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Semiconductor micro- and nano-cavities are excellent platforms for experimental studies of optical cavities, lasing dynamics, and cavity Quantum Electrodynamics (QED). Common materials for such experiments are narrow bandgap semiconductor materials with well-developed epitaxial growth technologies, such as GaAs and InP, among others. Gallium nitride (GaN) and its alloys are industrially viable materials with wide direct bandgaps, low surface re-combination velocities, and large exciton binding energies, offering the possibility of room temperature realization of light-matter interaction. Controlling light-matter interaction is at the heart of nanophotonic research which leads to ultra-low threshold lasing, photonic qubits, and optical strong coupling. Technologically, due to its blue emission, GaN photonic cavities with indium gallium nitride (InGaN) active mediums serve as efficient light sources for the fast growing photonic industry, optical computing and communication networks, display technology, as well as quantum information processing.

The main challenges in fabricating high quality GaN cavity are due to its chemical inertness and low material quality as a result of strain-induced defects and threading dislocations. In this dissertation, I examine the designs, novel fabrication processes, and characterizations of high quality factor GaN microdisk and photonic crystal nanobeam cavities with different classes of InGaN active medium, namely quantum dots (QDs), quantum wells (QWs), and fragmented quantum wells (fQWs), for investigating light-matter interaction between cavity and these active media.

This dissertation is carefully organized into four chapters. Chapter 1 outlines the background of the research, the materials and growth, and the necessary technique Photoelectrochemical (PEC) etching which is uniquely used to undercut and suspend GaN cavities.

Chapter 2 outlines the fabrications, optical experiments, and tuning technique developed for GaN/InGaN microdisks. Microdisks are circular resonant cavities that support whispering gallery modes. Through the use of optimized dry etching and PEC, high quality factor microdisks with relatively small modal volume are fabricated with immediate demonstration of low threshold lasing. On the path to achieving light and matter interactions, irreversible tuning of the cavity mode of p-i-n doped GaN/InGaN microdisks is achieved through photo-excitation in a water environment. Such a technique paves the way for deterministically and spectrally matching the cavity mode to the emitter’s principle emission.

Chapter 3 outlines the work done on the high quality GaN photonic crystal nanobeams with InGaN QDs and fQWs. The fragmented nature of the fQW layer has a surprisingly dramatic influence on the lasing threshold. A record low threshold is demonstrated that is an order of magnitude lower in threshold than identical nanobeams with homogeneous QW, and comparable to the best devices in other III-V material systems. As an active medium with greater carrier confinement than quantum wells, and higher carrier capture probability than quantum dots, the fQW active medium, in combination with the nanobeam cavity with ultra-small modal volume and high quality factor, provides an ideal means of probing the limits of light and matter interactions in the nanoscale. Moreover, GaN/InGaN nanopillars are fabricated to isolate a single InGaN QD for understanding its emission properties. Antibunching is observed, demonstrating the quantum nature of the QD emission. Gas tuning is attempted on GaN nanobeams with InGaN QDs to achieve QD-cavity mode coupling and to demonstrate cavity enhanced single photon emission. Last but not least, Chapter 4 concludes the dissertation with summary and future directions.
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[bookmark: _Toc417428208]1.1		Background

In the recent years, GaN and its alloys have attracted tremendous research and development interest from the science and engineering community due to its unique optical and electrical properties for applications in optoelectronic and electronic devices, such as light emitting diodes (LEDs), lasers, and power electronics. With a wide range of alloy bandgaps (up to 3.4 eV) and high exciton binding energy, the InGaN active medium is highly efficient in light emission across the entire visible spectrum, as shown in Figure 1.1, as well as enhanced room temperature performance compared to other III-V semiconductors [1, 2]. However, one of the main challenges in the growth of nitride semiconductors has been the lack of lattice-matched substrates thereby, inducing a large number of structural defects degrading device performance [3, 4]. Furthermore, conductive p-doped GaN is difﬁcult to achieve, partially due to the high activation energy of Mg dopants and the slightly n-type nature of intrinsic GaN [4, 5].



[bookmark: _Toc418795130]Figure 1.1 Relationship between bandgaps of Wurtzite III-nitrides and lattice parameters. The visible spectrum range is also shown on the wavelength axis [3].


[bookmark: _Toc417428209]1.2		GaN/InGaN Materials and Defects

GaN, AlN, and InN have wide direct bandgaps of 3.4 eV, 6.2 eV, and 0.7 eV at room temperature, respectively [1, 2]. Figure 1.2 shows a bandstructure of GaN with Wurtzite crystal lattice. Direct electronic transition is allowed between the Γ valley and the hole bands, giving access to efficient optical emission. 


[bookmark: _Toc418795131]Figure 1.2 Bandstructure of Wurtzite GaN with a direct bandgap [6].

All in all, III-nitride semiconductors can be grown in Zinc-blende and Wurtzite crystal structures [2, 7]. Figure 1.3 shows the schematics of the atomic stacking sequence in a standard Wurtzite and Zinc-blende lattice. However, for GaN, InN, and AlN, only the Wurtzite crystal structure is thermodynamically stable under ambient conditions [2]. A III-nitride Wurtzite unit cell is shown in Figure 1.4 with a table of lattice constants calculated in a stress- and strain-free system.



[bookmark: _Toc418795132]Figure 1.3 Schematic of the atomic stacking sequence in a) Wurtzite and b) Zinc-blende lattice [2].


[bookmark: _Toc418795133]Figure 1.4 Schematic of the III-nitride Wurtzite unit cell with table of lattice constants [8].

In the III-nitrides Wurtzite crystal structure, due to the lack of symmetry in the [0001]/c-direction and the partially ionic nature of the bonding, a spontaneous polarization thereby exists along the c-axis, the polar axis [8, 9]. All materials used for experiments in this dissertation are epitaxially grown along the c-direction and therefore referred to as c-plane material.

Moreover, III-nitride semiconductors exhibit piezoelectric polarization in a strained environment, which naturally occurs due to lattice mismatch and different thermal expansion coefﬁcient among the substrate and growth materials and alloys. Such piezoelectric polarization is large in III-nitrides, an order of magnitude larger than typical III-V and II-IV semiconductors [4, 9].


[bookmark: _Toc417428210]1.2.1		Polarization and Internal Fields

An internal electric field along the c-axis, a unique property of Wurtzite semiconductor, has dramatic effects on the emitters and device properties. As Figure 1.4 shows, in the crystal matrix of GaN and its alloys, there exists a non-centrosymmetry in the c-direction. Moreover, due to the higher electronegativity of the nitrogen, electrons are attracted and localized closer to the nitrogen atoms. This electronic arrangement in the matrix gives rise to a spontaneous polarization as shown by the arrow in Figure 1.4 [8, 9].

The net result of the polarization is an internal electric field that bends the electronic band along the c-direction. It is calculated that an internal ﬁeld in the order of MV/cm can exist in GaN and its alloys [9, 10]. Due to the internal field, electrons and holes are delocalized leading to a dramatic reduction of the spontaneous emission (SE) rate and the corresponding oscillator strength. Such effect is even stronger for confined heterostructure systems epitaxially grown along the c-axis. In a confined system such as a Quantum Well (QW) or Quantum Dot (QD), the internal ﬁeld pushes the carriers, due to their opposite charges, in opposite directions. The spatial separation, or in quantum mechanical terms a decrease in the overlap between wave functions of conduction electron and valence hole as shown in Figure 1.5, reduces the probability of a recombination event [11]. This observation is known as the quantum-conﬁned Stark effect (QCSE). Moreover, the internal field decreases the energy separation between the lowest confined electronic energy level in the conduction band and valence band, leading to a red shift in emission spectrum [12].
.


[bookmark: _Toc418795134]Figure 1.5: Comparative schematics of a) a polar InGaN/GaN QW and b) a non-polar InGaN/GaN QW. Due to polarization, charges accumulate at interfaces of polar-oriented QW [12].
[bookmark: _Toc417428211]1.2.2		Materials Growth

Heteroepitaxy, the technique for growing materials different from the substrate, is common for the growth of GaN and its alloys due to the lack of large bulk nitride substrates. Among all available substrates for GaN growth, with up to 16% lattice mismatch [13] and with a large difference between thermal coefﬁcients, it is interesting that sapphire has been the most widely used substrate material. It is transparent and stable during high temperature growth. In general, there are three main growth techniques used, metal-organic vapor phase epitaxy (MOVPE), molecular beam epitaxy (MBE), and metalorganic chemical vapor deposition (MOCVD) [13]. MOVPE, as the principal growth technique, and sapphire substrates are the choices for all materials grown for experiments in this dissertation.

During a standard MOVPE growth, gaseous precursors ﬂow with ammonia (NH3) in a carrier gas of nitrogen or hydrogen to a heated substrate surface. A thin ﬁlm will be formed through layer by layer growth with an epitaxial relationship to the substrate [4, 7]. For the growth of III- nitrides, the metal-containing group III precursors are trimethylgallium Ga(CH3)3, trimethylindium In(CH3)3, or trimethylaluminum Al(CH3)3.The basic reaction for GaN growth is given as follows:

Ga(CH3)3(gas)+ N H3(gas) → GaN(solid)+ 3CH4(gas) [4]



[bookmark: _Toc418795135]Figure 1.6: Schematic of Thomas Swan close-coupled showerhead MOVPE reactor [14].

It is important to note all materials used in this dissertation were grown by Dr Tongtong Zhu in a 6 x 2 in. Thomas Swan close-coupled showerhead (CCS) reactor as shown in Figure 1.6. Substrate temperature, reactor pressure, and the pressure ratio of III and V group precursors are important controlled parameters for MOVPE growth of high quality III-nitrides. High temperatures, above 1000 °C, are required for GaN for creating high surface mobility critical for improving the surface morphology, and facilitates the breakdown of NH3. Moreover, high V/III ratio is required to prevent desorption of nitrogen during growth process [4, 7].
[bookmark: _Toc417428212]1.2.3		InGaN Quantum Dots

A quantum dot (QD) is a semiconductor crystal with a typical size within the order of the wavelength of its electron wavefunction or the effective Bohr radius. In a QD, its exciton is confined in all three spatial dimensions with an enhanced oscillator strength thereby allowing a stronger overlap between the electron and hole wavefunctions in the conduction and valence band, respectively. As a result, in general the radiative recombination for a QD embedded in a barrier material is highly efficient compared to embedded quantum wells (QWs) of the same material [15-17]. Moreover, in a 3-dimensionally confined system, energy levels become discrete and transitions between such levels result in sharp spectral lines as shown in Figure 1.7 indicating an optical density of states resembling a delta-like function, which is the optical signature of single QDs [18].



[bookmark: _Toc418795136]Figure 1.7 Emission spectrum of an unintentionally doped GaN/InGaN quantum dot sample optically excited by a 380nm laser at 4K.
Growth of InGaN QDs is a very challenging and involved process. Aside from the strain accumulated between the GaN and the sapphire substrate, due to lattice mismatch, strain also exists between InGaN and GaN layers. In addition, defects can be incorporated into the material such as residual and unwanted hydrogen in the carrier gas. Such a non-ideal environment prohibits QD formation via the standard Stranski-Krastanov (SK) mechanism, often useful for the growth of arsenide and phosphide QDs [19-21]. Addressing the challenge in forming InGaN QDs, Dr Rachel Oliver et al. (2003) proposed another path for epitaxially growing InGaN QDs in GaN barrier material by utilizing the Modified Droplet Epitaxy (MDE) [22, 23].

A simplified MDE growth process flow is illustrated by Figure 1.8. An InxGa1-xN epilayer with a set composition is initially grown to approximately 3nm in thickness. In-rich regions are expected to form at step edges, dislocations, and other features throughout the epilayer. It is then annealed under a nitrogen environment at the growth temperature for a pre-set time to encourage the decomposition of In rich regions into N2 and metal In/Ga. A significant amount of the decomposed metal accumulates in scattered areas to form nano-scale droplets due to surface tension. Figure 1.8 (d, ii) shows an atomic force microscope (AFM) image of an uncapped annealed InGaN layer, where the white dots are the metallic droplets. Hypothetically, it is believed that during the subsequent growth of a GaN cap, the metallic droplets would go through re-nitridation, resulting in the formation of InGaN QDs within the GaN barrier material. It is found that adjusting the temperature and anneal time alter the areal density and size distribution of the metallic droplet prior to capping. However, the errors associated with such control are high and deterministically positioning the QDs is impossible [7, 22-25].



[bookmark: _Toc418795137]Figure 1.8 A simplified MDE growth process flow for GaN/InGaN QDs materials. Sub-figure (d, ii) shows an AFM image of an uncapped annealed InGaN layer [7].
Due to the lack of precise control of the QD formation process, the QD densities of samples grown under the same condition occasionally differ by as much as an order of magnitude. Moreover, intrinsic to the MDE process, is the presence of the fragmented quantum well (fQW) layer created during the anneal process; thus the emission spectra of GaN/InGaN QDs samples contained emission signatures of both InGaN QDs and fQWs. This creates difficulties for doing analysis and comparisons for GaN/InGaN QDs samples and understanding its effect on cavity phenomenon such as lasing and coupling. 

Figure 1.9 shows a photoluminescence spectrum of a bulk unintentionally doped GaN/InGaN QDs wafer excited by a 380nm Ti-Sapphire frequency doubled laser at 4K with the optical measurement set-up described in Appendix A. Due to the discrete density of states of QDs, narrow and isolated emission peaks are clearly observed indicating successful formation of QD structures. Through MDE growth, it is estimated that InGaN QD is composed of 20 - 30 % In. As a result of the difference in compositions, contribution from the fragmented QW layer, and the difference in size of the decomposed metallic droplets which subsequently formed InGaN QDs, a broad emission peak generally spans from 410 nm - 490 nm in wavelengths. 



[bookmark: _Toc418795138]Figure 1.9 Photoluminescence spectrum of a bulk unintentionally doped GaN/InGaN QDs wafer excited by a 380nm Ti-Sapphire frequency doubled laser at 4K.

The difference in internal strain, In compositions, and size of the InGaN QDs, gives rise to differences in the strength of the internal polarization fields among the QDs. Such internal fields alter and weaken the electron-hole wave function overlap and the oscillator strengths, and thus creates differences in the radiative lifetimes of the QD ensemble, between 1 ns and 5 ns, with exceptions up to and exceeding ~ 100 ns [26, 27]. Experiments on studying the InGaN QDs will be discussed in detail in section 3.3.1 of Chapter 3.


[bookmark: _Toc417428213]1.2.4	InGaN Fragmented Quantum Wells

For the lasing experiments outlined later in this dissertation, a unique active medium deserves special attention, namely the fragmented quantum wells, formed during the annealing process after the initial InxGa1-xN epilayer is grown [28]. Compared to zero-dimensional QDs, fQWs are analogous to inhomogeneous quantum wells which exhibit quantum confinement in two directions. Similar to QDs, the fQWs also exhibit significant variation in thickness and In composition, especially in the vicinity of dislocation pits on the surface of the underlying GaN [29]. Figure 1.10 shows an AFM scan of the fQWs before capping. The average width of the InGaN fQW strips is approximately 70 nm. The inset image shows an AFM line profile of a selected region on the as-grown annealed InGaN epilayer indicating a height variation of roughly 3 nm. In the standard fQW materials used for cavity purposes, the fQW was formed by growing a 2.5 nm thick InGaN epilayer at 710o C and annealing at the growth temperature for 240 seconds in an atmosphere of NH3 and N2 prior to capping with 7.5 nm of GaN. Following annealing, the InGaN epilayer exhibits a network of interlinking InGaN strips aligned roughly along the [11-20] direction. After the growth of the GaN capping layer, a composition gradient in the InGaN strip is expected to form, making the center of the strip more indium rich than the edges [30]. This creates a graded electronic potential which confines the carriers at the center of the strips. For comparison and in order to better determine the In composition, analogous structures were grown that contained continuous InGaN QW material. Both the QWs and the GaN barriers were grown at a temperature of 740 °C, again under N2. X-ray diffraction (XRD) was used to characterize the indium content of continuous QWs to be approximately 18%. It’s impossible to obtain reliable XRD quantification of the indium composition of fQW due to its non-uniformity. While the average indium content of the fQW will be lower than that of the QW, previous microscopy studies suggest that at the center of the InGaN strips both the width and composition of the fQW should be similar to that of the QW structure. 



[bookmark: _Toc418795139]Figure 1.10 AFM scan of the fQWs before capping. The average width of the InGaN fQW strips is approximately 70 nm. The inset image shows an AFM line profile of a selected region on the as-grown annealed InGaN epilayer indicating a height variation of roughly 3 nm.

In the early stages, it was believed that the formation of a large amount of fragmented QW together with QDs was a significant drawback of the MDE when growing QD samples. The inevitable presence of the fQWs with QD active layers made it difficult to delineate the unique role of the QD in optical emission and ultimately, in lasing. However, given the results of the ultra-low threshold lasing experiments discussed in Chapter 3, the beneficial role of fQWs has been better realized. Figure 1.11 shows a room temperature photoluminescence spectrum of a bulk unintentionally doped GaN/InGaN fQWs wafer excited by a 380nm Ti-Sapphire frequency doubled laser. Principal emissions for InGaN fQWs span from 420nm to 490nm. Due to the larger optical density of states, fQWs materials emit with stronger intensity compared to QD materials.



[bookmark: _Toc418795140]Figure 1.11 Room temperature photoluminescence spectrum of a bulk unintentionally doped GaN/InGaN fQWs wafer excited by a 380 nm Ti-Sapphire frequency doubled laser.


[bookmark: _Toc417428214]1.2.5		Threading Dislocations

Threading dislocations (TDs) are lines of crystallographic defects created as a result of large lattice and thermal expansion coefficient mismatches among the different growth materials and the substrate [31, 32]. Electronically, TDs induce electron scattering thereby reducing the carrier mobility [32-34], and increasing the leakage current in devices [35]. All in all, TDs can be non-radiative recombination centers thereby reducing the optical efficiencies of the material [36], however, their effects on the optical quality of cavities are more subtle and are described in the succeeding chapters [37]. As a result of largely mismatched sapphire substrates, TDs are widely found in GaN, and their density can reach up to approximately 1010/cm2 [38-40]. Such high density of TDs adversely affect the fabrication and performances of the GaN/InGaN optical cavities.

Even though TDs originate within and throughout bulk GaN material, they do propagate through the layer and terminate as pits at the material surface, which are clearly visible using AFM. By selecting the underlying substrate, it’s possible to obtain crude control, to a certain extent, over the TDs density (TDD) of a grown wafer. Figure 1.12 shows AFM images of three wafers with different threading dislocation densities. The dark spots are the pits at which threading dislocations terminate. The purpose of growing and working with material batches such as these is for experimental comparison and analysis of the optical properties of the materials and cavities with correlations to dislocation densities.  



[bookmark: _Toc418795141]Figure 1.12 AFM images of as-grown GaN before capping. Dark spots are surface pits due to threading dislocations. a) highly-resistive (HR) with TDD~5.64 x 109 cm-2, b) medium dislocation density (MDD) with TDD~1.01 x 109 cm-2, c) low dislocation density (LDD) with TDD~3.16 x 108 cm-2 [29].
One of the most important factors that contributes to the success of GaN for industry and light applications is its high optical efficiency despite the intrinsic large TDs density. Such level of TDs density can render conventional III-V compound semiconductors optically inactive. It has been a long on-going debate that InGaN-based LEDs may be insensitive to dislocations [41, 42]. These observations are often attributed to the inevitable fluctuations of the In composition in the active medium thereby creating localization potentials for carriers [43].

Sugahara et al. (1998) used transmission electron microscopy (TEM) in conjunction with cathodoluminescence (CL) imaging and demonstrated that dark spots in the CL image occur at the locations of the TDs as shown in Figure 1.13 [44]. This evidently proves that TDs are non-radiative recombination centers for carriers which can lead to reduced internal quantum efﬁciency (IQE) [41]. From this analysis, the minority carrier diffusion length is determined to be approximately 50 nm. Consequently, if minority carrier diffusion length is shorter than dislocation spacing, radiative recombination is most likely to dominate over non-radiative recombination events.



[bookmark: _Toc418795142]Figure 1.13 a) CL image and b) plan-view TEM image of a zoomed-in region of a GaN ﬁlm grown on (0001) sapphire substrate, showing correlations between dark spots in CL and the dislocations in TEM [44].


[bookmark: _Toc417428215]1.3		Photoelectrochemical Etching

Intrinsic chemical inertness can prevent the aging of semiconductor materials and device. However, such advantage can also post significant challenges for fabrication of useful devices. In the past, due to its chemical stability, processing of GaN-based devices relied heavily on dry etching [45]. The majority of photonic devices require selective etching and removal of certain layers while preserving other layers intact and free from damage. For example to optically isolate, or suspend a cavity structure, an ion-damage free, selective wet chemical etching technique would be preferable.

Photoelectrochemical (PEC) etching is an easily accessible technique to etch GaN and its alloys at room temperature [46, 47], and is the only selective wet etching technique one uses for etching GaN and its alloys in this dissertation.

In short, PEC is a photo-assisted wet etch technique. The PEC apparatus consists of an above-bandgap Xe light source and an electrochemical cell as shown in Figure 1.14. During the PEC process, the semiconductor serves as the anode and a metal in contact with the surface serves as the cathode [45, 47]. For the choice of metal for cathode, one uses 50 nm of Pt or 50 nm of Au with 5 nm of Ti for adhesion purpose directly evaporated onto the material surface. The incident light is partially absorbed by the GaN or its alloys generating electron-hole pairs within the material. Electrons are efficiently extracted through the cathode to create a net hole concentration within the material. Holes, if diffused to the surface of the semiconductor, can react with the electrolyte, forming an oxide. Such oxide is dissolved in the electrolyte, resulting in material etching [48].



[bookmark: _Toc418795143]Figure 1.14 A standard PEC apparatus for etching GaN and its alloys. 
In choosing the electrolyte, three simple considerations need to be fulfilled: 1) the unilluminated electrolyte does not lead to material etching, and 2) is conductive over the distance between surface to be etched and cathode, and 3) such solution needs to readily dissolve the formed oxide.

For all the fabrications used for making photonic cavities in this dissertation, the electrolyte is 0.004 M of HCL. Figure 1.15 is a selectively etched microdisk using PEC etch in 0004 M of HCL electrolyte. Used in conjunction with reactive ion etching (RIE), PEC allows fabrication of sophisticated device and cavity geometries.



[bookmark: _Toc418795144]Figure 1.15 A suspended microdisk formed by selectively etching the InGaN layer in a circular mesa in 0.004 M HCL under Xe lamp for 10 minutes. The InGaN layer is sandwiched between two layers of GaN in the mesa.

Above all, due to the dependence on hole concentration, a few limitations, as listed below, exist intrinsically to PEC etching creating difficulties for processing high quality GaN devices:

High sensitivity to built-in electrical ﬁelds;
Selectivity to defects and threading dislocations;
General difficulty to etch p-type GaN due to surface bending at the interface with the electrolyte.

In this section, the selectivity and challenges of the PEC process will be addressed in detail. Using PEC along with other standard processing tools available in cleanroom, all the photonic cavities of interest in this dissertation, namely microdisk and photonic crystal nanobeam, have been successfully fabricated.


[bookmark: _Toc417428216]1.3.1		Selectivity

Selectivity in etching can be leveraged for fabricating advanced and sophisticated device structures. However, selectivity can also complicates the process, and in certain case, to an extent that certain desired geometries become impossible to realize. Due to the need for generating a net hole concentration at the surface of the material in the electrolyte, PEC etching is often dictated by two important material selectivity parameters, namely the doping and bandgaps [45, 49].

When a semiconductor is in contact with an electrolyte, a depletion region in the material is created near the interface with the electrolyte causing the material’s electronic band to bend. In n-type materials, photo-generated holes within the semiconductor are accelerated towards the interface by the curvature of band bending as shown in Figure 1.16 (a). This results in oxidation of the semiconductor surface and subsequent etching. However, in a p-type materials as shown in Figure 1.16 (b), band bending creates a natural barrier for the holes to reach the interface between the semiconductor and electrolyte, thereby preventing the formation of surface oxide. As a result, it’s believed that p-type GaN is resistive to PEC etching [45]. 



[bookmark: _Toc418795145]Figure 1.16 Electronic band bending at the semiconductor and HCL interface for (a) a n-type materials and (b) a p-type material [45].
A semiconductor absorbs photon with energies above its bandgap [50]. This selective absorption process allows the possibility of bandgap-selective etching, which along with careful design realizes many practical device geometries. Only the material layer which absorbs the incident photons will be etched. Figure 1.17 (a) shows a scheme for selective etching of a single material layer, one with narrower bandgap, by using photons in between the energy of the two bandgaps of the two materials. For most material structures one works with, InGaN is used as the sacrificial layer which is selectively etched using PEC leading to suspended structures. For such reason, Xe lamp is used as the light source with a GaN wafer immediately below serving as optical filter to remove the spectrum absorbable by GaN, as shown in Figure 1.17 (b).
 


[bookmark: _Toc418795146]Figure 1.17 a) A material design for selective etching of the material layer positioned in the middle with narrower bandgap using photons in between the energies of the two bandgaps of the two materials. b) PEC set-up for selectively etching InGaN with GaN barrier layers.

[bookmark: _Toc417428217]1.3.2		Process Challenges

Because of the reliance on excess hole concentration, PEC etching is sensitive to defects. As discussed in the section on TDs, TDs along with many other defects trap free carriers, especially electrons, therefore will inhibit the etch rate and create etch stop surfaces [45, 49]. In the application for GaN/InGaN, this results in the formation of etch resistant whiskers in a selective removal process of InGaN. Since c-plane GaN on sapphire has high density of TDs, the etch-resistant effect is therefore exacerbated creating high density of whiskers attached to the GaN barrier material. In addition, whiskers that are attached to a cavity act as scattering centers, break the ideal symmetry of the cavity, and lower its optical quality. Figure 1.18 (a) shows an undercut 3 micron GaN/InGaN microdisk with 1 layer of InGaN QDs using PEC. It can be easily observed in the red highlighted box, whiskers are created underneath the periphery of the microdisk. Figure 1.18 (b) shows an undercut GaN/InGaN mesa with high density of TDs creating a large density of whiskers using PEC. Until today, there has not been consistent proven results and advancements which can eliminate whiskers using PEC or post-growth fabrication techniques. As a result, it creates heavier reliance on the growth of high quality materials with low density of TDs and defects. 


[bookmark: _Toc418795147]Figure 1.18 (a) A 3 micron GaN/InGaN microdisk with 1 layer of InGaN QDs undercut using PEC. The red box highlights the whiskers underneath the periphery of the microdisk. (b) An undercut GaN/InGaN mesa with high density of TDs using PEC.


[bookmark: _Toc417428218]1.3.3		Material Designed for Cavity Application

Bandgap-selective PEC etching is widely used for suspending cavities in this dissertation. Figure 1.19 shows a standard epitaxial GaN/InGaN material structure with 3 layers of fQWs. In general, the only difference among material samples for cavity is the choice of the active medium. Compared to other conventional semiconductor materials for cavities, two unique features deserve special attention, namely the sacrificial superlattice for PEC etching and the etch stop AlGaN layer inside the cavity membrane. Due to the internal ﬁelds in GaN and InGaN, carriers especially holes are conﬁned at the interfaces between layers, giving uneven etch profiles for thick InGaN layer. As a result, the superlattice was developed to create more interfaces in a periodic fashion to effectively trap holes leading to uniform etch profile [51]. Moreover, a high resistance AlGaN layer is embedded between the superlattice and the active medium for preventing electrons escaping from the active medium layer, which then creates an excess hole concentration locally and subsequently leads to etching [52].



[bookmark: _Toc418795148]Figure 1.19 A standard GaN/InGaN material structure with 3 layers of fQWs for fabricating GaN/InGaN photonic cavities.

[bookmark: _Toc417428219]1.4		GaN/InGaN Materials for Cavities

There are a few GaN/InGaN material structures used for fabricating cavities in this dissertation. Their main differences are the thicknesses of the cavity membranes and the choice of active media. Their growth and structures are described in detail below.

(1) 200 nm unintentionally doped (uid-) GaN with 3 layers of InGaN active media (QW, QDs, and fQWs) on InGaN/InGaN sacrificial superlattice (SSL) grown on LDD GaN templates.

The growth starts with a standard Si-doped LDD GaN template [29]. A sacrificial superlattice of un-doped In0.065Ga0.935N/In0.05Ga0.95N (200 nm total depth for PEC selective removal to suspend the cavity membrane or its periphery in air) was then grown and capped by 10 nm of uid-GaN. Then 20 nm of Al0.2Ga0.8N was grown at 1050 °C as an etch-stop layer for the PEC etching, followed by the growth of 60 nm of uid-GaN on top of which 3 layers of InGaN active medium (QW, fQW, or QD) were then grown according to detailed paragraphs below. After the final InGaN active medium layer was grown, a 10 nm GaN capping layer was grown at the same temperature as the InGaN in N2, followed by a further 80 nm of uid-GaN grown at 1000 °C using H2 as the carrier gas. The final structures are shown in Figure 1.20.



[bookmark: _Toc418795149]Figure 1.20 Material structure for a 200 nm thick uid-GaN membrane with 3 layers of InGaN active layer material (QW, QDs, fQWs) on InGaN/InGaN sacrificial superlattice grown on LDD GaN templates.


Growth of InGaN QWs (shown in Figure 1.21 (a))
To minimize the indium loss from the QW during barrier growth, GaN barriers were grown, at the same temperature as the InGaN QWs, at 740 °C. The nominal thickness for the QWs is 2.5 nm. This method resulted in continuous QWs with no visible well width fluctuation measured using transmission electron microscopy [53].


Growth of InGaN fQWs (shown in Figure 1.21 (b))
The 2.5-nm-thick InGaN epilayers were grown at 710 °C and annealed at the growth temperature for 240 s in an NH3/N2 atmosphere. The use of NH3/N2 gas mixture was to ensure that the annealed InGaN epilayer exhibits a network of interlinking InGaN strips aligned along the [11−20] direction without the formation of any metallic droplets during the annealing process. GaN barrier layers were then grown at 710 °C [53, 54].


Growth of InGaN QDs (shown in Figure 1.21 (c))
As described in Chapter 1, MDE was used for the growth of InGaN QDs. A 2.5-nm InGaN epilayer was initially grown at 710 °C and a post-growth N2 anneal was performed for 30 s, causing the layer to be broken into regions of “surface pits” and regions of “fragmented QW” with metallic indium/gallium droplets created across both of these regions. During the growth of the GaN capping layer, these droplets re-react with ammonia leading to the formation of InGaN QDs. GaN barrier layers were then grown at 710 °C [23].



[bookmark: _Toc418795150]Figure 1.21 AFM images of uncapped active layers for growing (a) homogenous InGaN QW, (b) InGaN fQWs, (c) InGaN QDs [55].


(2) 120 nm GaN with 1 layer of InGaN QDs on InGaN-InGaN SSL grown on c-GaN LDD template.

The material structure was grown by metalorganic vapor phase epitaxy on a c-plane GaN/Al2O3 pseudo-substrate [28, 29]. A sacrificial superlattice of n-doped In0.065Ga0.935N/In0.05Ga0.95N (200 nm total depth) was then grown and capped by, 30 nm of n-GaN for a p-i-n junction, or 30 nm of uid-GaN for a uid-GaN membrane. Then 20 nm of Al0.2Ga0.8N was grown at 1050 °C as an etch-stop layer for the PEC etching, followed by the growth of 10 nm of uid-GaN. On top of the uid-GaN, the InGaN quantum dots were grown at 710 °C by modified droplet epitaxy method [22, 23]. After the QD growth, a 10 nm GaN capping layer was then grown at the same temperature as the InGaN QDs in N2, followed by a further, 20 nm of uid GaN for a p-i-n junction, or 60 nm of uid GaN for an uid-GaN membrane, grown at 1000 °C using H2 as the carrier gas. For growing a p-i-n junction, the final growth of 30 nm of p-GaN at 950 °C completed the material structure. The anneal process for the p-GaN was carried out at 785 °C in N2 for 20 minutes. The growth and anneal conditions for the p-GaN have been previously demonstrated not to damage the QDs [56] and have also been shown to have no measureable effect on the sacrificial superlattice for the compositions used here. The final material structure is shown in Figure 1.22.



[bookmark: _Toc418795151]Figure 1.22 (a) Material structure for a 120nm uid-GaN with 1 layer of InGaN QDs on InGaN-InGaN SSL grown on c-GaN LDD template. (b) Material structure for a 120nm p-i-n GaN with 1 layer of InGaN QDs on InGaN-InGaN SSL grown on c-GaN LDD template.

(3) 200 nm p-i-n GaN with 3 layer of InGaN active media (QW and QDs) and on InGaN-InGaN SSL grown on Si-doped LDD c-GaN template.

This growth of this p-i-n sample started with a standard Si-doped LDD GaN template [29]. An n-doped (1 × 1018 cm-3) In0.065Ga0.935N/In0.05Ga0.95N (20 nm - 20nm period, 200 nm total depth) sacrificial superlattice structure was then grown and capped by 50 nm of n-GaN (5 × 1018 cm-3). Then 20 nm of Al0.2Ga0.8N was grown at 1050 °C as an etch-stop layer for the PEC etching, followed by the growth of 20 nm of uid GaN on top of which three layers of InGaN active medium (QW or QD) were grown at their respective temperature (740 °C for QW or 710 °C for QD using modified droplets epitaxy method) [22, 23, 53] and capped by 10 nm GaN at the same temperature in N2. The last 10 nm thick GaN cap layer is followed by a 10 nm of uid GaN grown at 1000 °C using H2 as the carrier gas. A 60 nm thick p-GaN was grown at 950 °C which was followed by another 10 nm p+ GaN contact layer. The anneal process for the p-GaN activation was carried out at 785 °C in N2 for 20 minutes [56]. The final material structure is shown in Figure 1.23.



[bookmark: _Toc418795152]Figure 1.23 Material structure for a 200 nm p-i-n GaN with 3 layer of InGaN QWs on InGaN-InGaN SSL grown on Si-doped LDD c-GaN template.
[bookmark: _Toc417428220]1.5		Conclusion

Chapter 1 outlines the basic and background information on materials, materials growth, and PEC etching technique that are useful for understanding and fabricating GaN/InGaN optical cavities. GaN and InGaN are young materials compared to conventional semiconductors. As a result, the current quality of material is not defect-free. Moreover, due to limitations set by GaN’s chemical inertness, PEC etching is used to selectively remove unwanted layers, however at the same time, residual etch resistant whiskers may be formed, due to TDs. All in all, the tunability of PEC etching allows one to fabricate suspended optical cavities desirably. In the chapters to come, optical micro- and nano-cavities and their applications and the underlying principles will be described in detail.











[bookmark: _Toc415966498][bookmark: _Toc417428221]CHAPTER 2: GaN/InGaN Microdisk and Applications

[bookmark: _Toc415966499][bookmark: _Toc417428222]2.1		Microdisk Cavity
[bookmark: _Toc415966500][bookmark: _Toc417428223]2.1.1		Background

A microdisk is a simple cavity structure which confines light propagating around its periphery by total internal reflection [57, 58]. The highest quality standing waves, or eigenmodes, of a microdisk are called the whispering gallery modes (WGMs) which often exist in circular resonant systems [59]. WGMs in a microdisk have a two-fold degeneracy corresponding to clockwise and counterclockwise propagation directions. Due to its high quality factor and small modal volume, a microdisk is a great test bed for the sensitive assessment materials quality and for realization of light-matter interactions. Moreover, they are easier to grow and fabricate compared to many other cavity structures, such as micropost cavities and photonic crystal cavity [60].

Finite difference time domain (FDTD) simulations are often performed to study the theoretical limitations and emission patterns of the WGMs of microdisks. A computed 1st order WGM mode profile along with the SEM image of a fabricated microdisk are shown in Figure 2.1. In a microdisk, the principal emission direction is radially in-plane. To avoid mode leakage into the substrate through evanescent wave coupling, the air gap between the microdisk and substrate should be at least half of a wavelength in air. The number of modes and free spectral range are determined by the size of the microdisk. An increase in microdisk size, in radius or in thickness, will lead to an increase in the number of WGMs and a decrease in free spectral range [61]. The wavelength of light in GaN is λ/n, where n, the refractive index, is approximately 2.5 for wavelengths within the general emission region of the InGaN active medium, from 410nm to 490nm. 



[bookmark: _Toc415966536][bookmark: _Toc418795153]Figure 2.1 (a) Top down view of 1st order WGM of a 2 µm microdisk. (b) Side view of 1st order WGM of a 2µm microdisk. (c) A fabricated unintentionally doped 2 µm GaN/InGaN microdisk.
As with every cavity system, perfect symmetry is critical for obtaining the best Q factor [60, 61]. Microdisks that include imperfections such as surface roughness, defects, and whiskers are susceptible to absorption and scattering which leads to a lower Q factor. Moreover, imperfections and non-circularity can also break the degeneracy of the clockwise and counterclockwise WGMs causing a visible mode-splitting between the principal mode peaks [62]. As a result, it’s important to fabricate suspended damage- and defect-free circular microdisks for the best device performance. In a microdisk, due to the slight variation in localization, WGMs can have different quality factors and different susceptibility to defects and imperfections. Higher order WGMs are spatially localized further inside the microdisk. As a result, these modes have a stronger tendency to couple to the post of the microdisk and require greater undercut to become spectrally visible.

Mathematically, computing the resonant modes of a microdisk with radius R and height H requires solving Maxwell’s Equations for a cylindrical coordinate system with finite thickness. The derivations can be easily found in available textbooks and journal papers [60, 61]. For the experimental observations on tuning, it is important to point out that spacing between WGMs of the same order, or the free spectral range, is determined by Δλ = λ2/2πRnef f , where λ is the mode wavelength, R is the radius of the microdisk cavity, and nef f is the effective refractive index of the mode. Figure 2.2 shows the PL spectrum of a typical 2 µm unintentionally doped GaN/InGaN microdisk at room temperature. The free spectral range, approximately 17 nm, is clearly shown in the figure.



[bookmark: _Toc415966537][bookmark: _Toc418795154]Figure 2.2 PL spectrum of a 2 µm unintentionally doped GaN/InGaN microdisk taken at room temperature. The free spectral range is the separation between 2 adjacent modes of the same order as shown by the arrow indication.


[bookmark: _Toc415966501][bookmark: _Toc417428224]2.1.2		Fundamentals of Lasing

Laser is an acronym for Light Amplification by Stimulated Emission of Radiation. Lasing is a process involving optical amplification of light through stimulated emission [63]. Compared to other light sources, a key characteristic of the laser is spatial and temporal optical coherence in its emission. Spatial coherence allows a laser beam to remain collimated over a large distance. Temporal coherence allows a laser to emit over a very narrow wavelength range [64, 65].

A two-level system is often useful for quantitative and qualitative description of stimulated emission behavior [66]. An electron can occupy either of the two states E1 or E2 separated by an energy gap ΔE = E2 – E1 as shown in Figure 2.3. For an electron at the higher energy level E2, there is only a finite lifetime for which it will remain at E2 even in the absence of an external field or stimuli. Physically, an electron at E2 will couple to the vacuum fluctuation field, leading to a spontaneous emission event to relax to the lower level. Moreover, in the case of an external field, for example a photon with frequency equal to the bandgap ΔE, the probability of the electron making a transition to the other energy state is dramatically increased. The electron’s transition from state E1 to state E2 can be accomplished by the absorption of the photon with energy equal to ΔE. Vice versa, a photon with energy equal to the bandgap ΔE can also stimulate an electron to make a transition from state E2 to state E1, emitting an additional photon with the same frequency and polarization, leading to the process of stimulated emission. The transition probability for both absorption and stimulated emission is the same [66]. For such a reason, to generate lasing behavior, it’s necessary to prepare the system with more electrons in the higher energy level to produce a net gain for stimulated emission events. This preparation process is known as population inversion, beyond which a spontaneous emission event will trigger stimulated emissions leading to lasing behavior [63].



[bookmark: _Toc415966538][bookmark: _Toc418795155]Figure 2.3 Schematic of two level systems with electrons occupying states E2 and E1 under the influence of an incoming photon. (a) A two level system with one electron at E1 absorbs the incoming photon with energy above the bandgap Eg transitioning to state E2. (b) A two level system with one electron occupying the higher energy state E2 under the influence of an incoming photon with energy equal to the bandgap Eg produces another identical photon through stimulated emission.

In the ideal two-level system model, only radiative transitions are considered. However, non-radiative recombination also exists in which excited electrons relax to the lower energy state without emitting a photon. Examples can be recombination events occurring at defect sites or with surface states. The time in which a non-radiative recombination event occurs is the non-radiative recombination lifetime. For optically active materials, it is important that the non-radiative recombination lifetime is significantly longer than the radiative recombination lifetime [50]. For practical considerations, it is therefore important to grow high quality and low defect materials for the best laser performance.

In a semiconductor laser, the gain medium is often an epitaxially grown material with lower bandgap which traps and confines the electrons and holes in conduction and valence band respectively. The gain medium is excited by an external source with above-bandgap energy, such as with a pump laser, to reach population inversion to trigger lasing. The minimum excitation power necessary to reach lasing action is the lasing threshold [63]. For the GaN/InGaN laser cavities in this dissertation, the gain medium is InGaN QWs, fQWs or QDs. Lasing relies fundamentally on light-matter interaction. Consequently, an optical cavity is useful to increase the intensity of the mode overlapping with the gain medium. In general, cavities with moderately high quality factor and small modal volume are important to making low-threshold semiconductor lasers [60].

To characterize lasing action, a photon density plot is a necessary tool to determine the onset of lasing and to clearly reveal the three regimes of lasing operation. Figure 2.4 shows two typical lasing curves, a linear photon density vs. excitation power plot in (a), and a log-log photon density vs. excitation power plot in (b). The first regime of lasing operation is dominated by spontaneous emission, in which the gain medium is excited well below the lasing threshold. In the log-log plot, such regime has a constant slope due to linear increase of output intensity with excitation power. As the population of carriers in the excited state increases with increasing excitation power, the rate of stimulated emission becomes comparable to spontaneous emission, which marks the transition to the second regime of operation, amplified spontaneous emission. In both plots, the amplified spontaneous emission region is clearly indicated by an exponential increase in photon population. However, due to large spontaneous emission events involved, the overall photons emitted are incoherent, with random phases and a significant spread in wavelengths. As the excitation power is further increased, the rate of stimulated emission dominates over the spontaneous emission. At this point, the lasing threshold is reached, in which a clear suppression of spontaneous emission is observed in the laser PL spectrum. Using the linear photon density plot, the lasing threshold is determined as the intersection of the horizontal axis and a linear fit to the higher-power region of the data. Photons emitted from the dominant stimulated emission events are coherent in phase and wavelength. In both of the photon density plots, the lasing intensity vs. excitation power is once again in a linear relationship [63].



[bookmark: _Toc415966539][bookmark: _Toc418795156]Figure 2.4 (a) A typical linear lasing curve plotting output photon density against external excitation power. (b) A typical log-log lasing curve plotting output photon density against external excitation power. In both plots, three regimes of lasing operation are clearly identified, spontaneous emission, amplified spontaneous emission, and stimulated emission.
[bookmark: _Toc415966502][bookmark: _Toc417428225]2.2	Experimental Results

A substantial amount of work on microdisk fabrication and lasing was carried out among a number of student and postdoctoral researchers. This section summarizes some of the essential lessons learned from that work with respect to the choices of the active layer materials (quantum dots, fragmented quantum wells and quantum wells) described in Chapter 1, and differences in the lasing behavior of microdisk cavities with the different active materials. A typical material structure for these microdisk studies is shown in Figure 1.20 in section 1.4.

[bookmark: _Toc415966503]Earlier experiments comparing microdisks with either 120 nm or 200 nm thick membranes, showed much higher Q factors for the 200 nm membranes. This experimental observation was confirmed by simulations. Therefore, all cavities for lasing and cavity-QED experiments later employed a 200 nm thick cavity structure. For such 200 nm thick membranes, a record high Q factor of ~ 9100 was demonstrated for 3 µm-diameter microdisks with 3 QD layers in the active region, and single QD layer in the same microdisk structure yielded Q factors as high as 7500. Despite the high Q factors, neither of these microdisks achieved lasing under accessible excitation powers. Forming microdisks of 1 m diameter, using the same material structure, resulted in immediate observation of room-temperature lasing at 0.28 mJ/cm2 threshold power for the 3QD-layers. No lasing for microdisks with a single InGaN QD layer is observed. As a result, the trinity of a small modal volume, a decent Q factor, and a multi-layered active medium is required for achieving lasing action in a microcavity structure.


[bookmark: _Toc417428226]2.2.1		Fabrication

Cleaning and preparations were necessary before beginning the fabrication process for making GaN/InGaN microdisks. Initially, the wafer (5 mm×5 mm) was sonicated in Acetone and IPA for 3 minutes each, followed by a 30 minutes cleaning in piranha and then a 3 minutes buffer oxide etch to remove the surface oxides. Immediately after cleaning, SiO2 beads of a selected size suspended in IPA were dispensed onto the wafer surface. The beads served as masks for the subsequent inductively coupled plasma (ICP) etch of the material in 25 sccm of Cl2 and Ar gas for an approximate depth of 520 nm. The SiO2 beads were subsequently removed in BOE and Acetone/IPA sonication. PEC etching in 0.004 M HCl was then performed to selectively etch the In0.065Ga0.935 N/In0.05Ga0.95N superlattice, forming the final microdisk structures. Figure 2.5 is a schematic showing the fabrication flow. Figure 2.6 shows the SEM image of a resulting microdisk with 200 nm thick cavity membrane. The active medium is 3 layers of InGaN QDs which are located in the middle of the disk membrane sandwiched by the GaN barrier layers.



[bookmark: _Toc415966540][bookmark: _Toc418795157]Figure 2.5 Fabrication flow for making GaN/InGaN microdisks.



[bookmark: _Toc418795158][bookmark: _Toc415966541]Figure 2.6 SEM image of a 1 µm diameter GaN/InGaN microdisk with 200 nm thick cavity membrane, fabricated using the process flow outlined in Figure 2.5. The active medium is 3 layers of InGaN QDs, located in the middle of the disk membrane sandwiched by the GaN barrier layers. 

[bookmark: _Toc415966504][bookmark: _Toc417428227]2.2.2	Photoluminescence Characterization

Optical characterization of microdisks was performed using a frequency-doubled titanium sapphire laser emitting at 380 nm, an energy below the bandgap of GaN but above the bandgap of the InGaN QDs, through a long working distance objective (×100, numerical aperture (NA) = 0.5). The beam radius is approximately 290 nm. The emission from the microdisks was collected through the same objective and directed into a spectrometer for analysis. The full schematic of the PL set-up is illustrated by Figure A.1 in Appendix A. 

Figure 2.7 (a) shows the PL spectrum taken at room temperature from a 1 µm diameter microdisk with 3 layers of QDs. Figure 2.7 (b) shows a high resolution spectrum of the transverse electric (TE) mode at 475.8 nm. This mode exhibits a splitting between the two degenerate WGMs, most likely due to imperfections and lack of complete rotational symmetry. These two modes are fitted with Lorentzian functions, as indicated with the red and green lines, through which a Q factor of ~ 6600 is extrapolated.



[bookmark: _Toc415704861][bookmark: _Toc418795159][bookmark: _Toc415966542]Figure 2.7 (a) Room temperature PL spectrum of a 1 µm diameter microdisk with 3 layers of QDs. (b) High resolution spectrum of the transverse electric (TE) mode at 475.8 nm with splitting between the two degenerate WGMs. Q factor of ~ 6600 is extrapolated by using Lorentzian function fitting [49].


[bookmark: _Toc415966505][bookmark: _Toc417428228]2.2.3	Microdisk Lasing

Extensive characterization was undertaken of the 1 µm diameter microdisks, to compare the differences in lasing behaviors, for the QD, fQW and QW active layer materials. The signature of room temperature lasing was clearly observed from all three samples, as shown in Figure 2.8. Multiple WGMs are visible under low power excitation. As the excitation power was increased through the lasing threshold, the intensity of a single mode increased dramatically and dominated over all other modes and spontaneous emission. Pronounced narrowing of the lasing mode was observed, signifying the increased temporal coherence of emission in the lasing regime [49, 55]. The log-log photon intensity vs. excitation power plots are shown in the insets indicating clear achievements of lasing actions with all three regimes of operation, spontaneous emission, amplified spontaneous emission, and stimulated emission, as described in section 2.12. Moreover, no clear dependence between the lasing thresholds and the Q factors was observed.



[bookmark: _Toc415966543][bookmark: _Toc418795160]Figure 2.8 Lasing spectra from 200 nm thick GaN/InGaN microdisks with 3 layers of (a) QWs (b) fQWs (c) QDs. Insets show the log-log lasing curves demonstrating the three regimes of laser operation [49, 55].
For the QW microdisk, the lasing mode appeared near the peak of background luminescence at low excitation power and remained its spectral position through lasing. For the fQW microdisk, the dominant mode rested at the long-wavelength side of the background luminescence (∼471 nm) under low power excitation. By increasing excitation power through threshold, an initially less visible mode close to the background emission center (∼452 nm) became dominant and reached lasing. For the QD microdisk, a dominant mode initially appeared near the center of the background luminescence (∼436 nm) under low power excitation. Increasing the excitation power caused a distinctive transition to occur in which the WGM with the shortest wavelength (∼421 nm) abruptly became dominant and, with further increased excitation power, achieved lasing action. Alex Woolf et al. (2015) demonstrated that the observation of the blue shifts in the lasing modes for microdisk cavities with fQW and QD gain materials is due to an interplay between and relative importance of the carrier capture cross-section versus the radiative emission efficiency of the fQW regions and QDs of varying size [49, 55]. 

The table in Figure 2.9 summarizes the averaged data for the center of the gain emission, the lasing wavelength, and the lasing threshold for three samples. Microdisks with 3 layers of QWs offered the best performance in terms of lasing thresholds, possibly due to the larger density of electronic states and better coupling between the emitters and cavity modes. These QW microdisks also had more consistent lasing thresholds due to homogeneity of the gain medium and better uniformity of the overall material quality. In comparison, microdisks with 3 layers of fQWs lased with a wide range of thresholds. This observation can be attributed to the variation in the areal distribution and composition of the annealed fQWs which caused inconsistencies among microdisks in their material properties. Microdisks with 3 layers of QDs exhibited more consistent lasing thresholds with a significantly lower average compared to the fQW microdisks. As pointed out in earlier discussion, the number of QDs in spatial and spectral resonance with the WGMs was likely limited, however, moderate lasing thresholds were achieved. This could be attributed to the lower threshold carrier density required for QDs compared to conventional QWs [67]. Nevertheless, QW gain material produced lasers with best consistency and lowest average threshold. Consequently, InGaN QW is comparatively the most promising choice of compatible gain material for a GaN microdisk laser.

	Sample
	Average center λ of background (nm)
	Average λ of lasing mode (nm)
	Average lasing threshold  (µW)
	Threshold range (µW)

	QW
	446 ± 2.3
	448 ± 6.7
	184
	88-375

	fQW
	457 ± 3.5
	451 ± 6.7
	753
	83-3600

	QD
	441 ± 4.8
	428 ± 3.8
	303
	118-815



[bookmark: _Toc415966544][bookmark: _Toc418795161]Figure 2.9 Lasing statistics by averaging over the 20 microdisk lasers measured for each of the QW, fQW, and QD samples [55].
[bookmark: _Toc415966506][bookmark: _Toc417428229]2.3		Tuning Application
[bookmark: _Toc415966507][bookmark: _Toc417428230]2.3.1		Introduction and Observation

For cavity-QED and light-matter interaction experiments, it is necessary to realize both spatial and frequency resonance of emitter to cavity modes. One challenge is in the ability to tune the cavity mode to spectrally match the emission of the emitter of interest. A variety of methods has been employed to tune cavity modes in other semiconductor materials (e.g. GaAs) and are mostly based on the modification of the local refractive index of the cavity. Temperature tuning of photonic crystal cavities (PCCs) using gas condensation has been previously demonstrated [68]. In a different approach, deposition of thin photosensitive layer on top of the cavity (such as chalcogenide [69] or spiropyran [70]) is performed. Upon laser irradiation, the refractive index of the layers is modified, resulting in a tuning of the cavity modes. Alternatively, chemical digital etching which slightly modifies the cavity dimensions was also demonstrated [71]. Since there is a different temperature dependence of the QD emission energies and that of the optical modes, change of temperature has been used to effect tuning [72]. Better controlled local tuning has been achieved by employing heating pads positioned in a close proximity with the PCC [73].

An in situ method of tuning InGaN/GaN microdisk cavities is described in this section. The technique arose from an observation made during a PL measurement for a set of uid GaN/InGaN microdisks with 1 layer of QDs (material structure shown in Figure 1.22 (a) in section 1.4): an unexpected non-reversible blue-shift of the WGMs. It was initially believed to be an oxidation effect due to exposure of the cavity to moisture in air. As a result, PL measurement and tuning was tested by immersing the microdisks in de-ionized water (DI-water) and irradiating the microdisk with a UV laser (360 or 380 nm) excitation. The diameter of the laser beam was approximately 500 nm. The SEM image of the microdisk is shown in Figure 2.10 (a). Modes with quality factor (Q) as high as 3500 were measured as shown in the PL spectrum in Figure 2.10 (b). Tuning of the WGMs was achieved and continued as long as the laser was focused on the disk. Only the probed microdisks underwent the tuning while other cavities on the sample remained unaffected. By measuring cavity PL spectrum during tuning, one was able to continuously monitor the evolution of the WGMs and dynamically control them.



[bookmark: _Toc415966545][bookmark: _Toc418795162][bookmark: OLE_LINK1][bookmark: OLE_LINK2]Figure 2.10 (a) SEM image of an InGaN/GaN microdisk with inset showing the cavity’s material structure. (b) Room temperature PL spectrum of the microdisk [74].
 
To further understand the observed effect, the same microdisks were immersed in DI-water within a small cell, composed of a hollow rubber ring (1 mm height) in between two cover glass slides. The sample was excited and imaged through the top cover slide. Figures 2.11 (a) – (c) show the tuning of the WGMs, achieved by continuous irradiation of the disk with two different excitation powers of 0.2 mW (a) and 0.9 mW (c) using the 360 nm wavelength excitation laser. A faster rate of blue-shift in WGMs was observed under higher power excitation. It was noted that the rate of tuning was directly related to the applied excitation power. To further understand the mechanism underlying the tuning, the microdisks were immersed in a non-polar solvent, toluene. The samples were subjected to 20 minutes of continuous irradiation at 80 µW power with 360 nm excitation laser. No tuning was observed, providing more evidence that the observed process was indeed related to oxidation in the aqueous environment.

The same tuning operation was repeated using a 380 nm excitation wavelength, which corresponded to an energy below the bandgap of the GaN but above the bandgap of the InGaN QDs. Figures 2.11 (b) and (d) show the results of the mode tuning employing 0.3 mW and 1 mW of excitation power. Comparing the two excitation schemes, it was clear that tuning rate using the 380 nm laser excitation was considerably slower than that observed for the 360 nm excitation. With excitation power of ~ 1 mW, a 1.9 nm mode shift was observed under 380 nm laser excitation, while a shift of up to 3.5 nm was observed under 360 nm excitation. The tuning was even slower employing low excitation powers as shown in Figure 2.11 (b) and was halted when the power decreased to ~ 50 µW. Finally, the WGM shift was permanent and non-reversible. By and large, these data collectively suggest the possibility of developing this observed effect into a deterministically and precisely controlled permanent tuning technique for WGMs in a GaN/InGaN microdisk. 



[bookmark: _Toc415966546][bookmark: _Toc418795163]Figure 2.11 Tuning of the WGMs of InGaN/GaN microdisks immersed in DI-water with (a) 360 nm excitation wavelength with 0.2 mW and (c) 0.9 mW excitation power. (b) 380 nm excitation wavelength with 0.3 mW and (d) 1 mW excitation power. The bright lines present peaks of the WGMs [74].

Figures 2.12 (a) and (b) show two PL spectra recorded dynamically during the tuning after 5 sec (black curves) and 100 sec (red curves) using 360 nm and 380 nm laser excitation, respectively. A degradation of Q factor for the 360 nm tuning process was clearly observed. However, only a minor change in Q factor occurred for the 380 nm tuning, even for a comparable shift in wavelength.



[bookmark: _Toc415966547][bookmark: _Toc418795164]Figure 2.12 PL spectrum recorded in-situ after 5 s and 100 s of tuning of the WGMs with (a) 360 nm and (b) 380 nm laser excitation. The dark red arrows indicate the direction of the mode shift [74].

The mechanism of tuning was believed to be a process similar to PEC etching of GaN, in which photo-generated holes enhanced oxidation of the GaN, and where the oxide was subsequently dissolved in the DI-water. The consistent blue shift of the modes with increased tuning power and time suggested a reduction in the size of the microdisks. In addition, there has been a previous report of PEC oxidation of n-GaN in water, under an applied bias > 2 V [74]. In this case, photo-oxidation likely took place resulted in a thin layer of oxide which was subsequently dissolved in DI-water, resulting in a precise etch removal of the microdisk material thereby causing a blue-shift in the cavity modes.

The mechanism of the in-situ tuning also accorded well with the wavelength-dependence of the tuning. Excitation at 360 nm would generate electron-hole pairs throughout the volume of the microdisk membrane. Generated carriers would readily diffuse to all the microdisk surfaces, resulting in a faster and fairly isotropic photo-oxidation and etching of the periphery of the disk, as well as the surfaces. For excitation at 380 nm, below the bandgap of the GaN, electron hole pairs would only be generated within the InGaN QDs layer creating a smaller carrier concentration compared to the case for 360 nm laser excitation. At low incident powers, the photo-generated carriers would likely be confined in the InGaN region, and thus no hole-enhanced surface oxidation was observed. At high powers, band-filling occurred in which the electrons and holes could escape the confinement of the InGaN region and would drift and diffuse to the microdisk surfaces leading to oxidation and etching. Given the direction of the internal fields of GaN, photo-oxidation/etching would take place predominantly on the top (Ga-face) surface. 

COMSOL software was used to simulate the shift in wavelength of the modes with respect to change in dimensions of the microdisk. A change of 10 nm in the radius of the microdisk produced only a 1 nm shift in the mode wavelength, while a 10 nm change in the thickness of the microdisk, resulted in approximately 7 nm wavelength shift of the WGMs. Thus an isotropic etch of the disk, with a reduction in both the thickness and diameter of the disk would exhibit a mode shift very nearly equal to an etch that affected only the thickness of microdisk. The WGMs can be sensitive to the quality of the etched sidewalls. Thus, for a similar observed mode shift, the isotropic etch process associated with the 360 nm excitation has a greater impact on the symmetry and quality of the microdisk sidewalls. As demonstrated experimentally, a larger degradation of Q was observed for the 360 nm tuning process. For such reason, excitation at 380 nm was employed for further experiments on tuning and its calibrations.

To experimentally validate the occurrence of local GaN etching during photo-irradiation of the material surface by 360 nm or 380 nm laser in DI-water, a well-controlled experiment was carried out. A grid pattern, as shown in Figure 2.13 (a), was dry-etch transferred onto another sample of the same material by inductively coupled plasma (ICP) etching in 25 sccm of Cl2 and Ar gas for an approximate depth of 200 nm. The squares were the etched area and the grid bars were protected by a mask, which was subsequently removed. Following the grid fabrication, PMMA C6 was spun onto the sample, and Raith 150 Electron Beam Lithography was subsequently used to expose 1 µm circles aligned to the middle of the grid intersections, visible as the bright spots in Figure 2.13 (a). After chemical development, the circles became holes thereby exposing the underlying GaN surface. The sample was then immersed in DI-water and the areas exposed by the hole were irradiated with 360 nm laser with ~ 50 µW power for 1 minute. After the irradiation, the PMMA was removed in Acetone.

AFM was used to map the surface profile of the etched area, as shown in the inset of Figure 2.13 (b). A trench had been formed in the illuminated regions, and roughly 13 nm of GaN material had been removed. This experiment unambiguously demonstrated the successful etching of GaN by irradiating the material in DI-water, validating the observation for the tuning of the microdisk WGMs. 


[bookmark: _Toc415966548][bookmark: _Toc418795165]Figure 2.13 (a) Dry-etch transferred grid pattern of GaN covered in PMMA C6. The bright spots are 1 µm diameter holes defined using Raith 150 Electron Beam Lithography. (b) AFM scan of an etched area. Inset shows a line measurement for depth profile of the etched area.


[bookmark: _Toc415966508][bookmark: _Toc417428231]2.3.2	Tuning on P-I-N Microdisks

Through experiments with different material structures, it was found the tuning technique was most effective when applied to p-i-n microdisks. A free spectral range tuning of the WGMs was achieved without any degradation of the Q factors. Moreover, despite the lower powers used in these experiments, the tuning rates achieved (in wavelength shift/incident power/time) were substantially higher than previously achieved. The precise experimental procedures and observations are discussed below.

120 nm-thick, 2 µm diameter p-i-n GaN/InGaN microdisks with 1 layer of QD (material structure shown in Figure 1.22 (b) in section 1.4) were fabricated. Figure 2.14 (a) shows a SEM image of the microdisk. The InGaN QD active layer is located in the middle of the disk membrane sandwiched by the p- and n-doped GaN layers as shown in Figure 2.14 (b). Figure 2.14 (c) shows a room temperature PL spectrum from the microdisk. Distinct modes could be seen decorating the broad background emission of quantum dots. The Q factor of the first order WGMs were ~ 1500.



[bookmark: OLE_LINK4][bookmark: OLE_LINK3][bookmark: _Toc415966549][bookmark: _Toc418795166][bookmark: ][bookmark: ]Figure 2.14 (a) SEM image of the InGaN/GaN microdisk. (b) The material structure of microdisk. (c) PL spectrum recorded from the disk showing the first order WGMs with Q approximately 1500 [75].
The microdisks were immersed in water within the same cell set-up used for the first tuning experiment and subjected to illumination with 380 nm laser beam directly incident onto the p-GaN of the disk structure. After illumination in water for a given incident power and time, the microdisks were removed from the cell and dried. A spectrum of the microdisk was then taken in air to more precisely determine the shift in the mode. Moreover, it was ascertained that direct illumination of microdisks in air does not induce a mode shift. Figure 2.15 (a) details the shift of a given mode for 60 seconds illumination at incident powers of 150 nW, 450 nW, and 960 nW, respectively, all measured directly underneath the focusing objective. Figure 2.15 (b) shows the shift in a mode as a function of time, measured at a constant laser power of 450 nW. In both cases, the linear shift in mode wavelength with time, at constant power, or with power at a constant time, provides the possibility of deterministic tuning of one WGM into resonance with a quantum dot transition. Figure 2.15 (c) is a histogram of ‘normalized’ tuning rate in nanometers (of wavelength shift)/incident power/time of each of 15 different tested microdisks. The standard deviation of the rates falls within 13% of the rate value. This result shows homogeneity in the tuning process and implies that the material properties among different locations of the sample were relatively uniform.



[bookmark: _Toc415966550][bookmark: _Toc418795167]Figure 2.15 (a) A plot showing tuning range vs. different excitation powers with constant tuning time of 60 seconds. (b) Plot showing tuning range vs. time with constant power of 450 nW. (c) A histogram of normalized tuning rates (nm/µW/min) of 15 microdisks [75].
To further demonstrate the precise control of WGM shifts possible with this technique, full spectral range tuning on several microdisks was attempted. A chosen microdisk was tuned in 5 consecutive 10-second intervals. After each tuning cycle, the sample was taken out of DI-water, dried and a spectrum was taken in air. The results are displayed in Figure 2.16. The spectra are offset in the y-direction, for clarity, and the bottom spectrum is the PL signature of the disk before tuning was commenced. The subsequent spectra represent the changes after successive additional 10 seconds of tuning. The shadowed box highlights the evolution of a selected WGM. As the arrow indicates, this mode was tuned from its original wavelength to the emission line of the initial adjacent mode. No Q degradation is observed.

[image: ]

[bookmark: _Toc415966551][bookmark: _Toc418795168]Figure 2.16 PL spectrums of microdisk cavity over 50 seconds of tuning under power ~450 nW with 380 nm laser. The bottom spectrum was taken before tuning. The arrow indicates tuning one WGM over one free spectral range. The shadow box indicates the evolution of the WGM. The times interval before each spectrum is 10 s from bottom to top [75].
To directly validate the occurrence of microdisk surface etching, a measurement experiment was carried out by masking a portion of the microdisk to mark changes in its geometry during the water-based tuning process. A masking structure 80 nm in diameter was formed by electron beam lithography using Fox-16™ resist. The mask was designed to prevent photo-induced changes in the underlying material, and is placed at the center of the microdisk to avoid overlapping with the WGMs, as shown in Figure 2.17 (a). The microdisk was then placed in the water cell and subjected to 450 nW illumination for 60 seconds. After the laser irradiation, the sample was removed from the cell and immersed in buffered oxide etch (BOE, 7:1 NH4F:HF) for 1 minute to completely remove the mask. Atomic Force Microscopy (AFM) was then done on the microdisk to characterize the surface roughness. Figure 2.17 (b) shows the AFM trace in the vicinity of the original mask. The masked region was ~8 nm higher than the surrounding surface, indicating that the top surface of the microdisk was etched during the tuning process.

PL of the microdisk after the tuning showed a 14.2 nm blue shift in one selected WGM. COMSOL simulations modeled the mode shift expected for the microdisk having an 8 nm reduction in vertical dimension for the microdisk membrane. The result of the simulation indicated a blue shift of ~13.9 nm in the selected WGM. The close correspondence between the simulation and experimental results suggest that only the top, p-type GaN was etched during this process.
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[bookmark: _Toc415966552][bookmark: _Toc418795169]Figure 2.17 (a) SEM image of the InGaN/GaN microdisk with FOxTM resist mask. (b) AFM scan of microdisk top surface profile in the vicinity of the removed resist mask. (c) A simplified bandstructure of a p-i-n junction of disk membrane. The QWs in middle represent the QD layer. The red dots with plus and minus sign represent hole and electron excited by laser, respectively [75].
As stated in Section 2.3.1, it is believed that the tuning process is similar to PEC etching of GaN; it is notable that in the experiments, the light was incident on the p-GaN material of the microdisk, and that generally p-type semiconductors are not etched in PEC processes. However, our 380 nm laser excitation generated electron-hole pairs only in the lower bandgap quantum dot layer, not in the surrounding GaN. Under these conditions, as Tamboli et al. have shown [76], PEC etching can be used effectively to etch the p-GaN. Figure 2.17 (c) shows a simplified bandstructure of a p-i-n junction representing the disk membrane. Electron-holes pairs were generated in the quantum dot layer. The natural band-bending of the structure and the rather shallow confinements of the electrons and holes enabled the holes to drift and diffuse to the p-GaN surface, enhancing oxidation and subsequent etching. The photo-generated electrons were similarly swept to the n-GaN side of the material. One believes that the mechanism described above underlies the rapid tunability, with substantial mode shifts and yet with no degradation of quality factor. By contrast, under illumination of 360 nm radiation at only 120 nW power for only 10 s, the mode shift observed was about 6 nm, but the Q is degraded from 1200 to 450. In this case, electron-hole pairs were generated throughout the volume of the microdisk. However, a preferential etching of the underlying n-GaN and the disk periphery was observed. Even though a change in the radial dimension of the microdisk produces a far smaller mode shift than a commensurate change in the thickness, the effect of a change in the radial symmetry on the cavity Q-factor can be significant. A SEM image of a heavily irradiated (at 380 nm) p-i-n microdisk is shown in Figure 2.18. Prolonged laser tuning thinned the disk membrane and created moderate surface roughness, which led to the eventual degradation of the cavity Q factor.

In comparing the tuning of these p-i-n structures with the uid structures characterized earlier, tuning of the modes was achieved at substantially lower powers: 200 nW to 1 µW, for either 360 nm or 380 nm incident wavelength, compared to the few hundred µW to ~ 1 mW incident powers used for the uid microdisks. Illumination of the uid structures at 50 µW power and 380 nm produced no tuning at all. While the histogram of Figure 2.15 (c) shows average tuning rates of ~ 20 nm/µW/min for the p-i-n microdisks, the tuning rates for the uid microdisks were 3 to 4 orders of magnitude less. Thus the bandstructure of the cavity material, relative to the excitation wavelength played an important role in determining the predictability and control of the tuning process. 
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[bookmark: _Toc415966553][bookmark: _Toc418795170]Figure 2.18 SEM of a p-i-n GaN/InGaN microdisk irradiated by 380 nm laser with 20 µW power for 3 minutes. 
Applying this tuning technique on p-i-n GaN/InGaN microdisks resulted in a greater than one free spectral range blue-shift tuning of the WGMs without degradation of their Q factor. With the linear dependence on the applied excitation power and the fine controllability, this technique constitutes an important step in achieving spectral resonances of WGMs with embedded emitters, crucial for studying cavity QED and realizing optoelectronic devices.


[bookmark: _Toc415966509][bookmark: _Toc417428232]2.4		Conclusion and Future Work

In this chapter, background information of microdisk cavity is introduced in detail. With the growth and fabrication ability, high Q factor GaN/InGaN microdisks with QW, fQW, and QD active media were successfully fabricated which led to observation of lasing. Ideally in the near future, GaN/InGaN materials with reduced defect density can be grown to further improve the device performance and cavity Q factor. Through numerous characterization and lasing experiments with the GaN/InGaN microdisks, an optimized material structure was found: 200nm thick cavity membrane with 3 layers of gain materials. This structure was used as a baseline for extensive studies on GaN/InGaN microdisk lasers. Due to the low threshold lasing observed in these microdisks, one believes electrically driven operation can be an interesting avenue of exploration, making these devices more suitable for further applications. Moreover, for the tuning technique and experiment, a natural extension would be to apply such controlled technique to create permanently coupled microdisks in a deterministic manner. Both of these two future directions are described in detail in the following sections.


[bookmark: _Toc415966510][bookmark: _Toc417428233]2.4.1	Electrically Injected Microdisk

In this chapter, all microdisks lasers have been optically excited. Optical injection is a critical step for demonstrating lasing and a useful method for studying cavity and material properties. However, electrical injection is essential for practical applications [77]. Building the apparatus for electrical injected microdisk represents a challenge due to the requirement for metal contacts which, if in direct contact with the cavity, represent a major source of optical absorption and loss. As a result, careful design and sophisticated fabrications are required.

Figure 2.19 shows the schematic of a proposed electrically injected p-i-n GaN/InGaN microdisk with 3 layers of QWs structure. The structure of the material is shown in Figure 1.23 of section 1.4. 1 µm microdisk was fabricated from this p-i-n material and achieved lasing with an unadjusted threshold of ~ 150 uW of excitation power, which is approximately two times higher than the lowest threshold observed in the uid GaN/InGaN microdisks with 3 layers of QWs.
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[bookmark: _Toc415966554][bookmark: _Toc418795171]Figure 2.19 Schematic of an electrically injected p-i-n GaN/InGaN microdisk with 3 layers of QWs.

Fabrication of the proposed structure in Figure 2.19 involves numerous steps with high precision alignment. As a result, a well-defined alignment marker for electron beam lithography is necessary. First, 25 nm of indium tin oxide (ITO) is sputtered onto the cleaned GaN wafer and annealed at 500 °C for 1 minute to render the ITO transparent with regard to the emission range of the InGaN QWs. PMMA C6 is then spun onto the sample and baked at 180 °C to form a spacer layer for resist lift-off. FOxTM 16 resist is subsequently spun onto the PMMA-covered sample and baked at 90 °C. Elionix 125 Electron Beam Lithography (Elionix) is used to define 2 µm diameter disks, which are subsequently developed. Unaxis ICP RIE is used to etch the sample in 25 sccm of N2 and Cl2 for an approximate depth of 520 nm. The sample is then sonicated in acetone to remove the spacer layer lifting off the FOxTM 16 resist mask. A cathode, patterned by photolithography, of Pt (50 nm)/Ti (5 nm) is evaporated onto the sample surface using Denton EE-4 Metal Evaporator (EE-4). PMMA is spun onto the sample again, and using the Elionix, large square openings aligned to the microdisk (2 µm from the edge of the microdisk) are exposed and developed for sputtering and lifting off the SiO2 stands as shown in the schematic of Figure 2.19. The height of the SiO2 is level with the top of the ITO. The sample is ready to be etched in 0.004 M HCL using PEC to undercut the microdisks. Figure 2.20 shows a SEM image of a 1 um diameter GaN/InGaN microdisk with 25 nm of ITO on top. Q-factor of ~ 2300 is measured on first order WGMs.
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[bookmark: _Toc415966555][bookmark: _Toc418795172]Figure 2.20 SEM image of a 1 um diameter GaN/InGaN microdisk with 25 nm of ITO on top.
The last step of the fabrication process is to form the metal arm structure on top of the microdisk as the p-contact of the electrical injection apparatus. The metal arm is suspended therefore will not adversely affect the Q factor of the microdisk. Nevertheless, this step requires high precision alignment. A simple process flow is shown in Figure 2.21. First, PMMA C6 is spun onto the sample. Using Elionix, a circle with 500 nm diameter and an opening with smaller areal dimension compared to the SiO2 stand are aligned to the middle of the microdisk and SiO2 stand, respectively, exposed and developed as shown in Step 1 of Figure 2.21. It is important to note the 500 nm circle will serve as the mold for the metal post of the metal arm, facilitating the injection of carriers into the microdisk. Therefore it is necessary to position the circle in the middle of the microdisk to avoid coupling of the WGMs to the metal post. Following this step, LOR-3A is spun onto the sample and baked at 90 °C for 30 minutes. LOR-3A serves as a blocking layer for PMMA chemical development following the next E-beam exposure. PMMA C6 is spun onto the sample again and baked at 90 °C for 30 minutes. A 1.5 µm circle and another opening with smaller areal dimension compared to the first exposed opening are aligned to the middle of the microdisk and SiO2 stand, respectively, and exposed. Following this initial exposure, a bar structure bridging the 1.5 µm circle and the opening are exposed as shown in Step 2 of Figure 2.21. The sample is developed, first in MIBK:IPA (1:3), then in CD-26 Shipley Photoresist developer to partially remove the LOR-3A to connect the two developed PMMA patterns for metal evaporation to form the final metal arm structure. Thermal Evaporator is used to evaporate 25 nm of Ti as a sticking layer followed by 250 nm of Au. Subsequent lift-off in remover PG at 80 °C is needed to complete the proposed structure shown in Figure 2.19. A wire bonder will be used to connect the Au on top of SiO2 stands as the p-contact and the floor level of the microdisk as the n-contact. This experiment will be an interesting high-impact future direction for the p-i-n GaN/InGaN microdisks.
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[bookmark: _Toc415966556][bookmark: _Toc418795173]Figure 2.21 A simple process flow for creating the resist mold to evaporate and lift-off the metal arm structure for electrical injection of the GaN/InGaN microdisk.
[bookmark: _Toc415966511][bookmark: _Toc417428234]2.4.2	Coupled Microdisks

Coupled microcavities can form “photonic molecules” (PM) with analogous properties compared to confined electronic states [78 - 81]. The size and arrangement flexibility of coupled microdisks (CMs) offers advantages to create arbitrary PMs exhibiting unique optical properties [78]. Moreover, lasing, coupled mode-mode splitting, and optical bistability have previously been demonstrated in GaInAsP CMs [78, 82]. GaN/InGaN is an excellent material system for creating CMs operating in the blue spectrum. A fabrication process is developed to create twin GaN/InGaN microdisks with minimal distances (~ 50 nm). Using the water tuning technique, it is possible to spectrally match selected resonances of the twin cavities to form permanently coupled GaN/InGaN microdisks.

FDTD simulation is performed on coupled 2 µm-diameter GaN microdisks with different separations. The microdisks that are coupled are modeled to be identical. Figure 2.22 (a) shows the simulation of a CM with 30 nm spacing. As the inset shows, a mode-mode splitting of 0.2 nm is observed. Figure 2.22 (b) and (c) show the antisymmetrically and symmetrically coupled (first order) mode-mode profiles, signature of a strong interaction between the twin cavities. Comparable to electronic systems, the antisymmetric mode has slightly larger energy therefore is represented by the peak with the shorter wavelength after splitting occurs. It is found that WGMs with longer wavelengths have stronger coupling strength due to the larger leakage of evanescent fields. Moreover, increasing separation between the CMs dramatically decrease the mode-mode splitting and significantly lowering the coupling strength. Figure 2.22 (d) shows a diagram for simulated mode-mode splitting strengths of the first order WGMs of CMs with different separation distances. Longer wavelength modes exhibit stronger coupling therefore larger mode-mode splitting due to slightly larger evanescent fields. CMs with separation larger than 100 nm have minimally discernable coupling (< 0.1 nm).
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[bookmark: _Toc415966557][bookmark: _Toc418795174]Figure 2.22 FDTD simulation of 2 µm coupled identical GaN microdisks with 30 nm of separation. (b) Antisymmetrically coupled mode-mode profile. (c) Symmetrically coupled mode-mode profile. (d) Diagram for simulated mode-mode splitting strengths for CMs of different separations.

The fabrication flow for 2 µm-diameter GaN/InGaN CMs with 3 layers of QDs is identical compared to fabricating a single microdisk except for the choice of mask which requires an extra preparation and lithographic step. The mask for coupled microdisks is FOxTM 16 resist which is exposed using Elionix. Due to charging and proximity effect it is difficult to achieve a separation spacing smaller than 200 nm without distorting the circularities of the CMs. However, as illustrated by Figure 2.22 (d), in order to observe coupled mode-mode splitting, it is necessary and critical to minimize the distance between the twin GaN/InGaN microdisks to around 50 nm to enhance evanescent coupling. As a result, a conductive scheme for E-beam lithography is adopted which consists the deposition of a 5 nm SiO2 diffusion prevention layer followed by the E-beam evaporation of a 1o nm Ti conductive layer onto the surface of the GaN wafer before applying the FOxTM 16 resist. With this new fabrication recipe, 2 µm-diameter circular coupled microdisks with the shortest interdisk separation of ~ 50 nm are successfully fabricated. Figure 2.23 (a) shows a SEM image of 200 nm thick, 2 µm-diameter GaN/InGaN coupled microdisks with 3 layers of QDs.

Room temperature PL measurement are performed on the GaN/InGaN CMs. Figure 2.23 (b) and (c) show the PL spectra of the microdisk on the left and right, respectively. Due to fabrication flaws, surface roughness, and other material imperfections, a 2 nm offset is measured between the positions of the corresponding WGMs in each disk. Such offset value is an order of magnitude larger than the linewidths of the WGMs, therefore preventing any overlapping spectral interactions between the cavities. Experimentally demonstrating coupling between the CMs requires controllably tuning a selected WGM of one microdisk into resonance with the targeted WGM of the twin microdisk. Using the well-developed tuning technique outlined in the previous section 2.3.2, it is possible to achieve permanent strong coupling between these CMs without any degradation of the cavities’ Q factors. Fine tuning will be required to accurately match the WGMs of interest. Low power laser excitation in DI-water will offer a uniform slow tuning rate for the microdisk, and through which, tuning with sub-nanometer precision can be achieved. This experiment will be an interesting future direction which involves low risk and minimal uncertainties. Only a limited number of steps are needed beyond those already accomplished.
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[bookmark: _Toc415966558][bookmark: _Toc418795175]Figure 2.23 SEM image of 200 nm thick, 2 µm-diameter GaN/InGaN coupled microdisks with 3 layers of QDs. Separation between the microdisks is determined to be ~ 50 nm. (b) PL spectrum of the microdisk on the left (c) PL spectrum of the microdisk on the right.

[bookmark: _Toc416562751]


[bookmark: _Toc417428235]CHAPTER 3: GaN/InGaN Photonic Crystal Nanobeam and Applications

[bookmark: _Toc416562752][bookmark: _Toc417428236]3.1		Background

In the recent years, photonic crystal (PC) cavities [83, 84] have attracted great interests from the engineering and scientific communities because of their small wavelength-scale modal volumes and ultra-high Q factors, achievable and adjustable through careful designs [85 – 87]. These advantages provide an ideal platform for experimentally realizing light-matter interactions [88] and applications such as lasing [89, 90], quantum information processing [91], nonlinear optics [92], and others [93 – 95]. PC nanobeam can be an ideal cavity structure for certain material systems due to its 1-D geometry and smaller footprints [96], which can greatly simplify the fabrication process. Qimin Quan et al. (2010) proposed a deterministic method for designing PC nanobeams with ultra-high Q factors, which ideally resulted with (i) zero extended cavity length between the middle mirrors, (ii) constant periodicity (‘periodicity = a’), and (iii) a Gaussian-like field attenuation profile [97]. The coupling loss to the feeding waveguide is reduced by using more than 15 periods of mirrors on each side of the nanobeam symmetrically. The optical energy is concentrated in the dielectric region in the middle of the cavity [96].

Figure 3.1 (a) and (b) respectively show the schematic of nanobeam used in FDTD simulation and the table summarizing the design parameters for two nanobeam designs used in this dissertation. The refractive index for GaN is ~ 2.5 for wavelengths in InGaN emission range. The particular cavity design comprises a ridge waveguide perforated with gratings of cylindrical holes designed using the deterministic high-Q method [96, 97]. The nanobeam cavity from each of the two designs has a unique resonant mode frequency, Q-factor, and modal volume (V), and is selected to spectrally match to the principal emissions of the gain media for the intended application. For instance, as observed in microdisk cavity system, lasers with QDs as gain material achieved lasing at a shorter wavelength of ~ 428 nm on average, yet in comparison, QW and fQW microdisks lased within a longer wavelength range, approximately from 445 to 455 nm. Nanobeam of design 1 has a resonant mode at 437 nm with a Q factor of ~ 118,000 and a modal volume of ~ 1.5 (λ/n) 3. Nanobeam of design 2 has a resonant mode at 420 nm with a Q factor of 101,000 and a modal volume of 1.7 (λ/n) 3. Both designs use the same beam length of 5.2 μm with the same periodicity and membrane thickness of 130 nm and 200 nm, respectively. Moreover, design 1 uses a beam width of 130 nm whereas design 2 uses a 125 nm width. FDTD simulation of the intensity profile of the resonant mode at 420 nm for design 2 is shown in Figure 3.1 (c). The mode is concentrated and confined within the small volumes of the semiconductor material, between the inner etched holes.
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[bookmark: _Toc416562637][bookmark: _Toc418795176]Figure 3.1 (a) Schematic of the nanobeam in FDTD simulation. (b) Table summarizing the design parameters for two nanobeam designs with modes at 437 nm and 420 nm. The refractive index for GaN is ~ 2.5. (c) FDTD simulated resonant mode intensity profile for nanobeam mode at 420 nm (design 2).
[bookmark: _Toc416562755][bookmark: _Toc417428237]3.2		Experimental Results
[bookmark: _Toc416562756][bookmark: _Toc417428238]3.2.1		Fabrication

Figure 3.2 shows a schematic of the fabrication flow. As described in Chapter 2, it is necessary to clean and prepare the GaN/InGaN sample before beginning the fabrication process. Initially, the wafer (5 mm×5 mm) is sonicated in Acetone and IPA for 3 minutes each, followed by a 30 minutes cleaning in piranha and then a 3 minutes buffer oxide etch to remove the surface oxides. A conductive scheme for E-beam lithography is used again which begins with the deposition of a 5 nm SiO2 diffusion prevention layer followed by the E-beam evaporation of a 1o nm Ti conductive layer onto the surface of the wafer before applying the XR-1541 (XR) E-beam resist. Elionix F-125 electron beam lithography (Elionix) is then used to define the nanobeam and circular pad which serve as masks for the subsequent inductively coupled plasma (ICP) etch in 25 sccm of N2 and Cl2 gas for an approximate depth of 300 nm. Subsequently, FOx-16 resist is spin-coated and the Elionix is again used to define a large rectangular pad aligned to the dry-etched nanobeam and circular pad. This pattern is subsequently dry-etched to a depth of approximately 200 nm, using the same conditions as described above. Figure 3.3 (a) shows a SEM image of the dry-etched transferred mesa. This allows access to the InGaN/InGaN superlattice, which is then selectively removed by the PEC etch in a solution of 0.004 M HCl. Critical point drying is used to avoid adhesion of the nanobeams to the substrate during the drying process. This produces the final suspended photonic crystal nanobeam structure shown in Figure 3.3 (b) and (c): the top-down and side-view SEM images of a 200 nm thick PC nanobeam cavity. No significant imperfections and whiskers near the cavity region are observed.
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[bookmark: _Toc416562639][bookmark: _Toc418795177]Figure 3.2 Fabrication process flow for the GaN/InGaN photonic crystal nanobeam cavity.
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[bookmark: _Toc416562640][bookmark: _Toc418795178]Figure 3.3 (a) SEM of the GaN/InGaN photonic crystal nanobeam before PEC undercut showing the complete dry-etch transferred mesa. (b) SEM top-view image of the photonic crystal nanobeam. (c) SEM side-view image of the photonic crystal nanobeam.
[bookmark: _Toc416562757][bookmark: _Toc417428239]3.2.2	Photoluminescence Characterization

Optical characterization of the PC nanobeams is performed using a frequency-doubled pulsed titanium-sapphire laser at 380 nm wavelength focused onto the sample through a long working distance objective (×40, NA=0.5). The schematic of the optical set-up is shown in Appendix A. The laser spot is a uniform Gaussian shaped beam with 290 nm radius.

Samples with 200 nm thick cavity membrane and 3 layers of active media, as shown in Figure 1.20, are used to fabricate the PC nanobeams discussed in this chapter. A longer wavelength resonance is necessary for QD-embedded nanobeams which are tuned in water and gas chamber for deterministically achieving QD-cavity mode coupling. As a result, design 1 in section 3.1.1 is adopted for QD nanobeams. All nanobeams with fQW and QW gain media are fabricated according to design 2 outlined in section 3.1.1 primarily for lasing experiments. The Q factors of the QD devices are as high as ~ 4200 due to improved fabrication with adjusted parameters obtained by examining the processed devices in SEM, whereas initially fabricated devices with fQWs and QWs have Q factors ranging from 1300 to 2500. Further improvement on the Q factors for fQW and QWs devices can be achieved by optimizing the fabrication parameters similarly as done for the QD devices. The principal modes of the fQW and QW nanobeams are measured between 452 nm - 458 nm, a deviation of over 30 nm from the designed resonance at 420 nm. Nanobeams with QDs are designed with a 437 nm resonance, however, principal modes are measured between 468 nm - 475 nm. This observation is due to the reduced sizes of the etched holes of the fabricated devices compared to their designed values, resulting in an enlargement of the cavity region and therefore a red-shift in mode positions. PC nanobeams exhibit much stronger signal-to-noise ratio in their emission spectra compared to microdisks from the same materials. Figure 3.4 shows the room temperature PL spectra of the fQW, QW, and QD nanobeams.
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[bookmark: _Toc416562641][bookmark: _Toc418795179]Figure 3.4 Room temperature PL spectra of 200 nm thick PC nanobeams with (a) fQW, (b) QW, and (c) QD active media.
Immediate lasing was observed from GaN nanobeams with 3 layers of InGaN QWs and fQWs. The next section 3.2.3 thoroughly examines lasing from nanobeams with these gain materials. It is important to note that no lasing was observed from nanobeams with QDs, likely due to the reduced capture cross-section of the QDs and the cavity principal modes being close to the center of the background luminescence. As observed from the GaN/InGaN microdisk system, fQW and QW microdisk cavities lased within the spectral vicinity of the peak of the background luminescence. However, microdisks with InGaN QDs achieved lasing only with the WGMs of the shortest wavelengths, on average at ~ 428 nm. As a result, blue-shifting the principal mode may be necessary to achieve QD lasing in these GaN/InGaN nanobeams.


[bookmark: _Toc416562758][bookmark: _Toc417428240]3.2.3	Nanobeam Lasing

The first application of the GaN/InGaN PC nanobeams is ultra-low threshold lasing. Lasing with a spontaneous emission factor, β, as high as 0.94, and a threshold as low as low as 50.1 μW of incident power or 9.1 μJ/cm2 of absorbed power, is successfully demonstrated. The active medium of these ultra-low threshold structures consists of three fQW layers: InGaN layers consisting of strips 50 nm to 100 nm wide, isolated by narrower troughs, filled with GaN. For comparison, GaN nanobeams with uniform InGaN QWs are fabricated which demonstrate an average adjusted threshold of ~ 203.6 μJ/cm2, more than an order of magnitude higher than the average threshold of the fQW nanobeam lasers. Such observation is interestingly contradictory to the measured lasing properties of microdisk lasers with these gain materials. Because of the high surface area to volume ratio of the nanobeam cavities, the additional carrier confinement in the InGaN fQW active medium is essential in reducing non-radiative recombination with the sidewalls and surfaces of the nanobeam cavity, resulting in a dramatically improved lasing threshold. As an active medium with greater carrier confinement than quantum wells, and higher carrier capture probability than quantum dots, InGaN fQW has the potential to be the ideal gain material for a GaN nano-cavity laser. Further analysis on this point is addressed later in this dissertation.

Lasing behavior in the nanobeam devices is clearly demonstrated through linewidth narrowing due to increased temporal coherence (0.32 nm under low excitation power to 0.1 nm at the onset of lasing) [49, 65], and the dramatic increase of the PL emission intensity as a function of incident pump power. The inset image of Figure 3.5 (a) compares the discernible narrowing in linewidth of the principal mode when excited below and above threshold. Moreover, with increased excitation power, there is a slight blue-shift of the spectral position of the principal mode, which may be related to screening of the built-in electric field. Three different spectra are shown in Figure 3.5 (a), taken below threshold, at threshold, and above threshold. The broad background at low pump power is the signature emission of the fQW active medium, coupled to the leaky modes of the cavity. Figure 3.5 (b) provides a log-log plot of the output intensity versus input power for the device with the lowest threshold, demonstrating all three regimes of operation: spontaneous emission, amplified spontaneous emission, and stimulated emission with laser oscillation. Fits of these data to the laser rate equations suggest a spontaneous emission factor, β, as high as, 0.94. The high β results from the small modal volume, the high quality factor of the mode and the overlap of that single mode with the gain medium. The result is an efficient channeling of the emitted light into essentially a single mode. In comparison, a GaN/InGaN microdisk laser has multiple distinct WGMs overlapping with the principal emission of the active medium. As a result, the competition between these modes significantly reduces the β factor of a microdisk cavity laser compared to a nanobeam laser fabricated from the same material.
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[bookmark: _Toc418795180][bookmark: _Toc416562642]Figure 3.5 (a) Spectra of the nanobeam at three pump regimes: below threshold, at threshold, and above threshold. The inset graph shows a discernible narrowing in the linewidth of the principal mode when excited below and above threshold. (b) Log-log plot of the emission intensity vs. pump power clearly indicating three regions of lasing operation. 






Since the excitation laser spot used to couple energy into the nanobeam is far larger in area than the cavities, and since the cavities are fully suspended, the actual power absorbed by the nanobeams is far less than the incident power applied onto the nanobeams. Therefore an estimate of the actual power absorbed is carried out in the following way: the amount of excitation laser power absorbed by the cavity can be approximated by, whereas Pin is input power measured directly above the sample, Pabs is absorbed power by the cavity,  is an effective material absorption factor, and Aint is the portion of the laser beam intercepted by the cavity. Nearly at the diffraction limit, the excitation laser beam spot with wavelength of 380 nm is approximately 290 nm in radius. It is realistically assumed that the nanobeam is positioned in the center of the uniform laser beam and intercepts approximately 24.5% of the area of the laser beam. In addition, a portion of the incident beam is reflected at each interface between the nanobeam and air. Using a simple approximation,  can be computed by , whereas, R = 0.18, is the reflection coefficient at each air-beam interface, due to the difference in effective index between air and GaN,  is an effective absorption coefficient for the 380 nm light in traversing a distance d, within the beam. The incident beam should be selectively absorbed by the InGaN component of the material, for which a value of  = 5 x 104 cm-1 is used according to Reference 58. The thickness of the 3 InGaN fQW layers is assumed to be 7.5 nm as deliberately grown. Because of uncertainties in the actual thickness of the InGaN QWs and fQWs upon growing the capping GaN layer, and because there may be absorption levels in the GaN itself, it is also possible to extend a conservative estimate of d to be 20 nm, or 10% of the physical thickness of the nanobeam. Following this conservative estimate,  is then computed to be approximately 9.3%, and therefore the absorbed power, Pabs, is estimated to be about 2.3% of the measured input power, Pin. Thus, the lowest lasing threshold of Pin=50.1 µW corresponds to an absorbed power Pabs of approximately 1.15 µW, over an illuminated area of 125 nm  580 nm deducted by the area of the two middle holes with radius approximately 35 nm. Given the duty cycle of the pump beam, this corresponds to 


	

The greatest uncertainty lies in the absorption depth, assuming d is as-grown 7.5 nm and 20 nm as conservatively estimated, Pabs could vary from approximately 0.9% to 2.3 % of Pin, which corresponds to a threshold energy density of 9.1 μJ/cm2 to 23.4 μJ/cm2, respectively, for the cavity with best optical performance. For all adjusted thresholds presented in this section, absorption depth d of 7.5 nm and a 0.9% absorption coefficient is used for computation.

Figure 3.6 shows a table summarizing the lasing wavelength, Q-factor, and the adjusted lasing threshold of the five measured nanobeam cavities. The adjusted lasing thresholds range from 9.1 µJ/cm2 to 27.2 µJ/cm2 with relatively consistent lasing wavelengths around 454 nm. During the experiment the power is measured in Watts. No clear connections between the lasing thresholds and below-threshold Q factors are observed.
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[bookmark: _Toc416562643][bookmark: _Toc418795181]Figure 3.6 Table summarizing the lasing wavelength, Q-factor, and the adjusted lasing threshold of the five measured nanobeam cavities.

Nanobeam structures identical to those previously described, but which incorporated three layers of uniform quantum well material of approximately the same composition showed a far poorer percentage of lasing devices. While all of the 11 fQW nanobeam lasers probed demonstrated lasing, only 3 out of 10 of the uniform QW nanobeam devices, with minimum measured Q of ~ 1000, showed clear lasing behavior using excitation power allowed by our optical set-up, likely due to variations in the material and gain medium qualities across the sample wafer. For 5 fQW nanobeams that were analyzed in detail, the average lasing threshold is calculated to be 15.6 μJ/cm2, and the lasing wavelengths are relatively consistent at around 454 nm. Comparatively, the average adjusted threshold for the QW nanobeam lasers is 203.6 μJ/cm2, more than an order of magnitude higher than the average threshold of the fQW nanobeam lasers. Figure 3.7 shows the linear output intensity vs. pump power plots for a fQW and a QW nanobeam laser, demonstrating clear lasing behaviors with a dramatic difference in thresholds. These results are particularly interesting since our earlier comparison of lasing thresholds in microdisk cavities discussed in the last chapter yielded the opposite outcome: the average lasing threshold for cavities with fQW active layers was approximately four times greater than for cavities with QW active layers. In addition, the range of threshold powers was about an order of magnitude larger for the fQW microdisk lasers.
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[bookmark: _Toc418795182]Figure 3.7 Linear output intensity vs. pump power plots comparing the thresholds of the fQW and QW lasers. The inset shows a zoomed-in version of the plot for the fQW laser with 9.1 μJ/cm2 threshold. The QW laser has an adjusted threshold of 198.6 μJ/cm2.
It is believed that the difference results from the changes in the relative loss mechanisms for carriers and photons as the cavity-active medium system is altered. The nanobeam cavities provide smaller modal volumes than do the microdisks, allowing a stronger mode-emitter coupling. Figure 3.8 shows a AFM of the fQW layer before capping and the inset shows a portion of the nanobeam cavity dimensions overlaid on the as-grown annealed InGaN epilayer, illustrating the interplay of the scales of the two structures. 



[bookmark: _Toc416562644][bookmark: _Toc418795183]Figure 3.8 AFM scan of the annealed InGaN epilayer showing the fQWs before capping. The inset image presents a possible overlay of the nanobeam and the fQW structures at the same size scale, showing the interplay of the two.

The schematic shown in Figure 3.9 (a) suggests how electron-hole pairs created within a uniform QW active layer of the nanobeam cavity may diffuse to the edges of the etched holes and recombine non-radiatively with surface states. The region enclosed by the dashed line delineates the approximate boundaries of the center cavity mode. If the average distance of photo-created carrier to etched surface is less than a carrier diffusion length (LD), then a substantial loss to non-radiative recombination is expected. Although no measurement on the diffusion lengths and radiative lifetimes of these particular samples is performed, there are readily available guidance and information from the literature in order to make an order-of-magnitude estimate of LD = [Dt]½, where D is the diffusion constant, and t is the carrier lifetime for the InGaN active material. Danhof et al (2011) carried out time-of-flight measurements of carrier diffusion in InGaN/GaN quantum wells [98]. They deduced an ambipolar diffusion constant at room temperature of 1.2 cm2/s for InGaN quantum wells emitting at 470 nm. Values of t will also vary, depending on the nature and quality of the active layer material, but an order of magnitude estimate of t ~ 10 ns can be used [99]. The resulting estimate for LD is ~ 1.1 µm, while the typical distance between holes in the nanobeam is ~ 130 nm. Thus, a substantial proportion of the photo-generated carriers will diffuse to the edges or surfaces of the nanobeam and undergo non-radiative recombination with surface states. The large reduction in carrier-generated photons leads to significantly increased lasing thresholds for nanobeams with uniform QW active layers. By contrast, the modulated potential barriers of the fQW active layers enhance the localization of the carriers and limit diffusion to the surfaces as illustrated by Figure 3.9 (b).



[bookmark: _Toc416562645][bookmark: _Toc418795184]Figure 3.9 (a) Schematic of a nanobeam cavity with uniform InGaN QW active medium. Photo-generated electron-hole pairs can diffuse to the edges of the etched holes and recombine non-radiatively with surface states as indicated by the arrows. (b) Schematic of a nanobeam cavity with InGaN fQW active medium. Photo-generated electron-hole pairs are localized within the boundaries of the isolated islands of the fQW. The regions enclosed by the dashed line in (a) and (b) represent the boundary of the center cavity mode.

In contrast, the best coupling between microdisk cavity and active layer for the multiple maxima distributed along the periphery of the microdisk is achieved for a gain medium that is as uniform as possible. Carriers generated through the entire interior of the disk may diffuse to the periphery, recombine radiatively and interact with the whispering gallery modes. The larger lateral dimensions of the microdisk cavity (with radius > LD) allows the collection of photons from a larger fraction of the photo-generated carriers [100]. The spatial variability of the fQW material disrupts that uniformity, leading to a larger variability and often larger value of the lasing threshold. Thus, the uniform QW active layers produce lower threshold lasing than fQW active layers for microdisk cavities. By and large, these observation and analysis suggest that matching nanocavity geometry to the right nanostructured gain medium is critically important for fabricating GaN/InGaN lasers with excellent performance. 


[bookmark: _Toc416562759][bookmark: _Toc417428241]3.3		GaN/InGaN Nanobeam with QDs
[bookmark: _Toc417428242]3.3.1		Purcell Effect and Strong Coupling 

In cavity QED, one of the most intriguing fundamental effects is the modification of the spontaneous emission (SE) rate of a quantum emitter [101]. SE rate was believed to be an intrinsic property of the emitter. Edward Purcell (1946) presented a theoretical finding suggesting an optical environment with an enhanced local optical density of states, for example a cavity, can control the rate of radiative recombination of an embedded emitter [102]. Such an effect is useful for many applications such as nano-optical spectroscopy [103–106], microlasers [107], and single-photon devices [108, 109]. Figure 3.10 shows the comparison between the optical density of states in a cavity and in free space. In a spontaneous emission event in free space, the emitter is coupled to the vacuum fluctuation energy which triggers the radiative transition [66]. However, in a cavity the optical density of states is spectrally and spatially enhanced by the resonant mode and dramatically suppressed elsewhere [101, 102]. As a result, an emitter spatially and spectrally matched to a cavity resonant mode will experience an accelerated SE rate whereas an emitter with detuned resonance from the cavity resonance will experience a radiative quenching in its SE efficiency.



[bookmark: _Toc418795185]Figure 3.10 Comparison of local optical densities of states in a cavity and in free space.

The maximum SE rate enhancement, namely the Purcell factor F, is defined as [102],




λ/n is the resonant mode wavelength in the material in which the emitter is located. The Purcell factor F given by this equation is derived by assuming a perfect spectral, spatial and polarization matching between the emitter and the cavity mode. In reality, deviation from these assumptions will lead to a reduction in the observed SE enhancement and Purcell factor. [101]

Moreover, a strongly coupled cavity-emitter system is created when the spontaneous emission rate of the emitter is increased beyond any underlying dissipative rates, such as the cavity loss and emitter dephasing rates, and the cavity field-emitter interaction time [110-112]. Under the conditions of strong coupling, the original cavity resonance is split into two spectral peaks, which are new eigenfunctions representing entangled states of the emitter and cavity field. Such a system can be critically important for creating practical optical qubits and polariton lasers [112, 113].


[bookmark: _Toc416562760][bookmark: _Toc417428243]3.3.2	InGaN QDs in Nanopillar

A unique advantage of the QD is its ability to emit single photons. As a result, cavities with QDs are often used for studying light-matter interaction at the single photon level. InGaN QDs offers many great advantages compared to QDs from other material systems, such as having a large exciton binding energy which can significantly increase the operational temperature for certain experiments. Before proceeding with cavity QED experiments, GaN nanopillars are fabricated to spatially isolate single InGaN QDs to gain insights about their optical properties.

Through numerous low temperature PL measurements of different samples of InGaN QDs, it is found that QDs embedded in p-i-n doped GaN matrix give consistently distinct exciton transitions with moderate background. Figure 3.11 shows the material system for fabricating the GaN/InGaN nanopillars. The InGaN QD layer is located 200 nm below the top surface of the GaN. Fabricating this material into nanopillar structures provides better collimation and directionality for the emitted photon, and thereby delivers a stronger signal to the detector.
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[bookmark: _Toc416562646][bookmark: _Toc418795186]Figure 3.11 Material structure for the GaN/InGaN nanopillars with QDs.

The nanopillars are masked with FOx-16 resist and patterned using Elionix E-beam lithography. The sample is subsequently dry-etched in Unaxis ICP RIE to a depth of ~ 900 nm. Figure 3.12 shows SEM images of the nanopillar with 100 nm diameter measured on the top surface. The tapered shape naturally results from dry-etching using Cl2 and Ar gases and radiates a stronger signal for optical detection because a gradual narrowing of the nanopillar tip decreases its effective refractive index therefore reducing light reflection at the top interface with air. The QD density is ~ 1010/cm2. As a result, on average there are ~ 2 QDs embedded in a single nanopillar. Moreover, it is known that surface effects can adversely affect emission efficiency of QDs in GaAs and other III-V semiconductors [114, 115]. However, InGaN QDs are smaller and offer stronger confinement for the carriers due to larger effective masses [116]. Therefore, their emission property is more robust and less prone to degradation by surfaces and defects. 
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[bookmark: _Toc416562647][bookmark: _Toc418795187]Figure 3.12 (a) Side-view SEM image of the nanopillar. (b) Slanted top-view SEM image of the nanopillar.
Figure 3.13 shows a FDTD simulation for the radiation pattern of the fabricated nanopillar. The QD is vertically located close to the upper mode maximum illustrated in Figure 3.13 (a). This enables the QD to efficiently couple to the waveguide mode of the nanopillar to radiate favorably upward in a collimated manner. Figure 3.13 (b) shows a top view of the radiation pattern demonstrating the directionality of the emission profile.

[image: ]

[bookmark: _Toc416562648][bookmark: _Toc418795188]Figure 3.13 (a) Side-view FDTD simulation of nanopillar radiation profile. (b) Top-view FDTD simulation of nanopillar radiation profile.

Optical characterization of the PC nanobeams is performed using a frequency-doubled pulsed titanium-sapphire laser at 380 nm wavelength focused through a long working distance objective (×40, NA=0.5). The schematic of the optical set-up is shown in Appendix A. The laser spot is a uniform Gaussian shaped beam with 290 nm radius. The sample is center-positioned in a cryostat compatible with liquid Helium cooling. Figure 3.14 (a) and (b) respectively show the PL spectra of the bulk material and a nanopillar measured at ~ 4K.
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[bookmark: _Toc416562649][bookmark: _Toc418795189]Figure 3.14 (a) PL spectrum of the bulk material. (b) PL spectrum of a nanopillar. Both spectra are measured at ~ 4K.

It is important to note due to the modified droplet epitaxy technique, fQWs formed during the annealing process are inevitably grown in the vicinity of the QDs [22, 23]. The active media collectively generate a luminescence ranging from 420 nm to 500 nm. As Figure 3.14 (b) shows, distinct peaks with minimal background emission are observed likely pertaining to individual exciton and bi-exciton transitions. Comparing spectra in Figure 3.14 (a) and (b), it is clear that the nanopillar structure is effective in isolating individual QDs without deteriorating their optical signatures. For the majority of nanopillars, relatively broad luminescence, often positioned between ~ 460 nm and ~ 500 nm, is commonly observed and believed to originate from the fQWs. The InGaN QDs are physically smaller, which results in blue-shifts of their emissions to a shorter wavelength range. A spread of lifetimes for the QDs are measured ranging from ~ 1 ns to ~ 10 ns. The variation of exciton lifetimes is due to the combination of quantum confined Stark effect and inhomogeneity in the sizes of the QDs [117, 118]. 

In a QD, a pair of biexcitons is created by tightly confining two excitons in a single energy level. Figure 3.15 (a) and (b) show two simplified quantum well diagrams illustrating energy levels occupied by an exciton and a biexciton pair, respectively. Due to the need for absorbing two photons in order to create two excitons, the intensity of the biexciton signature has a quadratic dependence on the excitation power. Moreover, the built-in electric field of GaN/InGaN weakens the overlap of the electron and hole wave functions and push carriers of the same type towards opposite boundaries of the QD. As a result, repulsive interactions among the carriers commonly dominate over the attractive ones, rendering the biexciton binding energy negative. In the PL spectrum, the biexciton transition therefore appears at the higher energy side of the exciton transition [119]. Due to the large variation in composition and sizes of the InGaN QDs, the bi-exciton binding energies can vary significantly. A biexciton signature is clearly recognized through power-dependent measurement of a nanopillar as shown in Figure 3.15 (c). The exciton transition obeys an expected linear dependence with excitation power while the biexciton transition varies with excitation power to the ~ 1.86th power. It is interesting to note as shown in Figure 3.15 (d) that under high excitation powers, over ~ 100 µW in most cases, the exciton intensity plateaus because higher excitation power only lead to higher generation rate of biexcitons in the QD. For the power dependent measurement on the biexciton transition, the deviation from perfect quadratic dependence may be due to capture of incident photons by defects and imperfections, loss of carriers at higher excitations, and minimal drift of the measurement stage. The general broadening of the exciton and bi-exciton transitions are likely due to spectral diffusion [120].
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[bookmark: _Toc416562650][bookmark: _Toc418795190]Figure 3.15 (a) An exciton in a QD (b) A pair of biexcitons in a QD. The black and blue dots represent electrons and holes, respectively. (c) Exciton and bi-exciton emission signatures from power-dependent measurement of a nanopillar at ~ 4K. (d) Intensity vs. excitation power plot of the exciton and biexciton emissions.

Figure 3.16 (a) shows the PL spectrum of a nanopillar at ~ 4K. Due to the absence of the broad luminescence, the QD is likely the only active medium present in the structure. Upon laser excitation, an exciton peak at 450 nm is distinctly observed with minimal spectral drift or diffusion. A tunable optical band-pass filter is then used to allow only the isolated exciton transition to pass through. The spectral window of the band-pass filter is depicted as enclosed by the red dotted lines in Figure 3.16 (a). The filtered signal, as shown in Figure 3.16 (b), is then directed to a detection system to perform anti-bunching measurement. 

[image: ]

[bookmark: _Toc418795191]Figure 3.16 (a) PL spectrum of the nanopillar. The area enclosed by the red dotted lines represent the spectral window allowed by the optical band-pass filter. (b) PL spectrum of the nanopillar after band-pass filter is applied. 

The simplified anti-bunching measurement set-up is shown in Figure 3.17 (a). This method gives the intensity autocorrelation function by generating the correlation between detected signals from two independent detectors as shown in Figure 3.17 (a). In this experiment, incident photons from the optically filtered nanopillar impinge onto a 50:50 beamsplitter. An electronic correlator then records the time interval between a detection event at one detector that triggers “start”, and a subsequent detection at the other detector that triggers “stop”. A histogram of coincidences as a function of the interval between photon detections, τ, is constructed. A delay is placed in the stop channel in order to record negative inter-photon times. Autocorrelation function, g2 (τ), which represents the statistical character of coincidence intensity, is computed as,



I(t) is the intensity of the detected signal. For an intrinsic single-photon emission event, g2(0) = 0, representing that no two photon can arrive at the two independent detectors simultaneously. For a realistically viable semiconductor single photon source, g2(0) < 0.5 is necessary to confirm that such a device is statistically more probable to generate single photon emission over multi-photon emission events. Figure 3.17 (b) shows the measured autocorrelation function of the nanopillar with a computed g2(0) of ~ 0.231. This unambiguously demonstrates the successful observation of single photon emissions from an InGaN QD embedded in a GaN nanopillar.
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[bookmark: _Toc418795192]Figure 3.17 (a) Optical set-up for anti-bunching measurement. (b) Measured autocorrelation function of the nanopillar, g2(0) is ~ 0.231.


[bookmark: _Toc416562761][bookmark: _Toc417428244]3.3.3	Tuning Nanobeam Cavity

The promise of InGaN QD as a single photon emitter is demonstrated in the previous section 3.3.2. As discussed in section 3.3.1, spectrally and spatially coupling the principal cavity mode of a GaN nanobeam to a single exciton transition of an embedded InGaN QD leads to spontaneous lifetime reduction for the emitter through Purcell factor enhancement. A net result of this achievement is a rate and collection enhanced blue single photon source. Moreover, a strongly coupled cavity-QD system is created when a QD exciton transition rate is significantly enhanced past any dissipative event [110, 111]. Such a system can be essential for optical quantum computation and single atom polariton lasing [113, 121]. First and foremost, a method to spectrally and spatially match the cavity mode to a QD exciton is required.

For cavity-QD coupling experiment, a PC nanobeam is a more effective cavity structure compared to a microdisk. Besides the advantage of having a high Q-factor and a wavelength-scale modal volume, most importantly the physical cavity region of a nanobeam is small and closely matched to its mode profile, as clearly shown by the FDTD simulation in Figure 3.1 (c). As a result, it is much more probable for a QD that is distinctly observed in the PL spectrum to be on spatial resonance with the cavity mode. Thus, p-i-n doped GaN/InGaN PC nanobeams with 3 layers of QDs (material structure shown in Figure 1.23) are fabricated according to design 1 outlined in section 3.1.1 for this experiment. 

Figure 3.18 (a) shows the room temperature PL spectrum of a nanobeam with a principal mode at 473 nm and a Q-factor of ~ 23oo. Since the principal cavity mode is close to the long wavelength tail of the broad QD luminescence, it is therefore necessary to irreversibly blue-shift the mode to a wavelength shorter than the QD luminescence peak in order to apply a gas absorption technique as a next step to further red-shift the mode into resonance with a desirable QD exciton in situ at low temperature. As a first step, the developed water tuning technique used on microdisk system is applied to the nanobeam using the same set-up. Frequency-doubled pulsed titanium-sapphire laser at 380 nm wavelength is used to irradiate the selected nanobeam immersed in DI-water. Figure 3.18 (b) shows the PL spectrum of the same nanobeam after 6 minutes of laser tuning in DI-water with low incident power of ~ 100 nW measured below the objective. The principal mode is successfully blue-shifted ~ 27 nm to a new wavelength of 444 nm. The Q factor of the nanobeam is mildly degraded from ~ 2100 to ~ 1600, likely due to imperfections created on the nanobeam during the surface etching process caused by the tuning technique. Moreover, the nanobeam mode is found to tune faster than a microdisk mode due to the sensitivity of its resonance to change of geometry. 
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[bookmark: _Toc416562652][bookmark: _Toc418795193]Figure 3.18 (a) Room temperature PL spectrum of the nanobeam. (b) Room temperature PL spectrum of the nanobeam after 6 minutes of laser tuning in DI-water with ~ 100 nW of incident power.
The Purcell factor, assuming perfect spectral, spatial, and polarization match, is calculated to be ~ 91 based on a Q-factor of ~ 1600 and a modal volume of 1.5 (λ/n)3. This value also assumes an optimal spatial match between the QD position and the maximum of the mode, one of the most difficult matches to achieve. In order to deterministically tune the system into and out of spectral resonance for lifetime measurements and comparison, a nitrogen gas tuning technique is then employed. Dr. Kasey Russell and Dr. Alex Woolf designed and built the system shown in Figure 3.19. In brief, a digitally controlled amount of nitrogen gas is channeled into a helium-cooled cryostat in which the sample is center-positioned. The gas condenses on the nanobeam that is cooled below the freezing temperature of nitrogen, which effectively enlarges the cavity region leading to an expected red-shift of the cavity resonance.
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[bookmark: _Toc416562653][bookmark: _Toc418795194]Figure 3.19 Schematic of the gas tuning set-up [49].
In order to proceed with the coupling experiment, a QD exciton transition close to 447 nm is first identified as target. As Figure 3.20 shows, using the gas tuning technique the mode at 444 nm is digitally tuned in multiple steps to reach spectral resonance with targeted exciton transition. The tunable optical band-pass filter is then used to allow the spectrally matched cavity mode-exciton peak into a photon counter for lifetime measurement. The inset of Figure 3.20 shows lifetime traces of the exciton in and out of resonance with the cavity mode, represented by different colors. Unfortunately, no meaningful modification of lifetime is observed, most likely due to the spatial and polarization mismatches between the QD and the high-field region of the nanobeam mode.
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[bookmark: _Toc416562654][bookmark: _Toc418795195]Figure 3.20 PL spectra showing the evolution of the nanobeam cavity mode under digitally controlled gas tuning. The box enclosed by the red dotted line represent the spectral window of the band-pass filter. Inset shows the lifetime plots of the exciton transition measured in and out of resonance with the cavity mode.
The principal modes of the gas-tuned PC nanobeam cavities experience Q-factor degradations after prolonged tunings which are commonly over ~ 6 nm of blue-shifts in wavelengths. This observation may be attributed to the possible uneven condensations of gas molecules onto the cavity surfaces therefore creating physical asymmetries and surface roughness. As a result, the applicability of the gas tuning is limited compared to the water tuning technique. However, for all the measured nanobeam cavities, water tuning is first applied to blue-shift the cavity resonances into the vicinity of target exciton transitions to allow minor subsequent gas tuning to perfectly match the resonances in order to preserve the Q-factors. For a well coupled cavity-QD system, a dramatic increase in intensity of the matched resonances should be observed due to collection enhancement aside from potential spontaneous lifetime reduction. However, among all the measured cavities, no increase in intensity was observed which is likely due to spatial mismatch and polarization mismatch between the emitter and the cavity mode. 


[bookmark: _Toc416562762][bookmark: _Toc417428245]3.4		Conclusion and Future Work

In this chapter, basic information on GaN/InGaN photonic crystal nanobeam cavity is introduced and discussed in detail. A new fabrication process is developed to realize high Q-factor GaN/InGaN nanobeams with QW, fQW, and QDs active media. Surprisingly, fQW is found to have a dramatic influence on the lasing threshold and demonstrates a record low threshold of 9.1 μJ/cm2, significantly superior to microdisk lasers fabricated from the same material system and comparable to the best devices in other III-V material systems. Due to such ultra-low threshold lasing, it is interesting as a future direction to attempt electrically driven operation on p-i-n GaN nanobeams with InGaN fQWs. Figure 3.21 shows a tentative schematic of an electrically injected GaN photonic crystal nanobeam laser.

Moreover, a single photon signature from an InGaN QD embedded in a GaN nanopillar is demonstrated through an autocorrelation measurement in this chapter. Successful spectral matching of a QD exciton transition to a nanobeam cavity mode is achieved by water and gas tuning techniques. However, no spontaneous lifetime enhancement is observed, likely due to the spatial mismatch between the cavity mode and the QD position. The reliance on the spatial overlap between the QD and cavity mode is probabilistic. Therefore, as another future direction, more GaN/InGaN nanobeams with QDs should be measured and tuned using the development techniques to observe weak coupling.
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[bookmark: _Toc416562655][bookmark: _Toc418795196]Figure 3.21 (a) Side-view schematic of an electrically injected GaN/InGaN photonic crystal nanobeam laser. (b) Top-view schematic of an electrically injected GaN/InGaN photonic crystal nanobeam laser.














[bookmark: _Toc416562763][bookmark: _Toc417428246]CHAPTER 4: Conclusion

In conclusion, GaN/InGaN is an excellent semiconductor material system for fabricating micro- and nano-cavities for experimental studies of optical cavities, lasing dynamics, and cavity QED. Its usefulness and uniqueness are due to its wide direct bandgap, low surface re-combination velocities, and large exciton binding energies, offering the possibility of room temperature realization of light-matter interaction and its applications in the blue spectrum.

In general, it is challenging to fabricate high quality GaN cavities due to its chemical inertness combined with low material quality due to inevitable defects and threading dislocations introduced during growth. However, as outlined in this dissertation, with the novel fabrication processes and the PEC etching developed, high Q-factor GaN microdisk and photonic crystal nanobeam cavities with different classes of InGaN active media, such as QDs fQWs and QW, are successfully fabricated exhibiting distinct modes. The background information on material, growth, and PEC technique is provided in detail in Chapter 1.

As outlined in Chapter 2, through the use of optimized dry etching and PEC, high Q-factor microdisk are fabricated and characterized. Q-factor as high as ~ 9100 is observed. Demonstration of low threshold lasing is achieved on microdisks with diameters smaller than 2 µm. The implication of the studies reach beyond low threshold lasing and shines light to the optimally matched gain medium for GaN microdisks, namely the InGaN QW.

In pursuit of a method to control cavity resonance, irreversible tuning of the WGMs of p-i-n doped GaN/InGaN microdisks was developed. The method involves photo-excitation of the cavity in DI-water environment, and tuning was achieved over one free spectral range without degrading Q-factors. It is found that fine tuning can be achieved and controlled by applying low incident laser powers. Using this technique, it is possible to deterministically achieve spectral resonances of WGMs with emitters and realize strongly coupled microdisks.

Moreover, high Q-factor GaN photonic crystal nanobeams with InGaN QDs fQWs and QWs are fabricated and introduced in Chapter 3. The fragmented nature of the fQW layer has a surprisingly dramatic influence on the lasing threshold and demonstrate a record low threshold of 9.1 μJ/cm2, comparable to the best devices in other III-V material systems. A clear transition from spontaneous emission to lasing is observed with clear linewidth narrowing. The ultra-small modal volume of the cavity and the reduction in the number of competing modes are useful in reducing the threshold. An order of magnitude reduction in lasing threshold is observed on nanobeams fabricated from fQWs, which exhibit nanoscale non-uniformity, compared to those with uniform QWs because of an increased carrier confinement which is expected to reduce the impact of surface states. These observations underscore the advantages of this photonic crystal nanobeam design, matched to the 3-layer fQW gain material. This package is proven to be critically important for fabricating GaN/InGaN nanolasers with excellent performance. Because of their compact size and low thresholds, these devices are excellent candidates for efficient, on-chip optical sources in the blue spectrum.

Last but not least, single photon signature from a GaN/InGaN nanopillar is observed through anti-bunching measurement, demonstrating the quantum nature of the QD emission. Water and gas tuning are attempted on GaN nanobeams with InGaN QDs to achieve spectral resonance between the mode and the emitter. No Purcell effect and no enhancement in spontaneous emission rate was observed, likely due to the spatial mismatch between the cavity modes and the QD positions.

Future research directions for each cavity structure are outlined in their respective chapters. For microdisks, it will be interesting to observe permanent mode-mode coupling of two closely-spaced microdisks through application of the water tuning technique. Moreover, electrical injection for microdisk and nanobeam cavities is an important next step for demonstrating the application potentials of these cavities. Lastly, it is critically important to understand the choice of optimally matched active medium for each cavity structure under electrical injection scheme. The results from these experiments will lead to the ideal material-cavity system for creating blue emitting micro- and nano-lasers in the GaN/InGaN system.















[bookmark: _Toc416562764][bookmark: _Toc417428247]APPENDIX A: Photoluminescence (PL) Measurement

The schematic of the PL measurement system is shown in Figure A. For the majority of measurements, unless otherwise indicated, frequency-doubled pulsed Ti:Sapphire laser of 380nm wavelength is used as the excitation source. The excitation laser is sent through a long working distance objective (×40, NA=0.5) to be focused onto the sample. The radius of the laser beam spot is ~ 290 nm. For all materials and fabricated devices presented in this dissertation, the sample absorbs a portion of the excitation laser and subsequently emits photons with principal wavelengths intrinsic to the active material. A portion of the emitted photons is passed through the objective and the optical fiber into the detection systems. The PL spectrum is generated by guiding the photons into a grating-coupled monochrometer with a silicon charge-coupled device (CCD) camera. To carry out time-resolved measurement, the arriving photons are sent into a fast photon counter (MPD Micro Photon Devices). For life-time measurement, the difference between the arrival of the laser pulse and the incident photons generates the life-time plot of the excited emitter.
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[bookmark: _Toc416562656][bookmark: _Toc418795197]Figure A Schematic of the photoluminescence measurement system.
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