN:Eu,O [35] and could pave the way 

toward III-nitride-based red laser sources. 
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Chapter 3. An efficiently excited Eu3+ 

luminescent site formed in Eu,O-codoped 

GaN 

3. 1 Introduction 

As discussed in Chapter 2, OMVPE7 and OMVPE8, which are assumed to have an oxygen atom in 

the vicinity of Eu3+ ion, play a key role to enhance the light output of LEDs due to their much higher 

excitation efficiencies as compared to other sites. OMVPE7 and OMVPE8 are believed to be 

charged states of the same local atomic structure [1]. OMVPE8 is considered to have an additional 

electron compared to OMVPE7, it shows low luminescence intensity at a cryogenic temperature, 

however the intensity increases with elevating temperature [2]. This behavior is considered to be 

caused by a change in the charge state of intrinsic defects in GaN (e.g., VN, VGa and their complexes) 

with increasing temperature, and a part of OMVPE7 is converted into OMVPE8 [1,3,4]. TR-PL 

measurements have revealed that OMVPE8 shows “afterglow” behavior, where the emission 

intensity from OMVPE8 increases after the excitation laser pulse is terminated [2]. We have 

suggested a possibility that this afterglow behavior comes from the conversion of OMVPE7 into 

OMVPE8 [1]. 

In Chapter 2, we have performed post-growth thermal annealing and observed a strongly 

enhanced PL emission from Eu3+. This PL intensity enhancement was accomplished by luminescent 

site reconfiguration, where high temperature annealing decreases the amount of OMVPE1 and 

OMVPE2, whereas increases that of OMVPE7, OMVPE8 and OMVPE-X. OMVPE-X has been 

tentatively assigned as OMVPE8 so far [1,5] due to their almost identical resonant excitation 

energies. This site shows a quite high excitation efficiency as compared to other sites, therefore it is 

worth studying the detailed optical properties. Furthermore, to improve the light output of 

GaN:Eu,O-based LEDs, it is highly important to elucidate the optical properties of OMVPE-X 

under current injection. Several peaks have also been observed in Eu-implanted GaN in the similar 
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emission energy region to OMVPE-X [6]. The emission energies of GaN:Eu fabricated by different 

methods slightly vary, therefore a more careful analysis, such as the CEES measurements [7], is 

needed to identify the sites, however, it is possible that this site also can be formed when other 

growth methods are used. 

In this chapter, we conduct CEES and TR-PL measurements to demonstrate that OMVPE-X is 

a previously unidentified independent site. Additionally, we perform excitation power and 

temperature dependent PL measurements to investigate the optical properties of OMVPE-X. 

Furthermore, we investigate on processes to apply the annealing technique to LED fabrication, and 

study the optical properties of OMVPE-X under current injection for even efficient and bright 

GaN:Eu,O-based LEDs.. 

3. 2 Optical properties of OMVPE-X under 

photoexcitation 

We investigated the detailed optical properties of a sample annealed at 1100 °C, that was studied 

in Chapter 2. A macroscopic PL setup was utilized. 

3. 2. 1 CEES measurements 

To begin with, we performed CEES measurement in the excitation region of phonon-assisted 

absorption at 10 K and 150 K [7,8]. As shown in the CEES map measured at 10 K [Fig. 3. 1 (a)], 

each luminescent site can be clearly observed. The resonant excitation energies of OMVPE8 and 

OMVPE-X are almost identical, which is why OMVPE-X has been assigned initially to be a part of 

OMVPE8 [1,5]. For the CEES map measured at 150 K [Fig. 3. 1 (b)], emission from OMVPE8 is 

observed at the resonant excitation energies of OMVPE7 (~2.1735, 2.1751 eV) as previously 

reported [1]. However, at these excitation energies, OMVPE-X is not excited, suggesting that 

OMVPE-X is a different luminescent site from OMVPE8. We note that OMVPE-X is also excited 

at multiple excitation energies at 150 K (~2.1738, 2.1757 eV). This implies the presence of an Eu3+ 

site associated with OMVPE-X, similar to the relationship between OMVPE7 and OMVPE8, 

although emission from that site was not observed. 
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Fig. 3. 1 CEES map measured at (a) 10 K and (b) 150 K. The right panel shows the enlarged 

CEES map. 
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3. 2. 2 TR-PL measurements 

Subsequently, TR-PL was performed at 180 K to investigate the detailed optical properties of 

OMVPE8 and OMVPE-X. We used a He-Cd laser (λ = 325 nm) pulsed by an acousto-optic 

modulator. Luminescence was detected by a streak camera equipped with a 30-cm-spectrometer. 

Figure 3. 2 shows TR-PL signal for OMVPE8 and OMVPE-X. OMVPE8 shows afterglow 

behavior as it has been reported [2]. Contrary to OMVPE8, emission from OMVPE-X 

monotonically decreases after the laser pulse with a single-exponential function, confirming that 

OMVPE-X is not a part of OMVPE8.  

3. 2. 3 Temperature dependent PL measurements 

Now that OMVPE-X has been identified as a distinct luminescent site, we investigate the optical 

properties in detail. First, we conducted temperature dependent PL using a He-Cd laser. Figure 3. 

3 shows PL intensity at the emission peak energy for each luminescent site. As it has been reported, 

PL intensity from OMVPE8 rises with increasing temperature, and reaches the maximum 

intensity at ~150 K. 

OMVPE-X also exhibited an increase in PL intensity with the rise in temperature (< ~150 K), 

which indicates that the local atomic structure of OMVPE-X stabilizes with increasing 

temperature. Due to its thermally activated characteristics, the thermal quenching ratio of the 

integrated PL intensity of OMVPE-X is smaller compared to other luminescent sites. Similar 

“anti-thermal-quenching” behavior has been observed for Eu-implanted Mg-codoped GaN [9–

11], though a hysteric behavior was not observed for OMVPE8 and OMVPE-X in this study. The 

authors have suggested the existence of two unique metastable states with different acceptor states. 

These results imply the presence of a metastable state related to OMVPE-X as well as OMVPE8. 

In the case of OMVPE8, the metastable state can be OMVPE7 [1].  

3. 2. 4 Excitation power dependent PL measurements 

Then, we performed excitation power density dependent PL at room temperature to evaluate the 

luminescence properties of OMVPE-X. As shown in Fig. 3. 4, OMVPE-X shows a predominant 

emission at low excitation power region. 
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Fig. 3. 2 TR-PL profile for OMVPE8 and OMVPE-X measured at 180 K. 
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Fig. 3. 3 Temperature dependent integrated PL intensity ranging from 10 K to room temperature. 
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To discuss the relative luminescence efficiency of OMVPE-X, we roughly estimated the 

existing ratio of OMVPE-X from the CEES map measured at 10 K in the excitation region of 

zero-phonon-assisted region [Fig. 2. 5 (b)] using the following equation [12].  

𝑁Eu𝑖 ∝
𝜎𝑖𝛷𝜏rad𝑖

+ 1

𝜎𝑖𝜙
𝐼𝑖, (3. 1) 

where 𝑁Eu𝑖  is the number of a luminescent site i, 𝜎𝑖  is the excitation cross section under 

resonant excitation, 𝛷  is the photon flux, 𝜏rad𝑖
  is the radiative lifetime and 𝐼𝑖  is the PL 

intensity. For calculation, we used reported values of 𝜎𝑖 and 𝜏rad𝑖
 for OMVPE1-8 [12]. For 

OMVPE-X and other unidentified sites, we utilized the average values of OMVPE1-8. As a result, 

the existing ratio of OMVPE-X was roughly estimated to be ~3%. The fact that OMVPE-X shows 

a predominant emission in spite of its small existing ratio suggests its quite high excitation 

efficiency.  

As discussed in Chapter 2, it is known that the luminescence efficiency of GaN:Eu,O is 

typically low under low excitation power condition because free carriers are captured by efficient 

non-radiative traps with large carrier capture cross section [5,13]. Hence, the creation of Eu3+ 

luminescent sites with high excitation efficiencies is highly important to compete with non-

radiative traps in the carrier capture process and to improve the luminescence efficiency at low 

current injection density region, where μ-LED displays are commonly utilized. 

The approximate concentration of OMVPE-X for the as-grown state was estimated to be 

~1×10-1%, indicating that the concentration was greatly increased by annealing at 1100 °C. Thus, 

it is expected that the relative abundance of OMVPE-X can be further increased through future 

optimizations of growth and annealing condition, leading to higher-efficient GaN:Eu,O 

luminescence even under high excitation power condition. Despite being a minority site, 

OMVPE-X showed a predominant PL emission. It would be challenging to make OMVPE-X a 

majority site, however a small increase in the concentration of OMVPE-X is likely to lead a large 

increase in PL intensity due to the high excitation efficiency. 
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Fig. 3. 4 Normalized excitation power density dependent PL spectra. 

 



Chapter 3. An efficiently excited Eu3+ luminescent site formed in Eu,O-codoped GaN 57 

 

3. 3 Optical and electrical properties of LEDs 

fabricated with annealing treatment 

Finally, we fabricated GaN:Eu,O-based LED with annealing treatment to investigate the optical 

properties of OMVPE-X under current injection. In order to apply the annealing techniques to 

LED fabrication processes, we have to care about the damage introduction to p-type layers, which 

leads to compensation of Mg acceptors and high electrical resistivity. Therefore, we investigate 

proper LED fabrication processes which can suppress damage introduction and discuss the 

optoelectrical properties of LEDs. 

3. 3. 1 LED fabrication process 

To mitigate damage introduction to p-type GaN, annealing should be performed before the growth 

of p-GaN layer. First, we conducted annealing after carrying out the sample from the reactor, with 

subsequent regrowth of p-type GaN. The growth of LED was initiated with a low-temperature 

GaN buffer layer grown on a (0001) sapphire substrate, followed by an undoped GaN layer, an n-

type GaN layer and a GaN:Eu,O active layer. The growth temperature of the active layer was 

960 °C. The sample was carried out from the reactor after the growth of GaN:Eu,O, and an 80-

nm-thick SiO2 mask was deposited using RF-sputtering method. After annealing in N2+NH3 

atmosphere, the SiO2 mask was removed using HF solution, and the sample was placed back into 

the reactor. Then, p-GaN and p+-GaN layers were regrown at 1050 °C. To control the n-type and 

p-type conductivity, we used monomethyl silane (CH3SiH3) and bis-cyclopentadienyl magnesium 

(Cp2Mg) to dope Si and Mg, respectively. 

The current-voltage (I-V) characteristic of the annealed LED is displayed in Fig. 3. 5. The red 

curve shows the I-V curve of the annealed LED, while the black curve shows that of a reference 

LED in which that the p-GaN layer was regrown without annealing process. The annealed LED 

does not exhibit rectification characteristic. The reference LED, on the other hand, shows a 

rectification characteristic, however it has a quite large leakage current density. It is reported that 

a high concentration of Si is incorporated at the regrown interface when the sample is removed 

from a reactor before the regrowth process [14–16]. Particularly, the sample annealed with a SiO2 

mask is expected to have higher Si concentration at the regrown interface owing to Si diffusion 
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from the SiO2 mask. It is known that the presence of Si at the interface often leads to the 

deterioration of electrical properties [14–18]. Besides, the electroluminescence (EL) spectrum for 

the annealed exhibited a pronounced yellow luminescence, which is likely attributed to the 

damage and contamination introduced into the GaN:Eu,O and p-GaN layers. 

Then, to minimize such damage and contamination introduced during the regrowth process, 

we fabricate an LED continuously annealed after the growth of GaN:Eu,O layer without carrying 

out from the reactor. After the growth of a 280-nm-thick GaN:Eu,O active layer, annealing was 

conducted at 1100 °C for 20 minutes at 100 kPa in H2+NH3 atmosphere. In-situ reflectivity 

monitoring system revealed that approximately 90 nm of the active layer was thermally 

decomposed during the annealing. Afterwards, p-GaN and p+-GaN layers were grown. As the 

reference, we prepared a conventional LED without annealing treatment with a 190-nm-thick 

GaN:Eu,O active layer. 

In Fig. 3. 6, the blue curves show the I-V characteristics of the annealed LED, whereas the 

black curves show those of the conventional LED. Both LEDs present good rectification 

properties, with similar turn-on voltages and series resistances [Fig. 3. 6 (a)]. The annealed LED 

shows a slightly higher leakage current density [Fig. 3. 6 (b)], that is expected to be a result of 

damage introduction to the GaN:Eu,O layer during the annealing process. However, the electrical 

properties were greatly improved by the in-situ annealing process without carrying out the sample 

from the reactor. 

3. 3. 2 CEES measurements  

The growth temperature of p-type GaN layers is 1050 °C, therefore even for the conventional 

LED without an intentional annealing process, the GaN:Eu,O active layer is effectively annealed 

at 1050 °C. This suggests that the distribution of luminescent sites is likely to be similar between 

the conventional LED and the annealed LED. In this contribution, we conducted CEES 

measurement to get insight into the luminescent site distribution. CEES maps measured at 150 K 

for the conventional LED and the annealed LED are depicted in Fig. 3. 7. For the conventional 

LED, some amount of OMVPE1 and OMVPE2 still exist, though the existing ratio is much 

smaller than the as-grown state [Fig. 2. 5 (a)]. Contrary to this, PL intensities from OMVPE1 and 

OMVPE2 are almost the background level for the annealed LED. Besides, the annealed LED 

shows brighter emission from OMVPE4, OMVPE7, OMVPE8 and OMVPE-X. These results  
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Fig. 3. 6 I-V characteristics of LEDs in (a) linear scale and (b) logarithmic scale. Blue curves: The 

LED annealed continuously in the reactor. Black curve: The reference LED without annealing 

process. 

Fig. 3. 5 I-V characteristics of LEDs. Red curve: The LED annealed after carrying out from the 

reactor. Black curve: The reference LED that the p-GaN layer was regrown without annealing 

process. 
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Fig. 3. 7 CEES map for (a) the conventional LED and (b) the annealed LED measured at 150 K. 
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suggest that annealing at 1100 °C effectively dissociated OMVPE1 and OMVPE2 and converted 

them into other beneficial sites. The PL intensities revealed that the annealed LED contains 

approximately three-times more OMVPE-X as compared to the conventional LED. 

3. 3. 3 EL measurements 

Normalized EL spectra are displayed in Fig. 3. 8 (a). Similar to the PL spectra, OMVPE-X exhibits 

a dominant emission especially at low injection current density region for the annealed LED. This 

indicates that OMVPE-X has a high excitation efficiency even under current injection, which is 

an essential characteristic for the implementation of μ-LED displays. The conventional LED (w/o 

anneal) shows much smaller EL intensity related to OMVPE-X even under low current density 

region, implying the relatively low abundance of OMVPE-X. EQEs of LEDs measured using an 

integrating sphere are displayed in Fig. 3. 8 (b). The annealed LED exhibits higher EQE due to 

the formation of luminescent sites with high excitation efficiency, including OMVPE-X. These 

results clearly indicate that annealing is an effective method to enhance the light output of 

GaN:Eu,O-based LEDs. 

The EQE demonstrated in this research is smaller than previously reported values [19]. 

Optimization of LED structure (e.g., introducing electron blocking layer, increasing the thickness 

of the active layer) is important to improve the output power. Especially, MLS is crucial to be 

employed because it greatly improves the luminescence efficiency of GaN:Eu,O-based LEDs 

[19,20]. In terms of the annealing process, annealing time, temperature, atmosphere, and pressure 

should be optimized to suppress thermal decomposition and Eu desorption during the process.  

3. 4 Investigation on the local atomic structure of 

OMVPE-X 

These results clearly indicate the importance of increasing the amount of OMVPE-X to achieve 

even brighter and efficient GaN:Eu,O-based LEDs in the future. For this purpose, it is crucial to 

elucidate the atomic structure of OMVPE-X. OMVPE7 and OMVPE8, which have high 

excitation efficiencies, are considered to have an oxygen atom around Eu3+. Oxygen works as a  
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Fig. 3. 8  (a) Normalized injection current density dependent EL spectra for the annealed LED. 

The black line shows the EL spectrum of the conventional LED as the reference. (b) EQE as a 

function of injection current density for the annealed LED and the conventional LED. 
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donor-like defect in GaN:Eu,O and is believed to pair with VGa acceptor-like defect, thereby 

enhancing the efficiency of carrier capture and energy transfer to Eu3+ ions [21]. Therefore, certain 

impurities such as oxygen may be associated with OMVPE-X. In order to provide hints for the 

identification of the atomic structure of OMVPE-X, we prepared two samples with different 

oxygen concentration. The oxygen concentration was controlled by the flow rate of Ar-diluted 

oxygen.  

As shown in Fig. 3. 9 (a), for the as-grown state, the sample grown with conventional Ar-

diluted oxygen flow rate shows higher PL intensity. We expect this is due to the degraded crystal 

quality with an increased oxygen concentration. However, after annealing at 1200 °C, the sample 

grown with increased flow rate exhibits larger PL intensity associated with OMVPE-X [Fig. 3. 9 

(b)]. This result suggests that oxygen plays a key role in the formation of OMVPE-X. This is an 

important knowledge to selectively form OMVPE-X in the future for the implementation of 

GaN:Eu,O-based light emitting devices. 

In order to determine the local atomic structure of OMVPE-X, first-principles calculations 

should be employed [22,23] with sufficient supporting experimental data. Recently, Yamaga et al. 

have demonstrated crystal-field analysis of Eu3+ for Mg-codoped GaN:Eu grown by molecular 

beam epitaxy method [24]. They have determined local symmetry of Eu3+ for some specific 

luminescent sites. However, GaN:Eu,O grown by OMVPE method has more kinds of luminescent 

sites and the spectrum is highly complicated, making accurate evaluation difficult using this 

method. We have reported polarization dependent CEES measurements to study the local 

symmetry of sites, and found that OMVPE-X has a similar symmetry as OMVPE7 and OMVPE8, 

which have the highest degree of C3v-like symmetry [25]. However, OMVPE-X is likely to have 

several point defects in the vicinity including an oxygen atom, thus further experimental and 

theoretical investigations are required to determine the local atomic structure of OMVPE-X. X-

ray fluorescence holography should serve as a powerful solution to directly determine the location 

of Eu3+ in GaN:Eu,O [26–28]. 

3. 5 Summary 

In this chapter, we have revealed that the luminescent site with a peak at ~2.004 eV (referred to as 

OMVPE-X), which can be preferentially formed by annealing, is an independent site using CEES  
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Fig. 3. 9 PL spectra for samples grown with different Ar-diluted oxygen flow rate (a) before and 

(b) after annealing at 1200 °C. 
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and TR-PL measurements. OMVPE-X exhibits a thermally activated characteristic, which is 

likely due to the stabilization of the local atomic structure of OMVPE-X with increasing 

temperature. OMVPE-X shows a predominant emission under both photoexcitation and current 

injection when the free carrier density is small (weak excitation region). These results demonstrate 

that OMVPE-X has a high excitation efficiency, and is a noteworthy luminescent site for even 

brighter and efficient GaN:Eu,O-based μ-LEDs. In addition, selective formation of a site with 

high excitation efficiency is essential to for a wide variety of applications including LDs and 

quantum information technologies.  
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Chapter 4.  Design considerations of III-

nitride-based two-dimensional photonic 

crystal cavities with crystallographically 

induced disorder 

4. 1 Introduction 

In Chapter 2 and 3, we have provided studies about intrinsic control of Eu3+ emission, and mainly 

discussed on the impact of post-growth thermal annealing on optical properties of GaN:Eu,O. The 

light output from GaN:Eu,O was reasonably improved as a result of luminescent site 

reconfigurations. 

In Chapter 4 and 5, for even wider potential applications of GaN:Eu,O-based light emitting 

devices including LDs and quantum light sources, we investigate the method of extrinsic control 

of Eu3+ emission using optical nanocavities. As we have mentioned in Chapter 1, high-Q 

nanocavities can greatly modify the density of states of photons resulting in a significant change in 

the radiative properties of light emitters [1]. Particularly, we mainly focus on 2D-PhC cavities, 

which have been recognized for their ultrahigh 𝑄-factors [2,3]. 

However, 𝑄-factors of III-nitride-based 2D-PhC cavities have been limited up to ~5000 in the 

UV-visible range [4–16]. This is mainly due to the small device size designed for short wavelength 

range, and the chemical and physical stability that hinders accurate dry- and wet-etching process. 

Cl-based reactive ion etching (RIE) also transforms circular air-holes into rounded hexagons [17]. 

Therefore, fabrication of accurate circular holes is highly challenging for III-nitrides, especially for 

applications in the visible range where the air-holes are typically small. However, 2D-PhCs with 

hexagonal holes have a great potential for photonic band engineering, such as the formation of a 

large absolute bandgap, or a flexibly modulated band diagram by rotating air-holes [18]. Thus, 2D-

PhC cavities with hexagonal air-holes should be further investigated considering the present 

fabrication techniques and potential applications. 
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In this chapter, we investigate the impact of disorder on the 𝑄-factor of 2D-PhC cavities by 

introducing structural disorder into the 2D-PhC cavities in the 3D finite-difference time-domain 

(FDTD) simulations, and discuss the cavity structures tolerant to disorder. 

4. 2 Theory of photonic crystal and cavity quantum 

electrodynamics 

4. 2. 1 Theory of photonic crystal 

A semiconductor has an energy gap that forbids electrons with specific range of energies to 

propagate in specific directions. This gap is formed by periodically located lattice potential, and if 

the potential is large enough, a complete band gap is formed between the valence band and the 

conduction band. The optical analogy is PhC, in which photonic band gap (PBG) is formed that 

prohibits photons with specific range of frequencies to propagate and exist [19]. 

 According to the dimension of the periodicity, 1-, 2-, and 3-dimension (1D, 2D, 3D) PhCs are 

defined. Especially, 2D-PhCs, formed by a periodic array of cylindric vertical dielectric rods, or of 

air rods (air-holes) in a dielectric slab, have been widely investigated because of the relatively easy 

fabrication process and the strong light confinement effect. In this study, we focus on 2D-PhCs 

formed by a GaN slab with etched air-holes as the schematic is illustrated in Fig. 4. 1 (a). Such 2D-

PhCs are known to form a PBG for the transverse-electric (TE) mode because of a large frequency 

jump between the fundamental mode and higher order modes [Fig. 4. 1 (b)]. A structural defect 

formed into a 2D-PhC [Fig. 4. 1 (c)] introduces a peak of density of states of photons (defect mode) 

within the photonic band as depicted in Fig. 4. 1 (d). The defect mode cannot propagate into outside 

of the defect and is confined inside the defect, because it has a frequency in the PBG. 

A PBG map is shown in Fig. 4. 1 (e) for a GaN-based 2D-PhC with a triangular lattice pattern 

of hexagonal air-holes for the TE polarized light, where r is the radius of air-holes (a side length 

of a hexagon) and a is the periodicity of 2D-PhC. It is found that the PBG is formed with r/a 

ranging from 0.2 to 0.55. The PBG width was maximized with r/a of 0.44; the PBG was formed 

in the range of normalized angular frequency (ωa/2πc) of 0.38-0.51, where ω is the angular 

frequency of light, and c is the speed of light. The PBG width (Δω/ωmed) normalized by the angular 

frequency at the center of the PBG (ωmed) was calculated as 29%. On the other hand, the maximum 



Chapter 4.  Design considerations of III-nitride-based two-dimensional photonic crystal cavities 

with crystallographically induced disorder 71 

 

PBG width of a 2D-PhC formed with circular air-holes was 27% with r/a of 0.38. This result 

indicates 2D-PhCs formed with hexagonal air-holes can achieve PBG widths comparable to those 

formed with circular air-holes. 

4. 2. 2 Theory of cavity quantum electrodynamics 

The ability of optical cavities to confine light is evaluated by cavity 𝑄-factors, which is defined by 

the following equation; 

𝑄 = 𝜔res

𝑈(𝑡)

−
d𝑈(𝑡)

d𝑡

, (4. 1) 

where 𝜔res is the resonant angular frequency and 𝑈 is the energy confined in a cavity. 𝑄-factor 

can also be determined by using the linewidth of a cavity mode (Δ𝜆) and the resonant wavelength 

(𝜆r) as 

𝑄 =
𝜆𝑟

𝛥𝜆
. (4. 2) 

The modal volume V, which indicates the volume where the electromagnetic field of a 

resonant mode is distributed, is defined as [20] 

𝑉 =
∫ 𝜖(𝑟)|𝐸(𝑟)|2𝑑𝑟3

𝑉

{𝜖(𝑟)|𝐸(𝑟)|2}𝑀𝐴𝑋
, (4. 3) 

where 𝜖(𝑟) is the dielectric constant, |𝐸(𝑟)| is the electric field strength. 

In a nano-microcavity like 2D-PhC cavities with small modal volume (V), the spontaneous 

emission rate of an emitter which couple to a cavity mode is enhanced by a Purcell factor (𝐹𝑝) as 

following the well-known equation [1]: 

𝐹𝑝 =
3𝑄

4𝜋𝑉
(

𝜆𝑟

𝑛
)

3

, (4. 4) 

where n indicates the refractive index of material. Strictly, 𝐹𝑝  is limited by the linewidth of 

emitter (Δ𝑓𝑒) and that of cavity mode (Δ𝑓𝑟), spectral and polarization overlap, that is given by 

[21,22] 

𝐹𝑝 =
3

4π𝑉
(

𝜆𝑟

𝑛
)

3 𝑓𝑒𝛥𝑓𝑟 + 𝑓𝑟𝛥𝑓𝑒

4(𝑓𝑒 − 𝑓𝑟)2 + (𝛥𝑓𝑒 + 𝛥𝑓𝑟)2
𝜉2, (4. 5) 

where 𝑓𝑒 , 𝑓𝑟  is the central frequency of the emitter and resonant mode, respectively, 𝜉2  the 

polarization overlap factor which is less than one. When emitters have random polarization, 𝜉2 

is equal to 1/3.  
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Fig. 4. 1 Schematic of a (a) 2D-PhC and (c) 2D-PhC cavity. Photonic band diagram of a GaN-

based (b) 2D-PhC and (d) 2D-PhC cavity with a triangular lattice pattern of hexagonal air holes 

with r/a of 0.38 for TE polarized light. The shaded area indicates the light cone. (e) Photonic band 

gap map for a GaN-based 2D-PhC with a triangular lattice pattern of hexagonal air holes. 
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4. 3 Reproducing experimentally introduced 

structural disorder in 3D-FDTD simulations 

We employed 3D-FDTD simulations to calculate the time evolution of the electromagnetic field. 

All simulations were conducted using the perfectly matched layer boundary conditions applied to 

all four sides normal to the membrane, and symmetric boundary applied along the membrane. The 

2D-PhC slab was composed of GaN with a thickness of 220 nm. The refractive index of GaN was 

set to 2.35, which is a typical value in the red region (615-630 nm) [23]. A point dipole source with 

TE polarization was put at the center of each cavity. Defect-type cavities were surrounded by 

triangular-lattice PhCs with 48 rows and columns, which are large enough to obtain a strong light 

confinement effect. 

It is well-known that 2D-PhCs are highly sensitive to disorder, and the impact of disorder on 

2D-PhCs has been intensely investigated experimentally [24–28]. Theoretically, the experimental 

disorder has been reproduced in calculations by introducing variations of size [26] and position 

[28]. Although these studies were conducted for conventional 2D-PhCs with circular air-holes, 

we utilize 2D-PhCs with hexagonal holes in this study. From the observation of a 2D-PhC using 

scanning electron microscopy (SEM) [Fig. 4. 2 (a)], we conclude that the most dominant disorder 

for III-nitride-based PhCs is the shape variation of hexagonal air-holes. Note that the shape 

variation of hexagonal air-holes actually contributes to variations in both size and centroid 

position of air-holes. 

As shown in Fig. 4. 2 (a), hexagonal air-holes fabricated in III-nitride slabs consist of flat 

{11̅00} side walls. In order to accurately reproduce the crystallographically induced structural 

disorder in FDTD simulations, we changed the distance between the center of the hexagons and 

each hexagonal side in the radial direction with a Gaussian distribution with a standard deviation 

of √3𝜎𝑟/2. Note that all the following FDTD calculations considering the disorders are repeated 

10 times, and we show the averaged results. A typical disorder-induced 2D-PhC structure 

simulated with σ of 0.1 [Fig. 4. 2 (b)] demonstrates that the shapes of air-holes are reliably 

reproduced. 

We note that limitations in the fabrication accuracy more strongly affects smaller air-holes. 

From SEM observations, we concluded that the experimental value of σ degraded from 0.05 to 

0.18 when r was decreased from 81 nm to 28 nm as shown in Fig. 4. 2 (c). 
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Fig. 4. 2 (a) A SEM image of a GaN:Eu-based PhC with hexagonal holes. (b) Disorder-induced 

air-holes with σ = 0.1. (c) Experimentally introduced degree of disorder (σ) as a function of hole 

radius of 2D-PhCs. (d) 𝑄-factor of an L7 cavity as a function of σ. 
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Calculated 𝑄-factors of an L7 cavity as a function of σ are plotted in Fig. 4. 2 (d). Note that 

σ was varied by changing r and a while maintaining the ratio of r/a. 𝑄-factors at resonant 

wavelengths monotonically decrease with increasing σ, and the calculated degradation of the 𝑄-

factors reproduced the tendency in actual experiments. In our previous report, the experimental 

𝑄-factor of an L7 cavity was 5400, considerably lower than the calculated ideal 𝑄-factor of 28000 

(λ ~ 620 nm, r ~ 67 nm, r/a = 0.32) [7]. In the calculations, this experimental 𝑄-factor was 

reproduced for σ ~ 0.09, which well corresponds to the experimentally introduced σ of 0.07 [Fig. 

4. 2 (c)]. This suggests that the dominant optical loss for the GaN:Eu,O-based L7 cavity is the 

experimentally introduced in-plane structural disorder. Hence, studying the impact of such 

structural disorder on the optical properties of III-nitrides-based 2D-PhC cavities is of utmost 

importance. 

4. 4 The impact of Q-factors on the lasing 

possibilities 

In order to investigate the impact of degraded 𝑄-factors on the lasing possibilities, we estimated 

the optical gain threshold gth, which is the minimum optical gain (gopt) required for lasing. It is 

possible to consider optical gain in FDTD simulations by introducing a negative value of the 

extinction coefficient (k), as gopt can be Expressed as k = λgopt/4π. In FDTD simulations, when the 

optical gain of an active layer is larger than the gth, the electromagnetic field intensity of a cavity 

mode increases with time [29,30], corresponding to numerical lasing.  

We calculated the time evolution of the electromagnetic field varying gopt as a parameter, and 

estimated gth of each cavity structure. To appropriately calculate the optical gain threshold (gth) of 

a cavity mode, it is necessary to extract the time evolution of the resonant frequency. Therefore, 

we selected the resonant mode in the frequency domain using a Fourier transformation, and then 

applied an inverse Fourier transformation on them to characterize the time evolution. The 

extracted signals of the resonant mode of an L7 cavity for optical gain (gopt) of 5, 10 and 15 cm-1 

are shown in Fig. 4. 3 (a). 

Subsequently, we determined the slope (m) of the time evolution of the field intensity I(t) by 

using log10[I(t)] = mt, where t is time in simulations. The derived m for each value of gopt is shown 
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in Fig. 4. 3 (b). Note that m and gopt have a linear relationship, and positive m means laser 

oscillation occurs. Finally, gth is given by the intersection of the fitting line and the horizontal axis 

(gth = 9.2 cm-1, when σ = 0.1 and r/a = 0.35), as m = 0 when gopt = gth. 

In this study, we set optical gain in the entire area of the membrane for the simplicity. In 

experimental situations, however, 2D-PhCs are pumped with lasers (or by current injection), and 

the area with optical gain might be limited in the vicinity of the excitation spot. To ensure the 

accuracy of calculated value of gth, we also conducted simulations with limited gain area. Herein, 

we limited the gain area assuming a typical laser spot with radius of 1.5 μm at the center of 2D-

PhC cavities. The calculated gth for a L7 cavity (r/a = 0.35) was 8.7 cm-1, which well corresponds 

to the value calculated with setting optical gain in the entire area of membrane (9.2 cm-1). This 

result indicates that the optical gain outside a cavity has less impact on gth as the electric field of 

a resonant mode is well confined inside the cavity [31].  

Typically, gopt depends on the excitation power density and current density for optical and 

electrical pumping, respectively. Therefore, gth in the FDTD simulations is closely related to the 

lasing threshold. Hence, a cavity structure with a low gth is a promising structure to achieve lasing 

in GaN:Eu,O, considering its limited optical gain. 

We do note that in the GaN:Eu,O material we work with the Purcell effect that could modulate 

the transition rate of emitters and might affect gth at room temperature [22]. However, due to the 

variability of this effect to emitters with different polarization, location, and spectral overlap 

between emitter and cavity, we ignore here in order to generalize the discussion to the cavity 

design. 

In order to investigate suitable structures for III-nitrides using above-mentioned simulation 

methods, we compared LN (N = 3, 5, 7, 9) cavities and HN (N = 2, 3) cavities, which are widely 

used for PhC lasers (Fig. 4. 4) [32,33]. The N of LN corresponds to the number of linearly missing 

air-holes. Regarding the HN cavities, H2 and H3 consist of 7 and 19 hexagonally missing holes, 

respectively.  

Calculated gth and 𝑄-factors are shown in Fig. 4. 5 (a), the red and blue dots indicate the results 

for ideal (non-disordered, σ = 0) and disordered structures (σ = 0.1), respectively. The ratio of r/a 

was fixed to 0.35.  

As shown in Fig. 4. 5 (a), the 𝑄 -factors of all the structures are degraded due to the 

introduced disorders. Furthermore, gth linearly decreases with an increase of the 𝑄 -factor. 

Therefore, gth is almost uniquely determined by the 𝑄 -factor independently of the cavity  
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Fig. 4. 3 (a) Time evolution of the electromagnetic field of an L7 cavity mode for values of the 

optical gain of 5, 10 and 15cm-1. (b) The slope of the time evolution of the electromagnetic field 

as a function of optical gain. 
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structures. This is a direct confirmation of the fact that gth is inversely proportional to 𝑄-factors 

when the spontaneous mission coupling factor (β) is constant [34]. This result clearly indicates that 

𝑄-factor is one of the most crucial parameter to achieve lasing in GaN:Eu,O. 

4. 5 Investigation on suitable cavity structure to 

achieve high Q-factors for III-nitride 

semiconductors 

Ideal 𝑄-factors (𝑄𝑖𝑑) and degraded 𝑄-factors (𝑄) due to disorder are shown in Fig. 4. 5 (b). For a 

value of σ = 0.05, 𝑄  monotonically increases along with 𝑄𝑖𝑑 , indicating that when disorder is 

suppressed in the order of σ of 0.05, high 𝑄-factors can be realized by employing cavities with 

high-𝑄𝑖𝑑. However, for large disorder (σ = 0.1) that corresponds to the degree of experimentally 

introduced disorder, 𝑄 unexpectedly saturates even for high-𝑄𝑖𝑑 designs. This saturation trend can 

be described by the following equation; 

    𝑄−1 = 𝑄𝑖𝑑
−1 + 𝑄𝑖𝑛

−1  , (4. 6) 

where 𝑄𝑖𝑛 corresponds to in-plane-disorder-induced losses. This equation means that, even if 𝑄𝑖𝑑 

Fig. 4. 4 Schematic of a (a) LN cavity (L9 cavity) and (b) HN cavity (H3 cavity). 
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is sufficiently high, the low 𝑄𝑖𝑛  limits the 𝑄 . Therefore, design of cavities that are robust to 

structural disorder, and that exhibit high 𝑄𝑖𝑛  is crucial to achieve high 𝑄 -factors with large 

disorder. 

We firstly calculated 𝑄𝑖𝑑 as a function of r/a for all cavity structures. As shown in Fig. 4. 6 

(a), 𝑄 -factors are maximized at different values of r/a for each cavity. 𝑄 -factors of smaller 

(shorter) cavities were maximized with relatively small r/a values. This is likely due to that for small 

cavities where the cavity length is short, smaller air-holes leads to a longer effective cavity length, 

effectively suppressing the out-of-plane optical loss caused at the interface between the PhC region 

and the cavity [35,36]. By using values of r/a at the maximum 𝑄𝑖𝑑 for each structure, we calculated 

𝑄 and estimated 𝑄𝑖𝑛 with Eq. (4. 1). Although the resonant wavelengths of cavities with their 

respective optimal r/a are slightly different (650 ± 30 nm with a of 220 nm), we consider the 

variation is small enough to neglect the impact on our main discussion. 

In Fig. 4. 6 (b), 𝑄 of LN cavities saturates with increasing N, even for the optimized values of 

r/a. This is especially clear for large LN cavities (L7, L9) where 𝑄 is dominated by 𝑄𝑖𝑛 as its 

value approaches ~7000, independent of the value of 𝑄𝑖𝑑. This result numerically supports the idea 

that experimental 𝑄 -factors of III-nitride-based LN cavities (~up to 5500) are limited by the 

crystallographically induced disorders [4–14]. Based on the optical gain of InxGa1-xN active layers 

in the red region (up to ~35 cm-1) [37], a 𝑄-factor larger than 8000 is required for laser oscillation 

[see Fig. 4. 5 (a)]. In addition, for lasing in GaN:Eu,O, 𝑄-factors of 20000-30000 is necessary 

assuming the optical gain (6.6-14 cm-1) [38,39]. However, the limited 𝑄-factors induced by the 

disorders increase gth and prevent lasing in these materials. Because it is difficult for wurtzite 

crystals to avoid this type of disorder from a crystallographic perspective, a more accurate 

fabrication of nanoscale structures is technically challenging. Therefore, in order to improve 𝑄-

factors and to achieve laser oscillation at long wavelengths, a suitable design of cavities tolerant to 

disorder is essential for GaN:Eu,O as well as InxGa1-xN-based devices. 

It should be noted that III-nitride-based 2D-PhC LN cavities with high experimental 𝑄-factor 

of 22500 has been reported in the infrared region (λ ~ 1300 nm, r ~ 120 nm) by proper modification 

of the cavity structure [35,40]. These results demonstrate that such cavity modifications are effective 

to achieve high 𝑄-factors, as reported for matured semiconductor systems. In order to investigate 

the tolerance to disorder for such modified LN cavity in the UV-visible regime, where large 

structural disorder is introduced, we additionally calculated 𝑄𝑖𝑑 and 𝑄 of a properly designed L3 

cavity.  
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Fig. 4. 5 (a) Calculated 𝑄-factors and gth for LN and HN cavities. The red and blue dots indicate 

the results for ideal (non-disordered) and disordered structures, respectively. (b) Ideal and 

degraded 𝑄-factors with disorder (σ = 0.05, 0.1). 
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Fig. 4. 6 (a) Calculated ideal 𝑄-factors (𝑄𝑖𝑑) as a function of r/a for LN and HN cavities. (b) 𝑄 

and 𝑄𝑖𝑛 as a function of 𝑄𝑖𝑑. (c) Ratios of 𝑄 to 𝑄𝑖𝑑 as a function of cavity area. Values of r/a 

are optimized to maximize 𝑄𝑖𝑑  in (b) and (c). 
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In general, air-holes at both edges of a cavity are displaced outwards to improve 𝑄-factors in 

L3 cavities, because out-of-plane losses are significantly suppressed [35]. We confirmed that 𝑄𝑖𝑑 

of an L3 cavity with r/a of 0.23 was improved from 4200 to 45700 by properly displacing the air-

holes outwards by 0.25a. For this structure, r of 50 nm was chosen to tune the resonant wavelength 

to the red range (λ ~ 680 nm) with a corresponding σ of 0.15. By utilizing our disorder model to this 

structure, it was clarified that the calculated 𝑄 strongly degraded to 9700, which corresponds to 

the upper limit of the 𝑄-factors for LN cavities with disorder as shown in Fig. 4. 6 (b). 

 In the infrared range (λ~1300 nm), on the other hand, σ decreases to 0.08 because the optimal 

value of r increases to 96 nm under the same r/a of 0.23. Due to the smaller value of σ, the calculated 

Q was as high as 26000, which well reproduces the experimental 𝑄-factor of 22500 demonstrated 

in Ref. [40]. The results clearly indicate that LN cavities are highly sensitive to structural disorder 

particularly in the visible ranges, and their 𝑄 -factors are strongly limited by 𝑄𝑖𝑛  even after 

appropriate displacement of air-holes. Thus, in order to realize high 𝑄-factors in the visible range, 

a robust fundamental cavity design is prerequisite. 

In contrast to LN cavities, values of 𝑄𝑖𝑛  of HN cavities are much higher than their 𝑄𝑖𝑑 , 

indicating that the disorder-induced degradation of 𝑄 is negligible (𝑄−1 = 𝑄𝑖𝑛
−1 + 𝑄𝑖𝑑

−1 ≅ 𝑄𝑖𝑑
−1) 

[Fig. 4. 6 (b)]. In particular, 𝑄𝑖𝑛 of H3 is about one order of magnitude higher than 𝑄𝑖𝑑. It is 

noteworthy that the 𝑄𝑖𝑛 strongly depends on the cavity structure even though the same value of 

disorder is induced into 2D-PhC cavities.  

In Fig. 4. 7, calculated 𝑄-factors of H3 (r/a = 0.22), L5 (r/a = 0.22) and L7 (r/a = 0.35) cavities 

are shown as a function of σ. Note that r/a of each cavity is optimized to maximize its 𝑄-factor. σ 

was varied by changing r and a while maintaining the ratio of r/a. The 𝑄-factors of the L5 and L7 

cavities drastically decrease with increasing σ, indicating that LN cavities are quite sensitive to the 

degree of disorder. On the contrary, the H3 cavity shows a great robustness against σ, and its 𝑄-

factor hardly changes.  

These results indicate that HN cavities are highly tolerant to disorder, independently of the 

magnitude of σ, and more suitable for III-nitride-based 2D-PhC cavities rather than conventional 

LN cavities. 

In order to investigate the reason why HN cavities are more tolerant to disorder than LN cavities, 

we focused on the cavity area, which is the physical space where a cavity exists. Generally, we can 

realize both high 𝑄𝑖𝑑 and a high tolerance of 𝑄-factors to disorder by using cavities with a large 

cavity area, because the ratio of the sidewall surface of air-holes to cavity volume decreases. 
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However, as shown in Fig. 4. 6 (c), the ratios of 𝑄 to 𝑄𝑖𝑑 of LN cavities drastically decreases as 

N increases. Particularly, the 𝑄 of an L9 cavity was only 6.5% of 𝑄𝑖𝑑. This is a result of the cavity 

mode localization shown in Fig. 4. 8 (c), leading to a large degradation of the 𝑄-factor [41]. 

Although 𝑄𝑖𝑑 of LN cavities can be improved by increasing the cavity size, 𝑄 is strongly 

limited by the mode localization when structural disorder is introduced. In contrast, in Fig. 4. 6 (c), 

the ratio of 𝑄 to 𝑄𝑖𝑑 of HN cavities increases with N. For these structures, the cavity modes do 

not localize even with disorder, as shown in Fig. 4. 8 (d). To evaluate the degree of cavity mode 

localization, we compared the modal volume with and without disorder (Vd and Vid, respectively). 

The modal volume of an H3 cavity hardly changed with a ratio of Vd/Vid of 1.01, while that of the 

L9 cavity was only 0.85. 

These results suggest that H3 is a highly promising structure for the realization of high-𝑄-

factors with III-nitride-based 2D-PhC cavities. 

4. 6 Summary 

In summary, we have investigated the impact of crystallographically induced disorder on the 𝑄-

factor of LN and HN 2D-PhC cavities by FDTD simulations. We found that the 𝑄-factor and gth 

have an inverse linear-relationship, implying that it is necessary to improve the 𝑄-factor in order to 

achieve laser oscillation in GaN:Eu,O as well as red InxGa1-xN/GaN-QWs. Although high-𝑄-factors 

are usually obtained by introducing large cavity structures, the value for large LN cavities 

dramatically decreases due to the cavity mode localization. In contrast, an H3 cavity exhibits a high 

𝑄-factor even with disorder. These results indicate that H3 cavities can overcome the general 

problem of 𝑄-factor-degradation of III-nitride-based PhC cavities.  
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Fig. 4. 7 Calculated 𝑄-factors of H3 (r/a = 0.22), L5 (r/a = 0.22) and L7 (r/a = 0.35) cavities as 

a function of σ. 
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Fig. 4. 8 Electric field distribution of (a) a non-disordered L9, (b) a non-disordered H3, (c) a 

disordered L9 and (d) a disordered H3 cavity mode, with r/a of 0.35. The scale bars correspond 

to 500 nm. 
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Chapter 5.  Improved Q-factors of III-

nitride-based photonic crystal 

nanocavities by optical loss engineering 

5. 1 Introduction 

In Chapter 4, to achieve high-𝑄 III-nitride-based 2D-PhC cavities in the UV-visible range, we have 

investigated the degradation mechanism of 𝑄-factors by reproducing experimentally introduced 

structural disorder into 3D-FDTD simulations. As a result, the calculated 𝑄-factors considering the 

experimentally introduced degree of in-plane structural disorder well corresponded to experimental 

𝑄-factors, suggesting that the 𝑄-factors of III-nitride-based 2D-PhC cavities have been dominantly 

limited by the structural disorder. Furthermore, we have designed 2D-PhC cavities that shows a 

high robustness against disorder, and reported that HN cavities, especially a H3-type cavity, shows 

a more robust stability of the 𝑄-factor against structural disorder as compared to LN cavies.  

Conventional well-known approach to achieve high 𝑄 -factors is to employ 1D-

heterostructures formed by modulating air-hole radius or periodicity, which effectively confine light 

in the central of a defect by utilizing a controlled photonic band gap structure [1]. However, it is 

known that in-plane disorder strongly degrades the 𝑄-factor of 1D-heterostructure nanocavities [2]. 

We calculated the 𝑄 -factor of a 1D-heterostructure considering structural disorder using the 

simulation method that we proposed in Chapter 4. With σ of 0.1, the calculated 𝑄-factor was 

1.1×104, which is much degraded as compared to the ideal 𝑄-factor of several millions. For these 

reasons, employing 1D-heterostructures is not expected to be a successful approach for III-nitride 

semiconductors. 

 Recently, Ge et al. have focused on a 2D-heterostructure which supports a band-edge mode 

and observed a high 𝑄-factor of ~15000 in the red spectral range using a silicon nitride film 

deposited on a quartz substrate [3]. Such 2D-heterostructures have a high possibility to show a better 
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robustness to in-plane disorder than 1D-heterostructures, in a similar way as 2D HN cavities show 

a better robustness to in-plane disorder than line-defect 1D-cavities [4]. 

In this chapter, we focus on two types of structure (H3 cavity and 2D-heterostructure) in order 

to achieve high 𝑄-factors. We present the fabrication and optical characterization and discuss the 

dominant optical losses for III-nitride (GaN:Eu,O) -based 2D-PhC cavities in the visible range and 

demonstrate measures for suppressing such losses to achieve high 𝑄-factors. 

5. 2 Sample fabrication and characterization 

method 

5. 2. 1 Material candidate for the sacrificial layer 

To demonstrate 2D-PhC cavities with high 𝑄 -factors, an air-bridge structure is desirable for 

effective light confinement in a cavity by the high refractive index contrast between the GaN:Eu,O 

membrane and air-gap. However, standard wet-etching process is difficult to apply for III-nitride 

semiconductors because of the chemically stable nature. 

So far, air-bridge structures have been realized by using unique techniques. 

Photoelectrochemical (PEC) etching techniques have been employed for either etching InxGa1-xN 

sacrificial layers [5–7] or releasing active layers from 6H-SiC or Si substrates [8–10]. However, to 

attain a sufficiently large air-gap beneath the active layer, a thick InxGa1-xN layer is required, that is 

technically challenging to achieve high crystalline and good surface morphology due to the large 

lattice mismatch between InxGa1-xN and GaN. Besides, the relatively small etching selectivity of the 

PEC process frequently degrades the surface morphology of active layers [8], which leads to light 

scattering [11,12]. Furthermore, chemical solutions used for PEC etching methods such as HF and 

HCl can damage the (0001̅) facets of III-nitride membranes [13], also result in a degraded surface 

morphology. 

III-nitride-based 2D-PhC cavities on Si (111) substrate [14] or SiC layer on Si (001) substrate 

[15] have been reported using selective RIE etching processes. However, the thickness of the 

epitaxially grown layer corresponds to the thickness of the membrane, therefore it is limited to 200-

300 nm. Consequently, this limitation typically results in low crystal quality in the active layers, 
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which in turn reduces the quantum efficiency and causes light scattering due to a high density of 

threading dislocations [16]. 

Arita et. al demonstrated an InxGa1-xN/AlxGa1-xN-QW-based membrane 2D-PhC cavities by 

selectively decomposing GaN layer at around 1000 °C utilizing the difference in thermal stability 

between GaN and AlxGa1-xN. In contrast to PEC etching processes, smooth (0001̅) facets can be 

obtained using this method. However, in terms of crystal quality, a GaN-based membrane is 

generally preferred over an AlxGa1-xN-based membrane. 

In this study, we choose AlxIn1-xN as a sacrificial layer, that can be selectively etched using hot 

nitric acid [17]. Besides, the a-axis lattice constant completely matches that of GaN with the In 

composition of ~0.18. This allows for pseudomorphic growth, ensuring a high crystallinity in both 

the sacrificial layer and the active layer above it. 

5. 2. 2 Crystal growth 

The thickness of Al1-xInxN layer should be thick enough (> ~600 nm) for a strong light confinement. 

However, it has been reported that although AlxIn1-xN can be pseudomorphically grown on GaN 

when the thickness is ~50 nm or less, the crystalline degrades for thicker AlxIn1-xN layers due to a 

decrease in the amount of incorporated In atoms [18]. Furthermore, it is known that surface 

morphology deteriorates due to In droplet and V-pits for thick AlxIn1-xN layers [19–26].  

To overcome these issues, we employed an original growth method as the temperature profile 

is illustrated in Fig. 5. 1. We first grew a 50-nm-AlxIn1-xN layer, that is thin enough to maintain high 

crystalline and good surface morphology at a growth temperature of ~800 °C. An AlxGa1-xN cap 

layer is grown to prevent the thermal decomposition of AlxIn1-xN layer, and the temperature was 

raised to 1050°C to evaporate In droplets on the surface, which reportedly degrades crystalline and 

surface morphology of AlxIn1-xN [19]. The thermal decomposition temperature of AlxGa1-xN is 

higher than that of AlxIn1-xN, therefore In atom desorption from the AlxIn1-xN layer is expected to be 

suppressed by the AlxGa1-xN cap. Then, the growth of AlxIn1-xN and AlxGa1-xN cap is repeated until 

the desired film thickness is achieved. 

In addition, to attain a thick AlxIn1-xN layer with high crystallinity, the In composition has to be 

precisely controlled to ~0.18, otherwise dislocations are formed to minimize the system strain 

energy. In this study, the In composition was controlled by adjusting the growth temperature as 

parameter because the In composition is highly sensitive relative to growth temperature. The 
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equilibrium vapor pressure of In atom is much larger than that of Al [27,28], therefore high growth 

temperature leads to low In composition [29,30]. On the other hand, at a low growth temperature, 

the difference in the diffusion length of Al and In adatom induces a compositional inhomogeneity, 

resulting in alloy clustering [31]. Therefore, precise control of growth temperature is required to 

achieve an AlxIn1-xN layer with low threading dislocation density and high crystallinity. 

In composition of AlxIn1-xN as a function of growth temperature is shown in Fig. 5. 2. Blue 

circles and red triangles depict data for samples grown on c-sapphire substrates and free-standing 

n-GaN substrates, respectively. With increasing the growth temperature, In composition decreases 

due to the evaporation of In atoms as previously reported [29,30]. Although the In composition 

greatly changes with temperature, when the lattice-match condition (x ~ 0.178) is satisfied, In 

composition becomes relatively insensitive and almost constant for a wide temperature range (ΔT 

~ 12°C). This result suggests that the In composition is spontaneously controlled to satisfy the 

lattice-match condition in order to minimize the system strain energy. Similar behavior is reported 

for InxGa1-xN [32–34] and AlxGa1-xN [35,36] grown on GaN or AlN, which is known as the 

compositional pulling-effect. 

The surface of AlxIn1-xN layer with different In composition observed using a Nomarski 

microscope are illustrated in Fig. 5. 3. When the In composition is around or larger than the lattice 

match condition, flat surfaces are appeared, however, many cracks are observed on the surface of 

Al0.850In0.150N, due to tensile strain. 

(0004) 2θ-ω scanning profile of X-ray diffraction (XRD) measurement for Al0.821In0.179N 

shows a single peak with a small FWHM of 0.0415 degrees, indicating that the In composition is 

highly uniform even the thickness is large [Fig. 5. 4 (a)]. On the contrary, the profile for 

Al0.831In0.177N is broadened and appeared to be composed of several components, suggesting that 

lattice relaxation has occurred. From the observation that such a big difference is appeared even 

though the In compositions differ by only 0.002, it is implied that the In composition threshold is 

0.178-0.179, and smaller In composition likely leads to lattice relaxation due to tensile strain. 

These results suggest that it is preferable to grow AlxIn1-xN with In composition higher than 0.178-

0.179 in order to suppress the dislocation formation and to achieve good surface morphology. 

The ω scan profiles of XRD measurement for a 600-nm-thick Al0.821In0.179N are plotted in Fig. 

5. 4 (b). The FWHMs for ω scans are as small as 185 arcsec and 169 arcsec for (0004) and (101̅5), 

respectively. Previously reported FWHM for (0002) ω scan profiles was 375 arcsec for a 250-

nm-thick Al0.81In0.19N [25], 232 arcsec for a 136-nm-thick Al0.816In0.184N [25] and 208 arcsec for a  
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Fig. 5. 1 Temperature profile of growth of a thick AlxIn1-xN layer. 

 

Fig. 5. 2 In composition of AlxIn1-xN layers as a function of growth temperature. 
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Fig. 5. 4 (a) (0004) XRD 2θ-ω scan profiles for the AlxIn1-xN with In composition of 0.177 and 

0.179. (b) (0004) and (101̅5) XRD ω scan profiles for a 600-nm-thick Al0.81In0.19N. 

Fig. 5. 3 Surface of AlxIn1-xN with In composition of (a) 0.150, (b) 0.179 and (c) 0.196 observed 

using a Nomarski microscope. 
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300-nm-thick Al0.836In0.164N [22]. These results indicate that our growth method enabled 

reasonably low dislocation density and high uniformity of In composition, even the thickness is  

larger than previous reports. 

Note that although few research has reported on the growth temperature dependence of In 

composition in AlxIn1-xN grown by the OMVPE method [29,30], the In composition has been 

confirmed to monotonically decrease with increasing the growth temperature, without stabilizing 

around the lattice-match condition. We assume the reason that the compositional pulling effect 

was observed in this study is attributed to the high crystalline and high In composition uniformity 

of AlxIn1-xN layers. In previous reports, continuously-grown AlxIn1-xN layers thicker than 100 nm 

have been studied, which contain high dislocation density [19–26] 

In addition to crystallinity, good surface morphology is vital to minimize optical losses caused 

by surface scattering and to achieve high 𝑄-factors [11,12]. Atomic force microscope (AFM) 

image of the surface of a 600-nm-thick Al0.820In0.180N is illustrated in Fig. 5. 5. Despite its 

considerable thickness, atomic steps are clearly observed with a small root-mean square (RSM) 

value of 0.14 nm. These results clearly indicate that In droplets are effectively evaporated by 

rising temperature, and the formation of V-pits are suppressed. 

 

 

Fig. 5. 5 AFM image of a 600-nm-thick Al0.80In0.20N. 
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Using this growth method, sufficiently thick (~600 nm) AlxIn1-xN layer with high crystallinity 

and surface morphology was attained, which is necessary to fabricate membrane-type 2D-PhC 

cavities with high 𝑄-factors. The sample utilized for 2D-PhC cavity fabrication contains a low-

temperature GaN buffer layer, a 2.7-μm-thick undoped-GaN, a 600-nm-thick Al0.82In0.18N sacrificial 

layer, a 220-nm-thick Eu-doped GaN active layer and a 10-nm-thick GaN cap layer. We fabricated 

both H3 cavities and 2D-heterostructures on an identical sample. 

5. 2. 3 Sample fabrication process 

The fabrication process of a 2D-PhC is illustrated in Fig. 5. 6. (1) After growth of a sample, A 

200-350-nm-thick SiO2 layer was first evaporated as hard mask using the electron-beam (EB) 

evaporation method, and approximately 300-nm-thick EB resist (ZEP520A, Zeon Corp.) was 

spincoated subsequently. Triangular 2D-PhC patterns were defined on the resist by EB 

lithography at 125 kV (ELS-G125, ELIONIX INC.), and the resist was developed. (2) The 2D-

PhC patterns were transferred to the SiO2 mask by RIE (RIE-10NOU, Samco Inc.) with CHF3/Ar 

gas. Then, GaN:Eu,O and AlxIn1-xN layers were etched by inductively coupled plasma RIE with 

Cl2 plasma (NE-750, ULVAC, Inc.). To form hexagonal air-holes with flat {11̅00} sidewalls, the 

samples were chemically etched for 1 min at 85 °C in a tetramethylammonium hydroxide 

(TMAH) aqueous solution with a concentration of 13 wt.%. (3) Subsequently, the Al0.82In0.18N 

sacrificial layer was selectively removed in hot nitric acid (2 mol/L) for 2~7 hours at 120 °C. (4) 

The SiO2 hard mask was removed in buffered HF solution. 

A bird’s eye view SEM image of a fabricated air-bridge structure is shown in Fig. 5. 7 (a). 

The AlxIn1-xN sacrificial layer is successfully removed by the selective wet-etching process leaving 

the GaN:Eu,O membrane structure. A cross-sectional view SEM image of a fabricated PhC 

structure exhibits vertically etched air-holes in GaN:Eu,O membrane [Fig. 5. 7 (b)]. However, the 

air-holes are not etched entirely vertically, but they show a certain degree (< 5 °) of tapering. This 

tapering occurs due to the small radii of air-holes [37] and the thick etching depth. Future 

optimization of RIE dry-etching (e.g., bias power, pressure) and TMAH-etching (e.g., etching 

time, concentration) would improve the verticality, enabling further high 𝑄-factors. 
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Fig. 5. 6 Fabrication process of a GaN:Eu,O-based 2D-PhC. 
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Fig. 5. 7 (a) A bird’s eye view SEM image of a fabricated air-bridge structure. (b) A cross-

sectional view SEM image of a fabricated 2D-PhC. 
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5. 2. 4 Sample characterization method 

To evaluate the optical properties of 2D-PhC cavities, microscopic PL measurements were 

performed using the setup shown in Fig. 2. 2 (b). A continuous-wave He-Cd laser was used as 

excitation source. The laser was focused on the sample with a spot diameter of 1.6 μm through an 

objective lens (50×, NA = 0.42). The luminescence was collected by the same objective lens, 

dispersed by a 50-cm-spectrometer and detected by a Peltier-cooled CCD camera. The spectral 

resolution was about 0.02 nm. 

A microscope with a spatial resolution of ~4 μm was used for spatial mapping of cavities. A 

He-Cd laser guided through an objective lens (40×, NA = 0.47) was used to excite samples with 

a spot diameter of ~3.2 μm. The luminescence was collected through the objective and was 

detected by a Peltier-cooled CCD camera on an 80-cm-spectrometer. 

5. 3 Results and discussion (H3 cavities) 

As discussed above, the experimental 𝑄-factor (𝑄𝑒𝑥𝑝) differs from 𝑄𝑖𝑑 that is purely determined 

by the light confinement characteristics of a non-disordered 2D-PhC cavity structure, following the 

formula: 

𝑄𝑒𝑥𝑝
−1 = 𝑄𝑖𝑑

−1 + 𝑄𝑖𝑛
−1 + 𝑄𝑜𝑢𝑡

−1 + 𝑄𝑏𝑎
−1 + 𝑄𝑠𝑎

−1 + 𝑄𝑠𝑐
−1, (5.1) 

where 𝑄𝑜𝑢𝑡  corresponds to the losses due to out-of-plane (taper angle of sidewalls) structural 

disorder. 𝑄𝑏𝑎 and 𝑄𝑠𝑎 are related to bulk and surface absorption losses, respectively, and 𝑄𝑠𝑐 

denotes scattering losses due to surface roughness and threading dislocations. It is essential to 

identify each contribution in order to find solutions for achieving high 𝑄-factors. 

5. 3. 1 Structural characterization 

Prior to the sample fabrication, we designed H3 cavity structures with the resonant wavelength 

tuned to match Eu3+ luminescence. We simultaneously modified both r and a because the resonant 

wavelength blue-shifts when the radius r is increased. The designed r/a ratio and r is in a linear 

relationship as shown in Fig. 5. 8 (a). 
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Fig. 5. 8 (a) Designed r of air-holes as a function of the designed r/a. (b) SEM image of a 

fabricated H3 cavity with r/a of 0.31. (c) Fabricated values of r/a and (d) experimentally 

introduced σ as functions of the designed r/a. 
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An SEM image of a fabricated H3 cavity with a of 209 nm, r of 65 nm and r/a of 0.31 is shown 

in Fig. 5. 8 (b). The fabricated r/a well matched with the designed r/a [Fig. 5. 8 (c)]. Although 

hexagonal air-holes with flat {11̅00} sidewalls are obtained due to the TMAH-based etching 

process, in-plane structural disorder coming from variations in the hole radius is observed, which 

is known to degrade 𝑄-factors [4,38–40]. We characterized the size-dependence of this degree of 

disorder for fabricated H3 cavities from SEM images. As depicted in Fig. 5. 8 (d), the degree of 

disorder (σ) becomes smaller for larger values of r/a because the absolute disorder value Δr is 

nearly constant (1.4-1.7 nm). 

5. 3. 2 PL measurements 

We performed PL measurements for H3 cavities with a variety of r/a to investigate the impact of 

the degree of disorder on the 𝑄-factor. Due to the appropriately fabricated r and a (r/a value was 

varied from 0.23 to 0.33), the resonant wavelength of each H3 cavity was in the range from 618 

to 629 nm and coupled with Eu3+ luminescence (5D0→7F2) [Fig. 5. 9 (a)], leading to strong 

enhancements of Eu3+ luminescence intensity. Two peaks appeared for each cavity corresponding 

to the fundamental mode of an H3 cavity with different optical polarization orientation. Although 

they are originally degenerated, they split due to in-plane-disorder [41]. 

The PL enhancement spectrum of an H3 cavity with r/a of 0.27 is plotted in Fig. 5. 9 (b). The 

resonant peaks are fitted with Lorentz curves, which are depicted with solid lines in Fig. 5. 9 (b). 

The resonant mode at the longer wavelength showed the highest 𝑄-factor of 7900, which is ~1.5-

times larger than the highest value of III-nitride-based 2D-PhC cavities in the visible ranges (𝑄 

~ 5400 at ~ 624 nm [42]). This result supports our suggestion proposed in Chapter 4 that an H3 

cavity is a promising structure for the realization of high 𝑄-factors with III-nitride materials [4].  

The resonant mode at the shorter wavelength showed a lower 𝑄-factor (5200). To clarify the 

origin of the difference in 𝑄-factors between the two modes, we investigated the polarization axis 

of each mode by PL measurement using a polarizer. The polarization-resolved PL intensity shown 

in Fig. 5. 9 (c) presents that each peak shows different polarization axis. Using FDTD simulations, 

we have confirmed that the H3 cavity fundamental mode splits into two modes polarized in the 

axis1 [0°, 60°, 120°, Fig. 5. 9 (d)] and axis2 [30°, 90°, 150°, Fig. 5. 9 (e)] direction of a hexagonal 

H3 cavity structure. Besides, the mode polarized in the axis1 typically shows a higher 𝑄-factor 

in simulations, which may be due to a smaller interaction between the electric field and the  
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Fig. 5. 9 (a) PL spectra of H3 cavities with r/a values of 0.27, 0.29 and 0.31. The black line is a 

1.6-times enlarged PL spectrum of an unpatterned GaN:Eu,O film. (b) PL intensity ratio of an H3 

cavity with r/a of 0.27. The solid lines indicate the fitted Lorentzian curves of two peaks. (c) Full 

polarization-resolved normalized PL intensities of the resonant peaks shown in (b). Calculated 

electric field distribution for the fundamental modes of an H3 cavity polarized in the (d) axis1 

[0 °] and (e) axis2 [150 °] of a hexagonal H3 cavity structure. The scale-bars correspond to 500 

nm. 
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adjacent air-holes resulting in a smaller optical loss. These results suggest that the experimentally 

observed difference in 𝑄-factors is due to the difference of the polarization orientation. 

5. 3. 3 Dominant optical losses 

Experimental 𝑄-factors of the mode polarized in the axis1 for H3 cavities with different r/a values 

are depicted in Fig. 5. 10, and all cavities show a high 𝑄𝑒𝑥𝑝 (>5800), with an average 𝑄𝑒𝑥𝑝 of 

~7000. Furthermore, we investigated the dominant optical loss limiting 𝑄-factors of H3 cavities 

using the following relationship: 𝑄𝑒𝑥𝑝
−1 = 𝑄𝑖𝑑

−1 + 𝑄𝑖𝑛
−1 + 𝑄𝑜𝑡ℎ𝑒𝑟

−1  (𝑄𝑜𝑡ℎ𝑒𝑟
−1 = 𝑄𝑜𝑢𝑡

−1 + 𝑄𝑏𝑎
−1 + 𝑄𝑠𝑎

−1 +

𝑄𝑠𝑐
−1). We calculated 𝑄𝑖𝑛 by introducing in-plane-disorder estimated from SEM images [Fig. 5. 

8 (d)] into FDTD simulations, and calculated 𝑄𝑜𝑡ℎ𝑒𝑟 with above relationship.  

In Fig. 5. 10, all determined 𝑄-factors are given as a function of r/a. While 𝑄𝑖𝑑 decreases 

for larger r/a, 𝑄𝑒𝑥𝑝 is almost constant over the whole range of r/a. Interestingly, 𝑄𝑜𝑡ℎ𝑒𝑟, which 

represents out-of-plane disorder, scattering and absorption, slightly increases with r/a. If the 

scattering was the dominant contribution, it should give a nearly constant contribution with 

respect to r/a because it is mainly determined by surface morphology and threading dislocation 

density. Furthermore, the GaN:Eu,O material applied in this study shows a small bulk absorption 

coefficient (α ~ 3.9 cm-1 at 622 nm) [43]. This corresponds to an estimated 𝑄𝑏𝑎 of ~ 6×104, 

following the relationship: 𝑄𝑏𝑎 = 2π𝑛eff/𝛼𝜆 , where 𝑛eff  indicates effective refractive index 

and is estimated as 2.31 [44]. Besides, we have confirmed that the ratio between |E|2 confined in 

the PhC membranes and |E|2 in the air-holes remains nearly constant (0.87-0.90) for values of r/a 

ranging from 0.23 to 0.33, therefore the r/a dependence of 𝑄𝑠𝑎  can be safely neglected. 

Furthermore, we have conducted temperature dependent PL and found that the 𝑄𝑒𝑥𝑝 is almost 

constant with respect to temperature, clearly suggesting that the absorption-related light loss is 

negligible. Thus, this trend suggests that 𝑄𝑜𝑡ℎ𝑒𝑟  is mostly determined by 𝑄𝑜𝑢𝑡  [45]. This is 

likely related to the fact that a smaller radius of air-holes results in a larger taper angle of sidewalls 

[37]. We believe that the large fluctuation in the 𝑄𝑜𝑡ℎ𝑒𝑟 is due to the un-uniformity of the taper 

angle of sidewalls. Especially, the taper angle of the nearest air-holes from the cavity should have 

the strong impact on 𝑄-factors due to a relatively large overlap of the electric field and the 

sidewalls.  

As a result of the high robustness of H3 cavities to in-plane disorder, the experimental 𝑄-

factor approaches the theoretical 𝑄 -factor and is the predominant limiting factor. It is thus 
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Fig. 5. 10 𝑄𝑖𝑑 , 𝑄𝑖𝑛 , 𝑄𝑒𝑥𝑝 , and 𝑄𝑜𝑡ℎ𝑒𝑟  as a function of r/a of H3 cavities. 𝑄𝑒𝑥𝑝  depicts 

experimentally observed 𝑄-factors. 𝑄𝑖𝑛 and 𝑄𝑖𝑑 were calculated using FDTD simulations while 

𝑄𝑜𝑡ℎ𝑒𝑟 was derived from Eq. 5.1 ignoring absorption-related loss.  
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imminent to design cavities with larger 𝑄𝑖𝑑, while maintaining the high 𝑄𝑖𝑛 of an H3 cavity. 

5. 3. 4 Investigation on the origin of mode-splitting 

To attain strong light-matter interactions, it is important to suppress the mode-splitting; otherwise, 

it decreases the polarization overlap between an optical mode and an emitter [46,47]. Furthermore, 

for laser applications, when the spectral spacing between the two split modes are shorter than the 

linewidth of Eu3+ emission, both modes can couple to Eu3+ and lead to an increase in the lasing 

threshold. 

To suppress the mode-splitting and to attain strong light-matter interaction and low lasing 

threshold, it is important to minimize the degree of in-plane structural disorder. However, it is 

challenging to perfectly suppress structural disorder using present nano-fabrication techniques.  

Similar mode-splitting behaviors for HN cavities have been reported [41,48–52]. Hennessy 

et al. demonstrated resonant wavelength tuning of H1 cavities after fabrication processes using 

the AFM nano-oxidation process [49]. However, in the case of III-nitride semiconductors, a large 

degree of disorder is randomly introduced, making it difficult to employ this technique where 

precise control of the orientation of resonant modes is required. Externally applied strain has been 

reported as effective in controlling the mode-splitting of H1 cavities [51], however, it may not be 

applicable for implementing devices based on 2D-PhC cavities. 

Experimental and theoretical studies obtained in this research suggest that the mode-splitting 

of H3 cavities occurs due to the difference in the potentials between the two axes (axis1 and axis2). 

To compensate it, we designed H3 cavities with shifted air-holes; the twelve nearest neighboring 

air-holes around the centra defect (shown in red color) were shifted outwards as a schematic is 

illustrated in Fig. 5. 11 (a). 

In order to investigate the impact of air-hole shift on the cavity mode-splitting, we conducted 

FDTD calculations for an H3 cavity (r/a = 0.3) with a shift value ranging from 0 to 0.15a. In-

plane structural disorder with σ of 0.1 was introduced to reproduce the disorder-induced mode-

splitting. As a result, all of the studied H3 cavities exhibited split fundamental modes. Calculated 

spectral spacing between split modes as a function of shift value of air-holes is plotted in Fig. 5. 

11 (b). The spacing monotonically decreases with increasing the shift value. Although the mode-

splitting is not perfectly suppressed, the shift of air-holes effectively reduces the difference in the 

potentials between the two axes. 
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Fig. 5. 11 (a) Schematic of an H3 cavity with twelve nearest neighboring air-holes around the 

centra defect (shown in red color) shifted outwards. (b) Calculated spectral spacing between the 

split modes and (c) calculated 𝑄-factors [൫𝑄𝑖𝑑
−1 + 𝑄𝑖𝑛

−1൯
−1

] as a function of shift values of air-

holes. 
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Calculated 𝑄𝑖𝑑 and 𝑄-factors degraded with in-plane structural disorder [൫𝑄𝑖𝑑
−1 + 𝑄𝑖𝑛

−1൯
−1

] 

are shown in Fig. 5. 11 (c). 𝑄𝑖𝑑 is increased with shifting air-holes, and is maximized at the shift 

value of 0.075a with a 𝑄𝑖𝑑 of 2.5×104
, which is 2.1-fold larger than that of an H3 without air-

hole shift. The 𝑄𝑖𝑑 is decreased again with further increasing the shift value. 

As shown in Fig. 5. 11 (c), 𝑄-factors strongly decrease by introducing in-plane structural 

disorder. However, H3 cavities with properly shifted air-holes exhibit reasonably higher 𝑄 -

factors than that of an H3 without air-hole shift. These results suggest that the shift of air-holes 

effectively decrease the difference in the potentials between the two axes leading to a decreased 

spectral spacing between split modes. Moreover, it has a potential to improve 𝑄𝑖𝑑 . Further 

optimized cavity structural design, considering not only the shift of nearest neighboring air-holes 

but also shift of second or third nearest neighboring air-holes, is required to perfectly suppress 

mode-splitting while improving 𝑄-factors. In addition, modulation of size (radii) of air-holes is 

expected to be effective. 

5. 4 Results and discussion (2D-heterostructures) 

5. 4. 1 Structural design 

In order to achieve a high 𝑄𝑖𝑑 while simultaneously having a high robustness to in-plane disorder, 

we hereafter focus on 2D-heterostructures with reference to the research demonstrated by Ge et 

al [3]. 

To form a high-𝑄 2D-heterostructure, it is preferable to employ the band-edge mode at the 

K point of the first band (K1) because it supports a full in-plane band gap, and can be expected to 

have good light confinement (Fig. 5. 12). The inset in Fig. 5. 12 shows an out-of-plane-polarized 

magnetic field distribution at the K1 point, and the white lines indicate the outline of air-holes. 

The 2D-heterostructure we propose consists of ellipse shaped core, transition, and outer region, 

with air-hole radii of 𝑟𝑐, 𝑟𝑡, and 𝑟𝑜, respectively. By designing the radii as 𝑟𝑐 > 𝑟𝑡 > 𝑟𝑜, light 

in the shaded area in Fig. 5. 12 is well confined in the core region. As shown in Fig. 5. 13 (a), we 

defined the size of the regions by the number of air-holes in the major axis of the ellipse (𝑁𝑐, 𝑁𝑡, 

and 𝑁𝑜), where the regions are described as; core region: 𝑖2 + 𝑗2 ≤ 𝑁𝑐
2, transition region: 𝑖2 +

𝑗2 ≤ (𝑁𝑐 + 𝑁𝑡)2 , and outer region: 𝑖2 + 𝑗2 ≤ (𝑁𝑐 + 𝑁𝑡 + 𝑁𝑜)2 . Integer 𝑖  and 𝑗  define the 
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layer number for x (major axis of the ellipse) and y (minor axis) direction, 𝑥𝑖+1 − 𝑥𝑖 = 𝑎 and 

𝑦𝑖+1 − 𝑦𝑖 = √3𝑎/2. We name this structure conventional heterostructure (CHS). In simulations, 

the CHS shows a great light confinement in the core region [Fig. 5. 13 (c)] and a high 𝑄𝑖𝑑 of 

7.1×105 (𝑟𝑐 = 0.27a, 𝑟𝑡 = 0.23a, 𝑟𝑜 = 0.20a, 𝑁𝑐 = 14, 𝑁𝑡 = 11, 𝑁𝑜 = 6), which is at least one 

order of magnitude larger than the reported 𝑄𝑖𝑑 for a similar 2D-heterostructure utilizing the Γ 

point of the first band [3], despite the number of air-holes constructing the PhC resonator is only 

1/3-1/4 of that used in Ref. [3]. This high 𝑄-factor is due to the strong light confinement at the 

K1 point, where the mode lies outside the light cone [53]. 

With the robustness to in-plane disorder in mind, we also designed another type of structure 

shown in Fig. 5. 13 (b), having a hexagonal defect consisting of 19 missing air-holes (identical to 

an H3 cavity) at the center. We expected this structure shows a better robustness because it has 

less air-holes in the core region that could lead to in-plane disorder. We name this structure 

defected heterostructure (DHS). DHS supports both the K1 band-edge mode and defect modes of 

an H3 cavity, such as the fundamental modes shown in Fig. 5. 9 (d) and (e). For the K1 mode, we 

found the electric field is well confined in the core region around the defect [Fig. 5. 13 (d)] 

showing a high 𝑄𝑖𝑑 of 1.1×105 (𝑟𝑐 = 0.27a, 𝑟𝑡 = 0.23a, 𝑟𝑜 = 0.20a, 𝑁𝑐 = 14, 𝑁𝑡 = 11, 𝑁𝑜 = 

6). 

In the next step, we investigated the robustness to in-plane disorder for the K1 modes of CHS 

and DHS, and the H3 fundamental mode shown at the central of DHS by introducing in-plane 

disorder into simulations and changing the σ value. 

In Fig. 5. 14, K1 modes in both CHS and DHS show higher 𝑄 -factors than the H3 

fundamental mode even for large value of σ. Moreover, the K1 mode of DHS shows a slightly 

higher robustness against structural disorder than that of CHS. With a disorder of σ = 0.13, the K1 

mode of DHS shows 𝑄 [൫𝑄𝑖𝑑
−1 + 𝑄𝑖𝑛

−1൯
−1

] ~ 21000, which is 1.2-times larger than that of CHS 

(𝑄 ~ 18000), and calculated values of 𝑄𝑖𝑛 as 25000 and 18000 for DHS and CHS, respectively. 

As abovementioned, a smaller number of air-holes is expected to give a higher robustness in DHS. 

These results suggest that the K1 mode of DHS is a promising mode in order to achieve high 𝑄-

factors using III-nitride materials. 
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Fig. 5. 12 Calculated band diagram of a PhC in different layers (𝑟𝑐 = 0.38a, 𝑟𝑡 = 0.36a, 𝑟𝑜 = 

0.34a). The bottom panel shows an enlarged diagram around the K point, and the shaded area 

indicates a region where the K1 mode in the core region is prohibited to couple with the same 

mode in the outer region. The inset shows a z-polarized magnetic field distribution at the K1 

point, white lines indicate the outline of air-holes. 
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Fig. 5. 13 Schematic of a (a) CHS and (b) DHS, consisting of clad, transition, and outer layers. 

Calculated electric field distribution of K1 mode in (c) CHS and (d) DHS. The dot lines represent 

the boundaries between each range. The scale-bar corresponds to 3 μm. 
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Fig. 5. 14 Calculated 𝑄-factors [൫𝑄𝑖𝑑
−1 + 𝑄𝑖𝑛

−1൯
−1

] for the K1 mode in CHS and DHS, and the 

fundamental mode of the H3 cavity in DHS, as a function of σ value. 
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5. 4. 2 Structural characterizations 

Based on the simulation results, we fabricated a DHS (𝑟𝑐 = 0.27a, 𝑟𝑡 = 0.23a, 𝑟𝑜 = 0.20a, 𝑁𝑐 

= 14, 𝑁𝑡 = 11, 𝑁𝑜 = 6). The SEM image shown in Fig. 5. 15 reveals that air-holes have the same 

radii as designed, and the estimated disorder degree introduced to the core region is σ ~ 0.13.  

5. 4. 3 PL measurements 

Next, we conducted PL measurements for this sample at room temperature, PL spectra for DHS 

and GaN:Eu,O film are depicted in Fig. 5. 16 (a). The spectrum from a DHS shows many resonant 

peaks which originate from band-edge modes coupled to Eu3+ luminescence (5D0→7F3 transition). 

Because higher order band-edge modes appear at k-values somewhat away from the K point, 

modes appearing in the longer wavelength region correspond to higher order modes. The 

fundamental mode of the H3 cavity was not observed because it did not couple to Eu3+ 

luminescence. 

At the shorter wavelength range (660−665 nm), four large peaks labelled as P1
1st, P2

1st, P1
2nd, 

and P2
2nd  are clearly observed [Fig. 5. 16 (b)]. Because there are no resonant peaks for 

wavelengths shorter than P1
1st , it can be identified as the fundamental K1 mode. In order to 

determine the origin of P1
1st, P2

1st, P1
2nd, and P2

2nd, we focus on the spectral spacing between 

each mode. Compared to the calculated spectral spacing between the fundamental and second 

order K1 mode (2.66 nm), the spacing between P1
1st and P2

1st (0.43 nm) is too small. On the 

contrary, the spacing between P1
1st and P1

2nd (2.17 nm), P1
1st and P2

2nd (2.64 nm) well match 

with the simulation result. Furthermore, the calculated spacing between the second and third order 

mode is 3.66 nm, which is much larger than that between P1
2nd and P2

2nd (0.47 nm). In addition 

to this, we conducted FDTD simulations taking into account the in-plane structural disorder to 

achieve a more profound insight of the mode assignments. The disorder in the core region was 

reproduced using the σ value of 0.13 which was derived from SEM observations, and for the 

transition and outer region, we applied σ values estimated based on the relationship between radii 

of fabricated air-holes and σ values that is shown in Fig. 5. 8 (d). As a result, we found that the 

first and second order modes exhibit mode-splitting as depicted in Fig. 5. 18 (a). The calculated 

spacings between P1
1st and P2

1st of 0.3 nm and that between P1
1st and P2

2nd of 2.28 nm well  
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Fig. 5. 15 SEM image of a fabricated DHS (𝑟𝑐 = 0.27a, 𝑟𝑡 = 0.23a, 𝑟𝑜 = 0.20a, 𝑁𝑐 = 14, 𝑁𝑡 = 

11, 𝑁𝑜 = 6). 
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Fig. 5. 16 (a) PL spectra for a DHS and an unpatterned GaN:Eu,O film, the peaks correspond to 

the band-edge modes. (b) Enlarged PL spectra for a DHS and an unpatterned GaN:Eu,O film. The 

inset shows the PL intensity ratio, the solid lines indicate the fitted Lorentzian curves of P1
1st and 

P2
1st. Micro-PL spatial mapping of the (c) P1

1st peak and (d) P2
1st peak. The scale-bars correspond 

to 3 μm. 
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correspond to those of experimentally observed spacings of 0.43 nm and 2.17 nm, respectively. 

Thus, we conclude that P1
1st and P2

1st correspond to the fundamental K1 mode while P1
2nd and 

P2
2nd are the second order modes.  

From micro-PL spatial mapping results for P1
1st and P2

1st [Fig. 5. 16 (c), (d)], it can be seen 

that each mode has its maximum PL intensity at a slightly different location. For this reason, we 

assume that these mode-splitting is caused by a field nonuniformity caused by in-plane disorder. 

We discuss the origin of this mode-splitting later in detail. 

The determined 𝑄-factors of each mode (P1
1st-P2

2nd) were 9400, 10500, 9300, and 10300, 

which surpass the highest 𝑄-factor of an H3 cavity observed in this study. The inset in Fig. 5. 16 

(b) ensures the accuracy of the 𝑄-factor estimation because each peak is resolved by several 

pixels. From these results we confirmed that the K1 resonant mode of a DHS is a promising mode 

for achieving high 𝑄-factors using III-nitride-based 2D-PhC cavities.  

5. 4. 4 Dominant optical loss and a guideline towards 

further improvement of Q-factors 

The value of 𝑄𝑒𝑥𝑝  of P2
1st  (10500) matches well with the predicted value of 9400 from the 

simulations using the values of 𝑄𝑖𝑑 = 110000, 𝑄𝑖𝑛 = 21000 (σ = 0.13, Fig. 5. 14), and 𝑄𝑜𝑡ℎ𝑒𝑟 

of ~20000 (r/a = 0.27, Fig. 5. 10), which suggests that 𝑄𝑒𝑥𝑝 of the K1 mode in DHS is dominated 

by 𝑄𝑜𝑡ℎ𝑒𝑟 and 𝑄𝑖𝑛. In order to improve 𝑄𝑒𝑥𝑝 more, further improvement of taper angle and 

roughness of sidewalls is required to increase 𝑄𝑜𝑡ℎ𝑒𝑟, for which we think the advancement of the 

wet-etching technique based on TMAH solutions plays a key role.  

Further optimization of the cavity design (e.g., size of the central defect, number of layers) 

could lead to a further improvement of 𝑄𝑖𝑛. Especially, 𝑁𝑐 is reported to exhibit a significant 

impact on 𝑄-factors [3], thus we calculate 𝑄𝑖𝑑 and 𝑄𝑖𝑛 as a function of 𝑁𝑐 to establish cavity 

design guidelines towards further improvement of 𝑄𝑒𝑥𝑝. 

As illustrated in Fig. 5. 17, 𝑄𝑖𝑑  (σ = 0) monotonically increases with 𝑁𝑐 , as previously 

reported [16]. However, the 𝑄 -factor { ൫𝑄𝑖𝑑
−1 + 𝑄𝑖𝑛

−1൯
−1

 } greatly degrades when structural 

disorder is introduced. Under the range of σ values of 0.12-0.19, which is experimentally 

introduced using our present nano-fabrication techniques [Fig. 5. 8 (d)], the 𝑄-factor is almost 

constant with respect to 𝑁𝑐. It suggests that 𝑄-factor is dominantly limited by 𝑄𝑖𝑛. However, if 

σ can be suppressed to ~0.05, which almost corresponds to the absolute disorder value Δr of 1  
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Fig. 5. 17 Calculated 𝑄 -factors [൫𝑄𝑖𝑑
−1 + 𝑄𝑖𝑛

−1൯
−1

]  for the K1 mode in DHS as a 

function of 𝑁𝑐𝑜𝑟𝑒 . 
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nm, the 𝑄-factor can be greatly increased with 𝑁𝑐. The 𝑁𝑐 was 14 for the 2D-heterostructure 

which exhibited a 𝑄-factor of 11500, therefore these results imply a minor improvement of nano-

fabrication techniques is expected to further enhance 𝑄𝑒𝑥𝑝 for III-nitride semiconductors. 

We also note that by utilizing higher order band-edge modes it is possible to increase feature 

sizes in order to tune the resonant wavelength to the emission wavelength of a specific emitter, 

and improve 𝑄𝑜𝑡ℎ𝑒𝑟, because 𝑄𝑜𝑡ℎ𝑒𝑟 depends on the r of air-holes. 

5. 4. 5 Investigation on the origin of mode-splitting 

As discussed above, it is important to suppress mode-splitting to attain strong light-matter 

interactions. In order to theoretically investigate the origin of mode-splitting for resonant modes 

of a DHS cavity, we conducted FDTD simulations taking into account the structural disorder 

using experimentally observed σ values. The calculated luminescence spectrum is illustrated in 

Fig. 5. 18 (a). The first and second order mode each split into two peaks, that well reproduces the 

experimental result including spacings between each mode as mentioned above. Calculated 

electric field distribution of the first order modes (P1
1st and P2

1st) are shown in Fig. 5. 18 (b), (c). 

The electric field is well confined in the core region, however, the nonuniform distribution 

indicates the presence of in-plane structural disorder induces Anderson localization. This result 

supports the experimental observation in the PL mapping, where the P1
1st and P2

1st exhibited 

their maximum intensities at distinct locations [Fig. 5. 16 (c), (d)].  

Enlarged electric field distribution of the P1
1st and P2

1st modes are shown in Fig. 5. 19 (a) and 

(b), respectively. They reveal that each mode has similar circular distributions with electric field 

antinodes covering the area between a center air-hole and its six nearest neighboring air-holes. 

However, for each mode, the central air-holes within the circular electromagnetic field 

distribution were different. To gain a deeper understanding into the distinction between the two 

modes, we focused on the electric field directions of each mode as shown in Fig. 5. 19 (c), (d). It 

is clear that each mode is circularly polarized, but has opposite polarization direction; the P1
1st is 

right-hand (RH) and the P2
1st is left-hand (LH) circularly polarized. It is known that Bloch modes 

such as K1 mode are constructed by the combination of RH and LH modes, and they are originally 

degenerated at the same frequency [54,55]. These results confirm that the mode-splitting is a 

result of the lifted degeneracy caused by in-plane structural disorder. 
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Fig. 5. 18 (a) Calculated luminescence spectrum of a DHS with in-plane structural disorder (𝑟𝑐 = 

0.27a, 𝑟𝑡 = 0.23a, 𝑟𝑜 = 0.20a, 𝑁𝑐 = 14, 𝑁𝑡 = 11, 𝑁𝑜 = 6). Calculated electric field distributions 

of (b) P1
1st and (c) P2

1st mode. The dot lines represent the boundaries between each range. The 

scale-bars correspond to 2 μm. 
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Fig. 5. 19 Enlarged electric field distribution of (a) P1
1st  and (b) P2

1st  mode in a DHS with 

structural disorder. Electric field directions of (c) P1
1st and (d) P2

1st modes. 
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To prevent the mode-splitting, the above-discussed AFM nano-oxidation processes [49] 

would be time consuming because of the relatively large cavity area of DHS. Besides, engineering 

of strain cannot solve the issue because of the complexity of the cause of mode-splitting. An 

alternative approach to prevent the rise in lasing threshold is to intentionally lift the mode 

degeneracy by introducing perturbation and increase the spectral spacing between two split modes 

large enough that only one of the modes couples to Eu3+ emission. A possible solution to 

intentionally lift the degeneracy is to employ PhC structures with low symmetricity. 

5. 5 Summary 

We have systematically analyzed the influence of various sources of optical losses in 2D photonic 

crystal nanocavities based on GaN in the red wavelength regime by a combination of FDTD 

simulations and experimental results. We found that for an H3-type cavity, which shows a good 

robustness against in-plane disorder, there is an influence of the hole radius due to limitations in the 

fabrication accuracy, however, the most important limitation for realizing even higher values of the 

𝑄-factor is the theoretical value of the design itself. Our best performing cavity reached a value 𝑄 

= 7900, where the theoretical maximum is 12000. With this knowledge we designed 2D-

heterostructure type of cavity, which is based on a band-edge mode with high theoretical 𝑄-factor 

and a relatively high robustness to in-plane disorder. Using the cavity design, we realized a much 

higher experimental 𝑄-factor of 10500, demonstrating the potential of this type of cavity. 

The 𝑄-factor of 10500 is the highest 𝑄-factor in UV-visible range among the previously 

reported III-nitride-based micro-nanocavities including microdisk and 1D-nanobeam cavities to the 

best of our knowledge. Besides, the great design flexibility of the 2D-heterostructures makes them 

good candidates for applications for which high 𝑄-factors are essential. Lasing in GaN:Eu,O was 

not observed in this study because the 𝑄-factors were still low as compared to the required values 

for lasing (1.7×104–3.6×104). Future optimization of cavity design and improvement of nano-

fabrication processes are expected to further enhance experimental 𝑄-factors. 

For applications where light-matter interactions are required, an H3 cavity is a more 

promising structure when compared to the 2D-heterostructures, because it possesses a large 𝑄/𝑉 

ratio. A further advancement of the structure design, for example in the shift and size modulation 

of air-holes, could improve the 𝑄-factor more and open up a larger application potential. 
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These results show the potential for application of GaN:Eu,O-based light emitting devices, as 

well as 2D-PhC cavities based on other III-nitride materials in the visible regime, including low-

threshold InxGa1-xN/GaN-QW-based lasers and wavelength conversion devices. 
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Chapter 6. Conclusions and future works 

6. 1 Conclusions 

In this thesis, we have investigated the intrinsic and extrinsic control of Eu3+ emission in GaN:Eu,O 

for wide applications including highly efficient LEDs, LDs and quantum information technologies.  

For the intrinsic control of Eu3+ emission, we particularly focused on post-growth thermal 

annealing process to selectively form efficient luminescent sites with high excitation efficiencies. 

Selective formation of such sites is essential for even brighter and efficient GaN:Eu,O-based light 

emitting devices. 

For the extrinsic control of Eu3+ emission, we mainly focused on 2D-PhC cavities, and 

presented studies to improve Q-factors considering experimentally introduced structural disorder. 

High-Q nanocavities would pave the way for wider potential applications such as LDs and 

quantum light sources. 

In Chapter 2, we studied the impact of post-growth thermal annealing on the optical 

properties of GaN:Eu,O. The conventional growth temperature of GaN:Eu,O is relatively low 

(960C) as compared to typical growth conditions for undoped GaN. This is because high 

temperature growth (> ~1000C) results in a rough surface and limited Eu incorporation, as large 

amounts of Eu precipitates out as EuN. However, such a low temperature growth preferentially 

creates Eu clusters (OMVPE1 and OMVPE2) with low excitation efficiencies because of the 

limited diffusion length of Eu during growth. To dissociate such Eu clusters, we performed post-

growth thermal annealing at high temperature. 

As results, Thermal annealing at higher temperatures (≥ 1000C) effectively drove the 

reconfiguration of luminescent sites. Using the CEES technique, we confirmed that the number of 

OMVPE1 and OMVPE2 remarkably decreased, while the number of sites with higher excitation 

efficiencies (OMVPE7, OMVPE8 and OMVPE-X) increased after annealing. Particularly, 

OMVPE-X, which exhibited an especially high excitation efficiency, was remarkably increased by 
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a factor of ~20 after annealing at 1100 °C. Because the OMVPE7, OMVPE8 and OMVPE-X centers 

can be excited efficiently, the sample annealed at 1100 C exhibited up to a 5.1-times improved 

luminescence efficiency as compared to the as-grown sample. These results demonstrate the 

potential of improving the efficiency of GaN:Eu,O-based emitting devices using thermal annealing 

technique.  

In Chapter 3, we intensely studied on the optical properties of a luminescent site (OMVPE-X) 

with an emission peak at ~2.004 eV which shows a strong emission under low excitation power 

region. This peak has been tentatively assigned as OMVPE8 so far because it is excited at the similar 

resonant excitation energy of OMVPE8. Based on the reported fact that OMVPE8 can be excited at 

the resonant excitation energies of OMVPE7 at an elevated temperature, we performed CEES 

measurements. As a result, OMVPE-X was not excited at the resonant energy of OMVPE7, 

suggesting that OMVPE-X is a different luminescent site from OMVPE-8. To gain further 

assurance of this suggestion, TR-PL measurements were conducted at 180 K. As it has been reported, 

we observed afterglow behavior of OMVPE8, where the PL intensity increases after an excitation 

laser pulse. Contrary to OMVPE8, emission from OMVPE-X monotonically decreased after the 

laser pulse with a single-exponential function. These results confirm that OMVPE-X is not a part 

of OMVPE8. 

Then, we conducted temperature and excitation power dependent PL in order to investigate 

the detailed optical properties of OMVPE-X. OMVPE-X exhibited an increase in the PL intensity 

with the rise in temperature (< ~150 K), indicating that the local atomic structure of OMVPE-X 

stabilizes at elevated temperatures. Due to its thermally activated property, the thermal quenching 

ratio of the integrated PL intensity of OMVPE-X was smaller as compared to other luminescent 

sites. Furthermore, OMVPE-X demonstrated a predominant emission at low excitation power 

region, even though the existing ratio is as small as ~3%, indicating its quite high excitation 

efficiency. μ-LED displays are commonly utilized at low current injection density region, where 

GaN:Eu,O typically shows a relatively low quantum efficiency. Therefore, creation of Eu3+ 

luminescent sites with high excitation efficiencies such as OMVPE-X is critical to compete with 

trap levels associated with defects and impurities, in the carrier capture process and to enhance 

the quantum efficiency at low current injection density region. 

Subsequently, we applied the annealing technique into LED fabrication process. When we 

continuously annealed a sample after the growth of GaN:Eu,O layer without carrying out it from 
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the reactor, the fabricated LED showed a good rectification property with a small series resistance. 

The good electrical property explained that the damage introduction to GaN:Eu,O active layer 

during the annealing process was well suppressed. The annealed LED demonstrated a stronger 

EL emission associated with OMVPE-X as compared to a conventional LED, especially at low 

current injection regime. This indicates that OMVPE-X shows a quite high excitation efficiency 

also under current injection. Due to this property, the annealed LED showed a reasonably higher 

EQE. We claim that OMVPE-X is a noteworthy luminescent site for even brighter and efficient 

GaN:Eu,O-based light emitting devices, and annealing is an effective method to selectively form 

such site with high excitation efficiencies towards even bright and efficient GaN:Eu,O-based 

LEDs. 

In Chapter 4, to extrinsically control Eu3+ emission by utilizing outer optical cavities, we 

performed a study on design of nanocavities to achieve high Q-factors. Especially, we focused on 

2D-PhC cavities, because high-Q 2D-PhC cavities have a potential to significantly modify the 

radiative probability of Eu3+ emission, which could lead to lasing in this material. However, Q-

factors of III-nitride-based 2D-PhC cavities have been limited up to ~5000 in the UV-visible range. 

This is mainly due to the small device size designed for short wavelength range, and the chemical 

and physical stability that hinders accurate dry- and wet-etching process. In order to improve Q-

factors of III-nitride-based 2D-PhC cavities, we reproduced experimentally introduced structural 

disorder in 3D-FDTD simulations and investigated the impact of such disorder on Q-factors. 

LN and HN cavities, which are widely used cavities for a wide range of applications, were 

investigated to figure out suitable cavity structures which enable high Q-factors even with large 

degree of structural disorder. From SEM observation of a fabricated 2D-PhC with hexagonal air-

holes, we concluded that the most dominant disorder for III-nitride-based PhCs is the shape 

variation of hexagonal air-holes. The experimentally introduced disorder was well reproduced in 

simulations, and the simulated Q-factors of 2D-PhC cavities with disorder was reasonably 

degraded as compared to ideal Q-factors. This numerical result well reproduced the tendency in 

actual experiments. Furthermore, we estimated the optical gain threshold, which is the minimum 

optical gain required for lasing, to study the impact of Q-factors on the lasing possibilities. As a 

result, the optical gain threshold was inversely proportional to Q-factors, clearly suggesting that 

the optical gain threshold is almost uniquely determined by Q-factors. 
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Large LN cavities (L7, L9) show high ideal Q-factors beyond 3×104, however, we revealed 

that their Q-factors saturate around Q ~ 7000 when structural disorder is introduced. In contrast to 

LN cavities, HN cavities demonstrated a high robustness to disorder. Particularly, H3 cavities 

achieved high ideal Q-factors, and maintained the high Q-factors even in the presence of structural 

disorder. To study the reason why HN cavities are more tolerant to disorder than LN cavities, we 

focused on the electric-field distribution of cavity modes. LN cavities showed a significant mode 

localization when disorder is introduced, which strongly limits Q-factors. Contrary to this, for HN 

cavities, the distribution of cavity modes did not greatly change even with disorder. For these 

reasons, we highlighted H3 cavity as a promising structure for the realization of high-Q-factors. 

In Chapter 5, we fabricated H3 cavities to validate the simulation results and to explore the 

dominant optical loss that limits Q-factors with the aim of further enhancement. Besides, to study 

the experimental impact of structural disorder on Q-factors, we designed and fabricated H3 cavities 

with different r, because the degree of disorder strongly depends on r. We performed PL studies for 

the H3 cavities, and demonstrated a high average experimental Q-factor of 7000. The maximum Q-

factor was 7900, which is reasonably higher than earlier reported values, confirming our suggestion 

that the H3 cavity is a promising structure to achieve high Q-factors. For an even improvement of 

Q-factors, we explored the dominant optical loss of H3 cavities through the combination of 

experimental and simulation studies. As a result, the designed Q-factor itself (12000) was derived 

as the most important limitation.  

Based on this knowledge we designed 2D-heterostructure type of cavity. The 2D-

heterostructure we propose consists of ellipse shaped core, transition, and outer region, with air-

hole radii of 𝑟𝑐, 𝑟𝑡, and 𝑟𝑜, respectively. By designing the radii as 𝑟𝑐 > 𝑟𝑡 > 𝑟𝑜, light at a specific 

frequency is well confined in the core region. Through a proper cavity design, we found that high 

design Q-factors beyond 1.1×105 can be attained. With the robustness to in-plane disorder in mind, 

we introduced a hexagonal defect consisting of 19 missing air-holes at the center of 2D-

heterosturcture. This cavity demonstrated a relatively high robustness to disorder because it has 

less air-holes in the core region that leads to structural disorder. Based on this design we realized 

a much higher experimental Q-factor of 10500. These results clearly suggest the high potential of 

this type of cavity, and even higher Q-factors are expected through a further optimization of design 

parameters. 
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6. 2 Future works 

In this thesis, Eu3+ luminescence properties were greatly modified through the intrinsic and 

extrinsic control. Due to its distinctive properties of GaN:Eu,O such as the ultra-stable emission 

wavelength against for temperature and excitation conditions, it holds a great potential for wide 

applications. In this regard, we propose some ideas and corresponding methods to further enhance 

the luminescence efficiency of GaN:Eu,O and to explore its use in various device applications. 

6. 2. 1 Combination of annealing techniques and high-Q 

2D-PhC cavities 

In this thesis, we have separately investigated on intrinsic and extrinsic control methods of Eu3+ 

emission. The combination of these achievements is expected to broaden the range of potential 

applications of GaN:Eu,O-based light emitting devices. 

6. 2. 1. 1 Towards quantum light sources 

In the field of quantum light sources such as single photon emitters, it is essential to keep the number 

of RE ions within a device sufficiently low. However, as discussed in Chapter 1, PL spectrum from 

a conventional GaN:Eu,O sample with a low Eu concentration on the order of 1018 cm-3 is primarily 

dominated by yellow luminescence originating from deep levels. To solve this issue, intrinsic 

control over the distribution of Eu3+ luminescent site is critical to effectively compete with defect 

levels in the free carrier capture process. However, as compared to carrier capture and 

recombination rate of defect levels [1,2], the radiative recombination rate of Eu3+ ions is 

significantly small, resulting in a low quantum efficiency. Therefore, high-Q nanocavities are 

necessary to enhance the radiative recombination probability of Eu3+ ions. In particular, an H3 cavity 

is promising to employ because of the high Q-factor and relatively small V, leading to a high Purcell 

factor. 
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6. 2. 1. 2 Towards lasers using GaN:Eu,O as an active layer 

In this study, we have not observed lasing in GaN:Eu,O. This is partially because of the still limited 

Q-factors of nanocavities: the simulation results suggested Q-factors of no less than 20000 are 

required for lasing considering the optical gain of GaN:Eu,O at this stage. In addition to this, it is 

important to increase the optical gain to facilitate lasing. In these contributions, both of intrinsic 

control of Eu3+ emission and utilization of high-Q nanocavities are essential. In a theoretical aspect, 

the lasing condition is determined by the following equation [3]; 

𝑁Eu𝐷0
th𝛾sp > 𝛾σ, (6.1)

where 𝑁Eu is the number of active Eu3+ ions, 𝐷0
th is the threshold inversion population, 𝛾sp is 

the spontaneous emission rate of atoms, and 𝛾σ is the dephasing rate (linewidth of atoms). A 

radiative rate in a system, which is proportional to the number of atoms in the excited state, is 

described as 𝑁Eu(𝐷0
th + 1)/2. Simultaneously, an absorption rate of atoms is proportional to the 

number of atoms in the ground state, and is Expressed as 𝑁Eu(1 − 𝐷0
th)/2. The net emission rate 

from a system is the difference between these two values, 𝑁Eu𝐷0
th. Therefore, eq. (6. 1) suggests 

that lasing starts when the net emission rate exceeds the dephasing rate in a system. 

To consider the requirement for lasing in GaN:Eu,O, we assume that only one type of Eu3+ 

luminescent site can contribute to lasing, and only one resonant mode couples to the site, for the 

simplicity. To satisfy the requirement for lasing shown in eq. (6. 1), the following things must be 

met: (i) Minimized dephasing rate (ii) Efficient population of Eu3+ ions into the excited state (iii) 

Augmented quantity of Eu3+ ions, and (iv) Elevated spontaneous emission rate. 

To minimize the dephasing rate, it is crucial to decrease the linewidth of Eu3+ emission because 

the spectral linewidth 𝛤  follows the well-known relation 𝛤 = ℏ/𝑇1 + ℏ/𝑇2 , where 𝑇1  the 

spontaneous emission lifetime and 𝑇2  the dephasing time. Thermal annealing effectively 

dissociated OMVPE1 and OMVPE2 with broad emission peaks, and led to a significant reduction 

in the linewidth of entire Eu3+ emission. However, the linewidth of each site was nearly unchanged 

even after annealing. The linewidth is determined by the effects of homogeneous broadening and 

inhomogeneous broadening. Homogenous broadening is typically influenced by the emission 

lifetime of atoms, which remained almost constant after annealing. In contrast, we anticipate that 

the inhomogeneous broadening can be effectively suppressed through local strain engineering, such 

as utilizing different substrates [4,5]. In addition, co-doping technique is important to form uniform 

local atomic structure suppressing inhomogeneous broadening [6].  
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A high excitation efficiency is crucial for efficient population of Eu3+ ions into excited states. 

We attribute that the limited optical gain in GaN:Eu,O to the presence of various types of 

luminescent sites. As discussed in Chapter 2, free carrier capture is a competing process with trap 

levels associated with impurities and defects, as well as other Eu luminescent sites. Consequently, 

for efficient excitation of a particular luminescent site, that site must have a high excitation 

efficiency. In this contribution, OMPPE-X is a promising luminescent site because of the high 

excitation efficiency. Although the existing ratio of OMVPE-X is still limited to several percent 

even after annealing at this stage, future optimization of growth and annealing conditions would 

lead to an increased abundance of OMVPE-X. 

The spontaneous emission rate (𝛾sp) of Eu3+ emission was not greatly modified by annealing 

treatment, thus optical resonators have to be employed to enhance 𝛾sp  by the Purcell effect. 

Equation (4. 5) implies that 𝛾sp is almost proportional to Q/V ratio, however, 𝑁Eu is typically 

proportional to V. Thus, the term involving V cancels out in eq. (6. 1), and the product of 𝑁Eu𝛾sp 

is dominantly determined by Q. This result aligns with our FDTD simulation findings discussed 

in Chapter 4, indicating that the lasing threshold is purely determined by Q-factors [7,8]. In 

addition, it is critical to suppress mode-splitting, because it reduces the polarization overlap factor 

𝜉2 leading to a limited Purcell factor. 

To sum up, it is essential to emphasize that both intrinsic control, which involves the selective 

formation of luminescent sites with high excitation efficiencies, and extrinsic control of radiative 

probability using high-Q cavities are vital to demonstrate lasing in GaN:Eu,O in the future. 

We note that GaN:Eu,O grown on a semipolar (202̅1) GaN template on a (224̅3) sapphire 

substrate exhibits significantly increased concentration of OMVPE7 by a factor of ~140, as 

compared to that grown on a conventional (0001) sapphire substrate [9]. Due to this, PL and EL 

spectra for the (202̅1) sample was dominated by the emission associated with OMVPE7. This is 

likely because of the promoted incorporation of oxygen for the growth on (202̅1) [10]. These 

results indicate great potential to selectively form a luminescent site with a high excitation efficiency, 

despite the challenges associated with the growth of thick AlxIn1-xN alloys, such as issues with 

crystal quality and surface morphology [11–13]. 
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6. 2. 2 Annealing of GaN:Eu co-doped with different 

atoms 

As discussed in Chapter 2 and Chapter 3, it is believed that pairs of donor-like defects and 

acceptor-like defects in GaN:Eu system enhance the efficiency of carrier capture and energy 

transfer to Eu3+ ions. Therefore, co-doping of different atoms has a good potential to form 

additional donor-like and/or acceptor-like defects and to enhance the Eu3+ luminescence 

efficiency. Several atoms (e.g., Si, Mg) have been studied as co-dopants to GaN:Eu system, and 

some kinds of luminescent sites with high excitation efficiencies have been reported. The 

experimental observation that site reconfiguration occurs by annealing at high temperatures 

implies that the formation energy of defect complexes strongly depends on the kind of 

luminescent site. Hence, thermal annealing of GaN:Eu co-doped with other dopants has a 

potential to generate luminescent sites with substantial excitation efficiencies. 

Furthermore, formation energy of defects generally depends on the Fermi level unless they 

are in a neutral charge state. Therefore, co-doping of donors and acceptors can be an effective 

approach to modulate the Fermi level and the formation energy of a specific charged luminescent 

site and to increase its concentration. In semiconductors, free electrons and holes undergo 

Coulomb interaction with charged defects. Coulomb attraction between the defects and carriers 

increases carrier capture cross section, while Coulomb repulsion decreases it [14,15]. In this 

regard, the creation of charged defects through the co-doping of donors and acceptors is expected 

to enhance the carrier capture cross section. 

6. 2. 3 Electrically driven 2D-PhC cavities 

For the implementation of compact and efficient light emitting devices using GaN:Eu,O such as 

lasers and quantum light sources, current injection is essential for their operation. In particular, it 

is of great importance to design electrically driven nanocavities in order to maximize the 

luminescence efficiency of Eu3+. 

We have reported the fabrication of an electrically driven GaN:Eu,O-based microdisk cavity, 

and observed a whispering gallery mode under current injection [16]. To achieve the structure, a 

Si-doped AlxIn1-xN layer was used as a sacrificial layer, and a SiO2 spacer was utilized to isolate 

a microdisk cavity optically and electrically from an electrode. This cavity structure is more 
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compact as compared to GaN-based microdisks with a contact positioned on the top for probe 

access [17]. Furthermore, the microdisk is sandwiched between air-clads, thus higher light 

confinement effect is expected compared to microdisks utilizing AlxGa1-xN cladding layers [18–

20]. However, to increase Q-factors of microdisks, a relatively large-sized disk must be employed 

to suppress optical losses. This, in turn, leads to smaller spacings between each modes, which 

hinders single-mode lasing. The reduction of the number of modes has been reported using 

microgear and microtoroid structures [21–23]. However, it is technically challenging to fabricate 

III-nitride-based high-Q microgear cavity due to the anisotropic crystal structure. In addition, 

formation of electrode is an issue for microtoroid cavities. Besides, the footprint of the device 

inevitably increases to achieve high Q-factors. 

In contrast, 2D-PhC cavities can offer both single-mode lasing and a high Q-factor. 

Furthermore, 2D-PhC cavities can be integrated into circuits alongside optical waveguides [24] 

and antennas [25,26] with small footprints, providing a great advantage for various device 

applications. Electrically driven lasers using 2D-PhC cavities have been reported using matured 

semiconductors such as InxGa1-xAs [27,28] and InP [29,30]. For the control of electrical 

conductivity, ion implantation technique has been typically utilized to introduce dopants. 

However, the activation of implanted dopants is challenging for III-nitrides, especially for p-type 

layers. Ion implantation introduces point defects, such as vacancies, interstitials, and their 

complexes, due to the energetic collision of ions. These defects can be partially recovered by 

thermal annealing, however, the activation efficiency of acceptors is still limited [31,32]. Recently, 

a high activation efficiency of Mg exceeding 70% was reported by utilizing UHPA technique [33]. 

However, it remains uncertain if this technique is suitable for industrial applications because of 

several issues, including costs and inclusion of impurities. 

For these reasons, electrically driven III-nitride-based 2D-PhC cavities have been yet to be 

achieved to the best of our knowledge. To enable current injection while maintaining high Q-

factors, electrodes must be poisoned at a distance from where the electromagnetic field is confined. 

However, the structure design should ensure that the current passes through inside the cavity 

(where the electromagnetic field is confined) to achieve a high Purcell effect. 

Here, we propose a design of an electrically driven GaN:Eu,O-based 2D-PhC cavity by 

utilizing 2D-heterostructures (DHS). The layer structure is illustrated in Fig. 6. 1 (a). The sample 

is consisted of an ud-GaN layer, an n-GaN layer, an n-AlxIn1-xN sacrificial layer, a GaN:Eu,O 

active layer and a p-GaN layer. Schematic of the proposed cavity structure is depicted in Fig. 6. 
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1 (b). The n-AlxIn1-xN sacrificial layer is not entirely etched away beneath the membrane, leaving 

a pole to enable current injection into the active layer. The n-AlxIn1-xN pole is positioned at the 

center of defect, where air-holes are absent. An n-electrode is placed on the n-GaN layer, where a 

mesa structure is formed. The DHS is surrounded by a p-electrode, which ensures uniform current 

injection into the active layer. To electrically isolate the DHS cavity, the membrane is physically 

separated from the surrounding structure, resulting in a relatively weak mechanical strength. As 

a solution, SiO2 is introduced both to provide mechanical support for the DHS and to place the 

rest of p-electrode. To achieve small sheet resistance, introducing of an n-GaN layer between the 

n-AlxIn1-xN and GaN:Eu,O layer should be effective. The carrier diffusion length in GaN:Eu,O is 

approximately 100 nm [34], which is comparable to the thickness of the 2D-PhC membrane, thus 

this layer structure enables electrical pumping of the GaN:Eu,O active layer. 

As demonstrated in Chapter 5, electromagnetic field of the K1 mode in DHS is well confined 

in the core region. Consequently, the presence of the n-AlxIn1-xN pole and p-electrode does not 

hinder the formation of the resonant mode. To further ensure a high Q-factor, it is effective to 

increase the size of the central defect in order for the n-AlxIn1-xN pole not to interfere with the 

resonant mode. In addition, it is feasible to attain a resonant mode that confines the 

electromagnetic field in the transition region by appropriately designing the radii of air-holes in 

each region (𝑟𝑡 > 𝑟𝑐 , 𝑟𝑜). Besides, DHS cavities can be designed with a high degree of flexibility, 

and high Q-factors is expected even when using a higher number of layers instead of just three. 

Using such structures, we can control where the resonant mode is confined to achieve high Q-

factors. 
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Fig. 6. 1 (a) Sample layer structure for an electrically driven 2D-heterostructure. (b) Schematic 

of an electrically driven 2D- heterostructure. 



Chapter 6. Conclusions and future works 139 

 

References  

[1] M.A. Reshchikov and H. Morko̧, J. Appl. Phys. 97, (2005). 

[2] D. Timmerman, B. Mitchell, S. Ichikawa, M. Nagai, M. Ashida, and Y. Fujiwara, Phys. Rev. 

B 101, 1–5 (2020). 

[3] I. V. Doronin, A.A. Zyablovsky, E.S. Andrianov, A.A. Pukhov, Y.E. Lozovik, and A.P. 

Vinogradov, Sci. Rep. 11, 1–10 (2021). 

[4] N.T. Woodward, N. Nepal, B. Mitchell, I.W. Feng, J. Li, H.X. Jiang, J.Y. Lin, J.M. Zavada, 

and V. Dierolf, Appl. Phys. Lett. 99, 122506 (2011). 

[5] R. Wakamatsu, D.G. Lee, A. Koizumi, V. Dierolf, Y. Terai, and Y. Fujiwara, Jpn. J. Appl. Phys. 

52, 1–6 (2013). 

[6] B. Mitchell, D. Timmerman, J. Poplawsky, W. Zhu, D. Lee, R. Wakamatsu, J. Takatsu, M. 

Matsuda, W. Guo, K. Lorenz, E. Alves, A. Koizumi, V. Dierolf, and Y. Fujiwara, Sci. Rep. 6, 

18808 (2016). 

[7] T. Iwaya, S. Ichikawa, M. Murakami, J. Tatebayashi, and Fujiwara, Journal of the Society of 

Materials Science 69, 721–726 (2020). 

[8] T. Iwaya, S. Ichikawa, M. Murakami, D. Timmerman, J. Tatebayashi, and Y. Fujiwara, Appl. 

Phys. Express 14, 122002 (2021). 

[9] A. Takeo, S. Ichikawa, J. Tatebayashi, and Y. Fujiwara, IWN 2022, (2022). 

[10] D.A. Browne, E.C. Young, J.R. Lang, C.A. Hurni, and J.S. Speck, J. Vac. Sci. Technol. A 30, 

(2012). 

[11] T. Wernicke, S. Ploch, V. Hoffmann, A. Knauer, M. Weyers, and M. Kneissl, Phys Status 

Solidi B Basic Res. 248, 574–577 (2011). 

[12] T. Wernicke, L. Schade, C. Netzel, J. Rass, V. Hoffmann, S. Ploch, A. Knauer, M. Weyers, 

U. Schwarz, and M. Kneissl, Semicond. Sci. Technol. 27, (2012). 

[13] B. Leung, D. Wang, Y.S. Kuo, and J. Han, Phys Status Solidi B Basic Res, 253, 23–35 (2016). 

[14] R.H. Bube, “Photoelectronic Properties of Semiconductors”, Cambridge University Press, 

(1992). 

[15] K. Hoang, Phys. Rev. Mater. 5, 034601 (2021). 



References 140 

 

[16] T. Taniguchi, D. Timmerman, S. Ichikawa, J. Tatebayashi, and Y. Fujiwara, Opt. Lett. 48, 

4590 (2023). 

[17] Y. Mei, M. Xie, H. Xu, H. Long, L. Ying, and B. Zhang, Opt. Express 29, 5598 (2021). 

[18] F. Tabataba-Vakili, S. Rennesson, B. Damilano, E. Frayssinet, J.-Y. Duboz, F. Semond, I. 

Roland, B. Paulillo, R. Colombelli, M. El Kurdi, X. Checoury, S. Sauvage, L. Doyennette, 

C. Brimont, T. Guillet, B. Gayral, and P. Boucaud, Opt. Express 27, 11800 (2019). 

[19] Y. Tang, M. Feng, H. Zhao, J. Wang, J. Liu, X. Sun, Q. Sun, S. Zhang, and H. Yang, Opt. 

Express 30, 13039 (2022). 

[20] Y. Mei, M. Xie, T. Yang, X. Hou, W. Ou, H. Long, L. Ying, Y. Liu, G. Weng, S. Chen, and B. 

Zhang, ACS Photonics 9, 3967–3973 (2022). 

[21] M. Fujita and T. Baba, Appl. Phys. Lett. 80, 2051–2053 (2002). 

[22] D.K. Armani, T.J. Kippenberg, S.M. Spillane, and K.J. Vahala, Nature 421, 925–928 (2003). 

[23] T.J. Kippenberg, S.M. Spillane, and K.J. Vahala, Appl. Phys. Lett. 85, 6113–6115 (2004). 

[24].  J D Joannopoulos, R.D. Meade, J.N. Winn, M. Notomi, A. Shinya, S. Mitsugi, E. 

Kuramochi, and H.-Y. Ryu, Opt. Express 12, 1551 (2004). 

[25] E.R. Brown, E. Yablonovitch, and C.D. Parker, J. Opt. Soc. Am. B, 10, 404 (1993). 

[26] W. Withayachumnankul, R. Yamada, M. Fujita, and T. Nagatsuma, APL Photonics 3, (2018). 

[27] H.G. Park, S.H. Kim, S.H. Kwon, Y.G. Ju, J.K. Yang, J.H. Baek, S.B. Kim, and Y.H. Lee, 

Science 305, 1444–1447 (2004). 

[28] B. Ellis, M.A. Mayer, G. Shambat, T. Sarmiento, J. Harris, E.E. Haller, and J. Vučković, Nat 

Photonics 5, 297–300 (2011). 

[29] S. Matsuo, K. Takeda, T. Sato, M. Notomi, A. Shinya, K. Nozaki, H. Taniyama, K. Hasebe, 

T. Kakitsuka, 2 I Zh, V.M. Alferov, D.Z. Andreev, Y. V Garbuzov, E.P. Zhilyaev, E.L. 

Morozov, and V.G. Portnoi, Opt. Express 20, 3773 (2012). 

[30] S. Matsuo, T. Sato, K. Takeda, A. Shinya, K. Nozaki, H. Taniyama, M. Notomi, K. Hasebe, 

and T. Kakitsuka, IEEE J. Sel. Top. Quantum Electron. 19, 4900311 (2013). 

[31] J.D. Greenlee, T.J. Anderson, B.N. Feigelson, K.D. Hobart, and F.J. Kub, Physica Status 

Solidi (A) 212, 2772–2775 (2015). 

[32] B.N. Feigelson, T.J. Anderson, M. Abraham, J.A. Freitas, J.K. Hite, C.R. Eddy, and F.J. Kub, 

J. Cryst. Growth 350, 21–26 (2012). 



Chapter 6. Conclusions and future works 141 

 

[33] H. Sakurai, M. Omori, S. Yamada, Y. Furukawa, H. Suzuki, T. Narita, K. Kataoka, M. Horita, 

M. Bockowski, J. Suda, and T. Kachi, Appl. Phys. Lett. 115, (2019). 

[34] D. Denier van der Gon, D. Timmerman, Y. Matsude, S. Ichikawa, M. Ashida, P. Schall, and 

Y. Fujiwara, Opt. Lett. 45, 3973 (2020). 

  

 

 

 



References 142 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix A.  Investigation on the carrier dynamics in GaN:Eu,O using rate equations 143 

 

 

Appendix A.  Investigation on the carrier 

dynamics in GaN:Eu,O using rate 

equations 

A. 1. Introduction 

As mainly discussed in Chapter 2, we observed that post-growth thermal annealing leads to a great 

luminescence intensity enhancement of GaN:Eu,O. We have suggested that the enhanced 

luminescence intensity is attributed to the luminescent site reconfiguration; OMVPE1 and 

OMVPE2 with low excitation efficiency decrease while OMVPE7, OMVPE8, and OMVPE-X, 

which have high excitation efficiencies, are formed. Excitation power dependent PL studies for 

the annealed GaN:Eu,O revealed that OMVPE-X shows a dominant emission under low 

excitation power region, and the PL intensity ratio decreases with increasing the excitation power 

due to the limited number of OMVPE-X. Furthermore, the derived QE was relatively low under 

low power excitation power, and was maximized under moderate excitation power, then 

decreased again under higher excitation power. We have suggested the possibility that non-

radiative traps are closely related to the behavior of QE: under low excitation power, such traps 

efficiently capture carriers limiting the QE, and with increasing the excitation power, these traps 

become filled and the QE improves. Under further high excitation power, most of Eu3+ ions are 

in the excited states, lowering the QE. 

For these experimental findings, theoretical studies using rate equations would provide a 

deeper and logical understanding of the carrier dynamics in GaN:Eu,O. Besides, we believe that 

such studies are effective to reveal the contributions of carrier capture rate and energy transfer 

rate to the excitation efficiency of Eu3+. Furthermore, rate-equation analysis is critical to 

investigate the optimum drive condition of LEDs (e.g., pulse width, pulse frequency) and carrier 

distribution for laser applications.  

So far, several reports have investigated the carrier dynamics in GaN:Eu,O using rate 
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equations [1–4]. Luminescence efficiency of GaN:Eu,O has been analyzed using rate equations 

[1,2], however, these analyses have not taken into account the effect that trap levels associated 

with impurities (defects) are filled under high excitation power region. Therefore, carrier 

dynamics, especially in the carrier capture, which is a competing process, has not been thoroughly 

investigated. For these reasons, we perform detailed rate-equation analysis taking account the 

effect of point defects that compete with Eu3+ ions for carrier capture. 

A. 2. Rate equation 

A schematic illustrating the carrier dynamics in GaN:Eu,O is shown in Fig. A. 1. Photon fluence of 

𝜙  creates electrons and holes with concentrations of 𝑛  and 𝑝 , respectively. They form free 

excitons (FXs) with a concentration of 𝑁FX . Subsequently they are captured by trap levels 

associated with impurities (defects) and Eu3+ ions of the luminescent site i, with concentrations 

of 𝑁d  and 𝑁t𝑖
 , respectively, and capture rates of 1/𝜏d  and 1/𝜏t𝑖

 , respectively. The 

recombination energy of trap levels associated with Eu3+ ions is transferred to Eu3+ ions with a 

rate of 1/𝜏ET𝑖
. Then, Eu3+ ions show luminescence with a rate of 1/𝜏Eu𝑖

. The rate equations are 

given as follows: 

d𝑛

d𝑡
=

d𝑝

d𝑡
= 𝛼𝜙 − 𝛾𝑛𝑝, (𝐴. 1) 

d𝑁FX

d𝑡
= 𝛾𝑛𝑝 −

𝑁FX

𝜏FX
. (𝐴. 2) 

𝛼 is the absorption coefficient and 𝛾 is the exciton binding coefficient. 𝜏F𝑋 is the lifetime of 

FXs, that can be written as 

1

𝜏FX
= 𝐶cap,d(𝑁d − 𝑁d

∗) + ∑  𝐶cap,t𝑖

𝑖

(𝑁t𝑖
− 𝑁t𝑖

∗) +
1

𝜏FXrad

, (𝐴. 3) 

with 

𝐶cap,d =
1

𝜏cap,d
.

1

𝑁d
, (𝐴. 4) 

𝐶cap,t𝑖
=

1

𝜏cap,t𝑖

.
1

𝑁t𝑖

, (𝐴. 5) 

where 𝜏FXrad
 is the radiative lifetime of FXs. The concentration of excited trap levels associated 

with impurities and defects (𝑁d
∗), and Eu3+ ions (𝑁t𝑖

∗) are Expressed as following: 

d𝑁d
∗

d𝑡
= 𝐶cap,d(𝑁d − 𝑁d

∗)𝑁FX −
𝑁d

∗

𝜏d
, (𝐴. 6) 
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d𝑁t𝑖

∗

d𝑡
= 𝐶cap,t𝑖

(𝑁t𝑖
− 𝑁t𝑖

∗)𝑁FX −
𝑁t𝑖

∗

𝜏t𝑖

− 𝑊ET𝑖
𝑁t𝑖

∗൫𝑁Eu𝑖
− 𝑁Eu𝑖

∗ ൯, (𝐴. 7) 𝑊𝐸𝑇𝑖
=

1

𝜏𝐸𝑇𝑖

∙
1

𝑁𝐸𝑢𝑖

(𝐴. 8) 

𝑊ET𝑖
=

1

𝜏ET𝑖

∙
1

𝑁Eu𝑖

, (𝐴. 8) 

where 𝜏d and 𝜏t is the lifetime of trap levels associated with impurities (defects) and Eu3+ ions, 

respectively. The concentration of Eu3+ ions in the excited state (𝑁Eu𝑖

∗ ) is given by 

d𝑁Eu𝑖

∗

d𝑡
= 𝑊ET𝑖

𝑁t𝑖

∗൫𝑁Eu𝑖
− 𝑁Eu𝑖

∗ ൯ −
𝑁Eu𝑖

∗

𝜏Eu𝑖

(𝐴. 9) 

with the lifetime of Eu3+ ions (𝜏Eu𝑖
). In the steady state under cw excitation, Eq. (A. 1), (A. 2), (A. 

6), (A.7) and (A.9) can be written down as 

𝑁FX = 𝛼𝜙𝜏FX, (𝐴. 10) 

𝑁d
∗ =

𝐶cap,d𝑁d𝑁FX𝜏d

1 + 𝜏d𝐶cap,d𝑁FX
, (𝐴. 11) 

𝐶cap,t𝑖
(𝑁t𝑖

− 𝑁t𝑖

∗)𝑁FX =
𝑁t𝑖

∗

𝜏t𝑖

+ 𝑊ET𝑖
𝑁t𝑖

∗൫𝑁Eu𝑖
− 𝑁Eu𝑖

∗ ൯, (𝐴. 12) 

𝑁Eu𝑖

∗ =
𝑊ET𝑖

𝑁Eu𝑖
𝑁t𝑖

∗𝜏Eu𝑖

1 + 𝜏Eu𝑖
𝑊ET𝑖

𝑁t𝑖

∗ . (𝐴. 13) 

Equation (A.12) and (A.13) give 

𝐶cap,t𝑖
𝜏t𝑖

(𝑁t𝑖
− 𝑁t𝑖

∗)𝑁FX = 𝑁t𝑖

∗ + 𝑊ET𝑖
𝜏t𝑖

𝑁t𝑖

∗
𝑁Eu𝑖

1 + 𝜏Eu𝑖
𝑊ET𝑖

𝑁t𝑖

∗ . (𝐴. 14) 

With 𝐴𝑖 = 𝐶cap,ti𝜏t𝑖
𝑁FX, 𝐵𝑖 = 𝜏Eu𝑖

𝑊ET𝑖
 and 𝐶𝑖 = 𝑊ET𝑖

𝜏t𝑖
, 

𝐴𝑖(𝑁t𝑖
− 𝑁t𝑖

∗) = 𝑁t𝑖

∗ + 𝐶𝑖𝑁t𝑖

∗
𝑁Eu𝑖

1 + 𝐵𝑖𝑁t𝑖

∗ . (𝐴. 15) 

Solving this equation leads to a quadratic equation: 

𝑁t𝑖

∗ 2(𝐵𝑖 + 𝐴𝑖𝐵𝑖) + 𝑁t𝑖

∗൫1 + 𝐶𝑖𝑁Eu𝑖
+ 𝐴𝑖 − 𝐴𝑖𝐵𝑖𝑁t𝑖

൯ − 𝐴𝑖𝑁t𝑖
= 0. (𝐴. 16) 

The possible solution is 

𝑁t𝑖

∗ = −
1 + 𝐶𝑖𝑁Eu𝑖

+ 𝐴𝑖 − 𝐴𝑖𝐵𝑖𝑁t𝑖

2(𝐵𝑖 + 𝐴𝑖𝐵𝑖)
+

 
√൫1 + 𝐶𝑖𝑁Eu𝑖

+ 𝐴𝑖 − 𝐴𝑖𝐵𝑖𝑁t𝑖
൯

2
+ 4(𝐵𝑖 + 𝐴𝑖𝐵𝑖)𝐴𝑖𝑁t𝑖

2(𝐵𝑖 + 𝐴𝑖𝐵𝑖)
. (𝐴. 17)

 

Solving Eq. (A.3) as 

𝛼𝜙

𝑁FX
= 𝐶cap,d

𝑁d

1 + 𝜏d𝐶cap,d𝑁FX
+ ∑  𝐶cap,t𝑖

𝑖

(𝑁t𝑖
− 𝑁t𝑖

∗) +
1

𝜏FXrad

(𝐴. 18) 

gives the solution of 𝑁FX. Then, Eq. (A. 10), (A. 11), and (A. 13) leads the solution of 𝜏FX, 

𝑁d
∗, and 𝑁Eu𝑖

∗ , respectively. 
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Fig. A. 1 Schematic of the carrier dynamics in GaN:Eu,O utilized for the rate equation analysis. 
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Emission intensity from Eu3+ ions of the luminescent site i is proportional to the 𝑁Eu𝑖

∗ /𝜏Eu𝑖
 

product. Although 𝜏Eu𝑖
  encompasses radiative and non-radiative passes (e.g., back-transfer 

process to trap levels), we ignore such non-radiative processes for the simplicity. 

A. 3. Number of excited states with respect to 

excitation power density 

We used the parameter sets shown in Table A. 1 for the rate equation analysis. In the Set1, Eu1 has 

a larger carrier capture rate, that is ten times larger than the reported rate [5]. However, its abundance 

is lower than Eu2, which has smaller carrier capture rate, that is a hundred times smaller than that 

of Eu1. In the Set2, we increased the energy transfer rate of Eu1 by a factor of a hundred, while 

using the same parameters as in Set1. 

The number of excited states using the Set1 is shown in Fig. A. 2 (a). It is obvious that the Eu1 

is efficiently excited with a large excitation efficiency, suggesting that the carrier capture rate plays 

an important role in the excitation efficiency. Under low excitation power regime, Eu1 is dominantly 

excited, which aligns with experimental results. With increasing the excitation power, 𝑁Eu1

∗  starts 

to be saturated, and 𝑁Eu2

∗   quicky increases. This behavior also well corresponds to the 

experimental observations, where the relative luminescence intensity from OMVPE-X decreases 

while those of other luminescent sites increase with increasing excitation power.  

The calculation result using the Set 2 demonstrates [Fig. A. 2 (b)] that the Eu1 is excited more 

efficiently compared to the Set1. These results clearly indicate that the energy transfer rate is an 

important factor in determining the excitation efficiency, alongside with the carrier capture rate. 

The number of excited states using the Set1 is plotted in Fig. A. 3 (a) in logarithmic scale. The 

relative QE of Eu3+ emission calculated by dividing the number of excited Eu3+ ions by photon 

fluence is shown in Fig. A. 3 (b). Under low excitation power region that is depicted as the division 

(I) in Fig. A. 3 (b), the number of all excited states is linearly increased with excitation power. The 

QE is relatively low because the carriers are efficiently distributed to the trap levels associated with 

impurities and defects due to its large carrier capture rate. With increasing the excitation power 

[division (II)], most of these trap levels become filled, leading to carriers being distributed to Eu1, 
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Table A. 1 Parameter sets utilized for the rate equation analysis. 

 

Parameters Set1 Set2 

Absorption coefficient (cm-1) 𝛼 1.4×105 [6] 

Number of states (cm-3) 𝑁d 

𝑁Eu1
 (𝑁t1

) 

𝑁Eu2
 (𝑁t2

) 

1×1015 

1×1018 

9×1018 

Recombination rate (s-1) 1 / 𝜏FXrad
 

1 / 𝜏d 

1 / 𝜏t1,2
 

1 / 𝜏Eu1,2
 

1 / (1.25×10-10) [7] 

1 / (3×10-5) [8] 

1 / (3×10-5) [8] 

1 / (2.5×10-4) [9] 

Carrier capture rate (s-1) 1 / 𝜏cap,d 

1 / 𝜏cap,t1
 

1 / 𝜏cap,t2
 

1 / (2.2×10-12) [5] 

1 / (8.5×10-12) 

1 / (8.5×10-10) 

Energy transfer rate (s-1) 1 / 𝜏ET1
 

1 / 𝜏ET2
 

1 / (5×10-6) [3] 1 / (5×10-8) 

1 / (5×10-6) [3] 
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Fig. A. 2 Calculated number of excited states as a function of photon fluence for the (a) Set1 and 

(b) Set2. 
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Fig. A. 3 (a) Calculated number of excited states as a function of photon fluence for the Set1.  

(b) Calculated relative quantum efficiency as a function of photon fluence for the Set1. 
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which has a larger carrier capture rate. In accordance with this, the QE quickly increases and reaches 

its maximum. At higher excitation power [division (III)], almost all the Eu1 become excited, 

resulting in a preferential carrier distribution to Eu2. However, the small radiative recombination 

rate of Eu3+ strongly limits the emission efficiency, which leads to a reduced QE. 

These calculation results well correspond to the experimentally observed behavior of QE with 

respect to excitation power. This supports our suggestion that the QE is strongly influenced by 

the presence of trap levels of defects and impurities.  

A. 4. Summary 

We have investigated on the carrier dynamics in GaN:Eu,O using rate equations considering the 

effect of point defects. Eu3+ ions with large carrier capture rate and/or energy transfer rate were 

efficiently excited, indicating that these rates play an important role in the excitation process of Eu3+ 

ions. Furthermore, the calculated QE aligned with the experimental results, supporting our 

discussion on the behavior of QEs with respect to excitation power. The QE is limited under low 

excitation power region by trap levels associated with defects and impurities which have large 

carrier capture cross sections. When these defects become filled at higher excitation power, the QE 

quickly increases due to the efficient distribution of carriers to Eu3+ ions. Under further high 

excitation power, most of Eu3+ ions are saturated leading to a reduced QE. 
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Appendix B.  Investigation of the impact 

of ultra-high pressure annealing on the 

optical characteristics of GaN:Eu,O 

B. 1 Introduction 

In the main text, we have conducted thermal annealing at 100 kPa. As discussed in Chapter 2, 

luminescence intensity associated with Eu3+ monotonically increased with annealing temperature 

because atomic diffusion is promoted at higher temperatures, resulting in an effective conversion of 

luminescent sites. Further enhanced luminescence efficiency is expected by annealing at even 

higher temperatures, however, the surface morphology degrades due to thermal decomposition at 

temperatures beyond ~1200 °C at 100 kPa even with a mask. Ultra-high pressure annealing (UHPA) 

is a novel method that allows for high annealing temperatures by applying high pressures. This 

approach prevents significant thermal decomposition. In the research field of GaN, UHPA is 

intensely studied to recover damage introduced during Mg-ion-implantation process and to activate 

the Mg acceptors [1,2]. For Eu-ions-implanted GaN, UHPA has been reported to improve the 

crystallinity and enhance the Eu-related PL intensity [3–5]. In this chapter, we conduct UHPA to 

investigate the effect of annealing at an even higher temperature (1450 °C) on the properties of 

GaN:Eu,O grown using the OMVPE method. 

B. 2 Experimental method 

UHPA was performed at the institute of high pressure physics of the polish academy of sciences, 

in corporation with Prof. Boćkowski Michał. We used the same sample studied in Chapter 2 and 

Chapter 3 that a GaN:Eu,O active layer was grown on a 600-nm-thick Al0.19In0.81N layer. To 

investigate the effect of SiO2 mask on surface morphologies and luminescence properties, two 



Appendix B.  Investigation of the impact of ultra-high pressure annealing on the optical 

characteristics of GaN:Eu,O 155 

 

samples were annealed; one was capped by an 80-nm-thick SiO2 mask, and the other was not capped. 

The samples were annealed in an UHPA chamber with nitrogen pressure of 1 GPa at 1450 °C for 

30 minutes. Surface morphology was observed using a Nomarski microscope. For optical 

characterization, we conducted PL measurements under indirect and resonant excitation methods. 

B. 3 Results and discussions 

B. 3. 1 Surface morphology 

Nomarski microscopy revealed that the surface morphology was significantly degraded by UHPA 

process [Fig. B. 1] whether with or without a SiO2 mask, suggesting UHPA led to thermal 

decomposition. It has been reported that noticeable thermal decomposition occurs at high 

temperature (> ~1300 °C) even under high pressure [5,6]. In order to fully suppress thermal 

decomposition, optimization of the UHPA conditions is required, including annealing temperature 

and masks (e.g., using GaN powder as mask [6]). 

In addition, after UHPA process, the color of the sample changed to blackish to the naked eyes, 

suggesting that crystal defects such as point defects and their complexes were incorporated into the 

sample at a fairly high density. 

B. 3. 2 CEES measurements 

To gain insight into the site distribution of Eu3+ ions, the CEES technique was performed at 10 K 

on the as-grown sample and the sample annealed at 1450 C under 1 GPa without SiO2 mask. The 

CEES results are shown in Fig. B. 2. 

As it has been observed for the sample annealed at 1100 °C, OMVPE1 and OMVPE2 are 

almost disappeared for the UHPA sample, indicating that luminescent site reconfiguration took 

place during UHPA process [Fig. B. 2 (b)]. Although Jaroszynski et al. has reported that diffusion 

of Eu was not observed in SIMS measurements of GaN grown by ammonothermal method and 

treated with Eu implantation and UHPA process [5], this result ensures that Eu diffuses on an atomic 

scale during the UHPA process. However, in contrast to the sample annealed at 1100 °C, PL 

intensities from other sites did not increase that much from the as-grown state, with enhancement  
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Fig. B. 1 Nomarski microscope image of the as-grown and annealed samples. 
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Fig. B. 2 CEES map measured at 10 K for the (a) as-grown sample and (b) sample annealed at 

1450 °C under 1 GPa without SiO2 mask. 
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factors of 1.2 for OMVPE4, 1.1 for OMVPE7 and 2.2 for OMVPE8. These results suggest a 

possibility that a portion of Eu3+ was inactivated with incorporation of a high density of defects 

by UHPA process. 

B. 3. 3 PL measurements at room temperature 

Subsequently, the samples were evaluated by PL spectroscopy at room temperature using a He-Cd 

laser. UHPA samples showed almost identical spectra whether with or without a mask, thus we will 

discuss optical properties of the sample annealed without a mask for the following experiments. 

As shown in Fig. B. 3, the PL intensity is greatly decreased after UHPA, with the integrated 

PL intensity of Eu3+-related emission (1.968-2.016 eV) decreasing by a factor of 0.1 as compared 

to the as-grown state. The inset in Fig. B. 3 shows a log-scale plot of the PL spectra. The as-grown 

sample and the sample annealed at 1100 °C show clear Eu3+ luminescence with negligible PL 

intensity associated with deep-level emission from defects in the GaN host, suggesting that free 

carriers are efficiently captured by Eu3+-related trap levels. In contrast, the sample after UHPA 

process shows a strong luminescence originating from deep-levels, indicating that a high density of 

crystal defects was incorporated into the sample as mentioned above. The PL band maximum of the 

deep-level emission was estimated to ~2.28 eV. Substitutional carbon is often considered to be the 

main origin of yellow luminescence [7], however, it is reported that the carbon concentration 

remains small even after UHPA processes [2,5,6]. Therefore, VGa-related defects [8–14] such as 

VGa-3Hi [14], EuGa-VGa [5,13] are promising candidates for the origin of the yellow luminescence.  

We note that Uedono et al. have reported that the sizes and concentrations of vacancy-type 

defects in Mg-implanted GaN decrease after UHPA process without the use of a capping layer, 

which is inconsistent with the above suggestion [2]. However, for GaN grown by ammonothermal 

method and implanted with Eu, it is also observed that the PL intensity of yellow band increases 

with annealing temperature [5]. Further investigation is required to identity the origin of the yellow 

band, however, we suggest a possibility that the likelihood of VGa depletion during UHPA process 

of GaN:Eu is relatively lower as compared to GaN doped with other dopants. GaN:Eu has been 

reported to contain more vacancy-type defects than undoped GaN, because Eu3+ has a large atomic 

covalent radius and prefers to have vacancies in its vicinity [15,16] . 
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Fig. B. 3 PL spectra for the as-grown sample, sample annealed at 1100 C at 100 kP (TA = 1100 °C) 

and sample annealed at 1450 °C at 1 GPa (UHPA w/o SiO2 mask), measured at room temperature. 

The inset shows a log-scale plot of the spectra. 
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B. 3. 4 PL measurements at cryogenic temperature 

In order to mitigate the effect of defects on the Eu3+ luminescence properties, we conducted PL 

measurements at 10 K. PL spectra are plotted in Fig. B. 4. As shown in Fig. B. 4 (a), emission from 

deep-levels is well suppressed even for the UHPA sample, and the UHPA sample shows clear 

emission originating from Eu3+. The integrated PL intensity ratios (1.968-2.016 eV) as compared to 

the as-grown sample were 1.6 for the sample annealed at 1100 °C and 0.90 for the UHPA sample. 

The decreased PL intensity of the UHPA sample is considered to be due to the incorporation of a 

high concentration of defects.  

Enlarged PL spectra are displayed in Fig. B. 4 (b). As compared to the sample annealed at 

1100 °C, the UHPA sample shows much narrower PL spectrum with decreased PL intensity from 

OMVPE1 and OMVPE2. Besides, the PL intensity of a peak on the shoulder of OMVPE7 (~1.998 

eV), which is considered to be perturbed OMVPE7 [17–19], is greatly decreased after UHPA. 

Furthermore, the peak PL intensity of (unperturbed) OMVPE7 is higher for the UHPA sample as 

compared to the sample annealed at 1100 °C. In Fig. B. 5, PL spectra excited under indirect 

excitation and resonant excitation with a resonant excitation energy of OMVPE7 are plotted. It is 

clear that the spectrum excited under indirect excitation is very similar to that excited resonantly to 

OMVPE7. CEES mapping for the UHPA sample showed there still exists several different 

luminescent sites and the concentration of OMVPE7 did not increase much [Fig. B. 2], therefore 

these results indicate that OMVPE7 has a quite larger excitation efficiency as compared to other 

sites in the UHPA sample for some reasons. Further investigation on the optical properties of UHPA 

samples are required, however, it shows a potential to selectively excite one specific luminescent 

site for a variety of applications. 

B. 4 Summary 

In this chapter, we have investigated the impact of high temperature annealing (1450 °C) using 

UHPA method. As observed for samples annealed at 1000-1200 °C at 100 kPa, OMVPE1 and 

OMVPE2 were dissociated and converted into efficiently excited luminescent sites. Especially, 

OMVPE7 showed a distinguishable luminescence intensity, suggesting its quite high excitation 

efficiency in the UHPA sample. However, the surface morphology was significantly degraded, and  
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Fig. B. 4 (a) PL spectra for the as-grown sample, sample annealed at 1100 C at 100 kP (TA = 

1100 °C) and sample annealed at 1450 °C at 1 GPa (UHPA w/o SiO2 mask), measured at 10 K 

with (b) Enlarged PL spectra. 
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Fig. B. 5 PL spectra for the sample annealed at 1450 °C at 1 GPa without a SiO2 mask, measured 

at 10 K under (a) indirect excitation and (b) resonant excitation with the resonant excitation 

energy of OMVPE7. 
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a high density of crystal defects was incorporated during the UHPA process, thus the annealing 

conditions must be improved for future applications. 
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Appendix C.  Investigation of the effect of 

post-growth thermal annealing on the 

optical characteristics of Tb and Tm doped 

AlxGa1-xN 

C. 1. Introduction 

In addition to GaN:Eu,O which has been discussed in the main text, III-nitride semiconductors 

doped with other RE elements hold great potential for a wide range of applications. For example, in 

the field of displays, the stability of emission wavelength exhibited by RE ions is advantageous 

because the emission originating from band-to-band transitions in semiconductors inevitably 

changes with temperatures, and in the case of certain semiconductors, with current injection level. 

In particular, as discussed in Chapter 1, the emission wavelength of green and red LEDs employing 

lnxGa1-xN/GaN QWs undergoes a pronounced blueshift with increasing the current injection level, 

leading to a reduction in color gamut. Furthermore, the emission linewidth is typically broad due to 

several factors such as compositional fluctuations and well-width fluctuations. Tb-doped AlxGa1-xN 

(AlxGa1-xN:Tb) has been focused as a good candidate to address these issues because it shows red 

(~620 nm), yellow (~580 nm), green (~550 nm) and blue (~490 nm) emission originating from 

the 5D4-7FJ (J = 3, 4, 5, 6) transition [1–4]. In addition, Tb-doped semiconductors are expected to 

be applied for white LEDs (WLEDs) because of the multiwavelength emission, which enables a 

large color rendering index, as compared to conventional WLEDs using InxGa1-xN blue LEDs and 

yellow phosphors [5].  

Besides, Tm-doped AlxGa1-xN (AlxGa1-xN:Tm) has been explored as blue (~477 nm) and near-

infrared (NIR) light (~800 nm) source [6–10]. Particularly, the emission wavelength of ~800 nm is 

attractive for various biomedical applications such as pulse oximeters [11,12]. 
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Although LED operation of AlxGa1-xN:Tb and GaN:Tm [10] has been reported, the light output 

power still needs improvement for practical device implementation. As discussed in Chapter 2 and 

Chapter 3, we have demonstrated that post-growth thermal annealing is a powerful method to 

improve light output of GaN:Eu,O. In this chapter, we perform thermal annealing and investigate 

the impact on the optical characteristics of AlxGa1-xN:Tb and GaN:Tm. 

C. 2. Tb doped AlxGa1-xN 

C. 2. 1 Experimental method  

First, we investigate the annealing effect on the optical characteristics of AlxGa1-xN:Tb. The 

sample was grown on (0001) sapphire substrates using the OMVPE method. Same as the growth 

of GaN:Eu,O, TMG, TMA, and NH3 were used as precursors of Ga, Al, N, respectively. For the 

Tb-doped layer, tris-iso-propyl-cyclo-pentadienyl-terubium [Tb(i-PrCp)3] was used. The growth 

was initiated with a low-temperature GaN buffer layer, followed by a 1.7-µm-thick undoped-GaN 

layer grown at 1180℃ and at 100 kPa, and a 300-nm-thick ud-GaN layer grown at 960 ℃ and 10 

kPa. Afterwards, a 400-nm-thick Al0.48Ga0.52N:Tb active layer was grown at 960 ℃ and 10 kPa 

and capped by a 20-nm-thick AlN. The Al composition was determined by the XRD reciprocal 

space mapping method. An 80-nm-thick SiO2 was evaporated, and the sample was annealed at 

1100 °C for 10 minutes in N2 atmosphere at 100 kPa. 

The fourth harmonic of a YAG laser (λ = 266 nm, pulse width = 200 ps) was used as an 

excitation source for PL measurements. Emission from the sample was detected by a cooled CCD 

camera equipped with a 50-cm-spectrometer. TR-PL signal was detected by a photon-counting 

system with a thermoelectrically cooled photomultiplier tube with laser repetition rate of 200 Hz. 

C. 2. 2 Results and discussion 

PL spectra for the as-grown sample and the sample annealed at 1100 °C measured at room 

temperature are plotted in Fig. C. 1. The annealed sample shows higher PL intensity, suggesting 

that thermal annealing is an effective method to improve the emission efficiency of AlxGa1-xN:Tb, 

as well as GaN:Eu,O. In the case of GaN:Eu,O, the enhanced luminescence efficiency was attributed 
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to the luminescent site reconfiguration, where sites with high excitation efficiencies were formed. 

However, the spectral shape of AlxGa1-xN:Tb emission is unchanged after annealing, suggesting that 

the distribution of luminescent site was not influenced by annealing. 

In line with the luminescence mechanism proposed for GaN:Eu,O, where defects related to 

Eu3+ ions take place on carrier capture and energy transfer (Fig. 2. 1), the improved luminescence 

efficiency might be associated with following factors: (a) Enhanced radiative transition probability 

of Tb3+ ions (b) Enhanced carrier capture rate of defect related to Tb3+ ions (c) Enhanced energy 

transfer rate from defects to Tb3+ ions (d) Increased number of optically active Tb3+ ions.  

To investigate the factor that improved the luminescence efficiency, TRPL measurements were 

conducted at room temperature. TRPL curves for the 5D4-7F5 transition (554 nm) are shown in Fig. 

C. 2. In Fig. C. 2 (a), the initial fast decay components originate from deep-level emission from 

defects, and the slow decay components originate from Tb3+ emission. An earlier study has 

demonstrated that the lifetime of Tb3+ emission is constant in the temperature range of 15 K to room 

temperature [4]. This indicates that the effect of energy back transfer is negligibly small even at 

room temperature, and the lifetime of Tb3+ emission purely corresponds to the radiative lifetime. 

The decay curves were fitted using biexponential functions, and the lifetime was derived as 293±2 

μs and 280±1 μs for the as-grown sample and the sample annealed at 1100 °C, respectively. The 

radiative lifetime remains nearly unchanged, suggesting that the radiative transition probability does 

not contribute to the enhancement of PL intensity.  

With an improved temporal resolution, we also examined the rise time in TRPL measurements 

as shown in Fig. C. 2 (b). The almost identical PL curves indicate that the effective excitation cross 

section is unchanged after annealing. If the carrier capture and energy transfer rate has improved 

and/or number of optically active Tb3+ ions has increased, they would result in an enhanced effective 

excitation cross section. Therefore, the enhanced PL intensity was not caused by these factors. 

When we applied the simple luminescence mechanism where defects related to RE ions take 

place on carrier capture and energy transfer to the investigation, the cause of the PL intensity 

enhancement could not be identified. Several other excitation mechanisms have been proposed for 

Tb3+ ions doped in AlxGa1-xN [4,13,14], thus detailed analysis is required taking them into account. 
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Fig. C. 1 PL spectra for the as-grown sample and the sample annealed at 1100 °C. 

Fig. C. 2 TRPL curves measured with (a) low (b) high temporal resolution. 
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C. 3. Tm doped GaN 

C. 3. 1 Experimental method 

Then, we investigate the annealing effect on the optical characteristics of GaN:Tm. The sample 

was grown on (0001) sapphire substrates using the OMVPE method. Same as the growth of 

GaN:Eu,O and AlxGa1-xN:Tb, TMG, TMA, and NH3 were used as precursors of Ga, Al, N, 

respectively. For the Tm-doped layer, tris-iso-propyl-cyclo-pentadienyl-thulium [Tm(i-PrCp)3] 

was used. The growth was initiated with a low-temperature GaN buffer layer, followed by a 1.5-

µm-thick undoped-GaN layer grown at 1180℃ and at 100 kPa. Afterwards, a 52-nm-thick 

GaN:Tm active layer was grown at 1030 ℃ and 10 kPa and capped by a 20-nm-thick AlN layer. 

An 80-nm-thick SiO2 mask was evaporated, and the sample was annealed at 1050 °C for 10 

minutes in N2 atmosphere at 100 kPa. 

C. 3. 2 Results and discussion 

We conducted photoluminescence excitation (PLE) measurements at room temperature to study 

the optical characteristics. A laser-pumped plasma light source equipped with a monochromator 

was used as a wavelength tunable light source. Emission from the sample was detected by a cooled 

CCD camera equipped with a 50-cm-spectrometer.  

PLE maps are illustrated in Fig. C. 3. At all the measured excitation wavelengths, the 

annealed sample exhibits a higher PL intensity associated with Tm3+. This clearly indicates that 

post-growth thermal annealing also effectively improve the Tm3+ emission in GaN:Tm. When 

excited with energies below the GaN bandgap energy, the as-grown sample shows a strong 

emission from defect levels. This implies that the annealing process reduced the point defect 

concentration in GaN:Tm, and partially contributed to the improved Tm3+ luminescence 

efficiency. 

C. 4. Summary 

We applied post-growth thermal annealing processes to AlxGa1-xN:Tb and GaN:Tm, and observed 
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enhanced PL intensities associated with RE ions. In the case of GaN:Eu,O, the emission intensity 

enhancement was achieved by the luminescent site reconfiguration, where sites with high 

excitation efficiencies were preferentially formed by annealing. However, it is still not clear even 

if AlxGa1-xN:Tb and GaN:Tm have different types of luminescent sites. Further study of their 

optical properties would enable a detailed examination of the enhanced luminescence efficiency 

caused by annealing. 

The obtained results imply that the annealing technique can be applied for various types of 

RE-doped semiconductor such as GaAs:Er [15], Si:Er [16], GaN:Er [17], and ZnO:Tm,Yb [18] 

to improve the light output and device performance. Future implementation of optical devices 

using RE-doped semiconductors is expected utilizing the annealing techniques. 
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Fig. C. 3 PLE mas for (a) the as-grown sample and (b) the sample annealed at 1050 °C. 
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