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Integrated whispering-gallery mode resonators are attractive devices which have found applications as selective filters, low-threshold lasers, high-speed modulators, high-sensitivity sensors and even as nonlinear converters. Their performance is governed by the level of detrimental (scattering, bulk, bending) loss incurred and the usable loss represented by the coupling rate between the resonator and its access waveguide. Practically, the latter parameter can be more accurately controlled when the resonator lies above the access waveguide, in other words, when the device uses a vertical integration scheme. So far, when using such an integration technique, the process involved a rather technically challenging step being either a planarization or a substrate transfer step.

In this presentation, we propose and demonstrate an alternative method to fabricate vertically-coupled whispering-gallery mode resonators on III-V semiconductor epitaxial structures which has the benefit of being planarization-free and performed as single-side top-down process. The approach relies on a selective lateral thermal oxidation of aluminum-rich AlGaAs layers to define the buried access waveguide and enhance the vertical confinement of the whispering-gallery mode into the resonator. As a first experimental proof-of-principle of this approach, 75 µm-diameter micro-disk devices exhibiting quality factor reaching ~4500 have been successfully made.

INTRODUCTION

Integrated whispering-gallery mode resonators are compact devices which can exhibit greatly enhanced intra-cavity fields at selected wavelengths, the exploitation of which makes them attractive for applications such as narrowbandwidth filters, low-threshold lasers, high-speed modulators, high-sensitivity sensors or low-power nonlinear converters [START_REF] Matsko | Optical resonators with whispering gallery modes I: basics[END_REF][START_REF] Feng | Silicon photonics: from a microresonator perspective[END_REF][START_REF] Ward | WGM microresonators: sensing, lasing and fundamental optics with microspheres[END_REF] . As indicated above, their usefulness is essentially governed by the ability to obtain high quality factors. To do so, it is necessary to simultaneously minimize the amount of detrimental (scattering, bulk, bending) loss in the resonator and obtain the "so-called" critical coupling condition where the latter loss level is equal to the coupling rate between the resonator and its access waveguide(s). Since the resonator in/out coupling is commonly done in the form of an evanescent coupling scheme, it is easier to meet the latter condition with the technological approach which offers the most tolerant and controllable process. It turns out to be when the resonator lies above the access waveguide or, in other words, when the device is made by vertical integration [START_REF] Wen Tee | Fabrication-tolerant active-passive integration scheme for vertically coupled microring resonator[END_REF][START_REF] Ghulinyan | Oscillatory Vertical Coupling between a Whispering-Gallery Resonator and a Bus Waveguide[END_REF] . To implement such geometry in practice, the fabrication of a buried (access) waveguide with a planar top surface is needed. This task happens to be technologically complex, typically requiring a demanding technological step such as a planarization step [START_REF] Suzuki | Integrated-optic ring resonators with two stacked layers of silica waveguide on Si[END_REF][START_REF] Ghulinyan | Monolithic Whispering-Gallery Mode Resonators With Vertically Coupled Integrated Bus Waveguides[END_REF] or a substrate transfer [START_REF] Absil | Vertically coupled microring resonators using polymer wafer bonding[END_REF] .

In this paper, following our recent demonstration [START_REF] Calvez | Vertically Coupled Microdisk Resonators Using AlGaAs/AlOx Technology[END_REF] , we present a technologically simpler method to fabricate verticallycoupled micro-disk resonators in III-V semiconductors based on the use of a selective lateral oxidation step to define the buried access waveguide.

DESIGN

A schematic representation of a vertically-coupled microdisk under study is shown in Figure 1. The layered vertical structure is composed of an air/GaAs/Al 0.3 Ga 0.7 As/Al 0.98 Ga 0.02 As/Al 0.3 Ga 0.7 As resonator waveguide on top of an AlOx confined buried access waveguide. The access waveguide stack is an asymmetric Al 0.3 Ga 0.7 As/GaAs/Al 0.6 Ga 0.4 As waveguide with an Al 0.98 Ga 0.02 As layer inserted in the Al 0.3 Ga 0.7 As upper cladding. The high-aluminum-containing layers will be selectively transformed into AlOx to form the waveguide aperture and enhance the vertical confinement of the resonator modes. The thickness of the GaAs cores (680nm for the resonator and 400nm for the access waveguide) were selected to obtain identical slab waveguide effective indexes. The chosen 330nm Al 0.3 Ga 0.7 As separation lead to the resonator supermode of the coupled slab waveguides to present a 1% (respectively 6.2%) intensity overlap with the core of the access waveguide slab when the Al 0.98 Ga 0.02 As layers are considered to be oxidized (respectively unoxidized).

The position (150 nm) and width of the AlOx aperture were chosen to achieve >3-µm-wide singlemode waveguides to facilitate cleaved-facet injection and to be compatible with the (~1-µm-)spatial resolution of oxidation furnace monitoring system [START_REF] Almuneau | Realtime in situ monitoring of wet thermal oxidation for precise confinement in VCSELs[END_REF] . Figure 2 shows the effective index contrast between the oxidized and unoxidized regions and the maximum width of the aperture for singlemode operation as a function of the separation between the oxide layer and the waveguide core. Please verify that (1) all pages are present, (2) all figures are correct, (3) all fonts and special characters are correct, and (4) all text and figures fit within the red margin lines shown on this review document. Complete formatting information is available at http://SPIE.org/manuscripts Return to the Manage Active Submissions page at http://spie.org/submissions/tasks.aspx and approve or disapprove this submission. Your manuscript will not be published without this approval. Please contact author_help@spie.org with any questions or concerns. For a separation of 150 nm, further waveguide calculations carried out using 2x1D effective index and a vectorial mode solver (WGModes) [START_REF] Fallahkhair | Vector Finite Difference Modesolver for Anisotropic Dielectric Waveguides[END_REF] show that the waveguide can be considered to remain singlemode up to a aperture width of ~3.7 µm. Neglecting the access slab waveguide, the evolution of the resonator mode effective index as a function the microdisk diameter was also evaluated using a cylindrical geometry and a vectorial finite-difference mode solver (WGMS3D) [START_REF] Krause | Finite-Difference Mode Solver for Curved Waveguides With Angled and Curved Dielectric Interfaces[END_REF] . Figure 4 shows, as expected, that the resonator effective index reduces as the diameter decreases. This variation also influences the coupling between the resonator and the access waveguide effective index (n access ~3.267) as the coupling beat length shrinks from 28.7 µm at a diameter of 400 µm down to 6.6 µm for a 50-µm-diameter microdisk. 4) all text and figures fit within the red margin lines shown on this review document. Complete formatting information is available at http://SPIE.org/manuscripts Return to the Manage Active Submissions page at http://spie.org/submissions/tasks.aspx and approve or disapprove this submission. Your manuscript will not be published without this approval. Please contact author_help@spie.org with any questions or concerns. 

FABRICATION

The above-described layer structure was grown by molecular beam epitaxy on a standard (001) GaAs wafer. The devices were then fabricated using two lithographic and etching steps permitting the successive definition of the access guides and the resonators. As shown in Figure 5, the subsequent wet oxidation of both Al 0.98 Ga 0.02 As layers was performed at a rate of ~0.12 μm/min in a custom furnace under optical monitoring and stopped after an oxidation extent of ~14 µm leading to 3.7-µm-wide-apertured buried access waveguides. The wafer was then thinned down to ~150 µm, cleaved into samples which were subsequently mounted on custom Si-based sub-mounts. An image of a resulting microdisk is shown in Figure 6. Please verify that (1) all pages are present, (2) all figures are correct, (3) all fonts and special characters are correct, and (4) all text and figures fit within the red margin lines shown on this review document. Complete formatting information is available at http://SPIE.org/manuscripts Return to the Manage Active Submissions page at http://spie.org/submissions/tasks.aspx and approve or disapprove this submission. Your manuscript will not be published without this approval. Please contact author_help@spie.org with any questions or concerns. 

CHARACTERISATION AND ANALYSIS

The mounted devices were characterized using the setup shown in Figure 7. The transmission characteristics were recorded using a step-tunable laser with central wavelength of 1.6 µm, a 10 pm spectral resolution and a 100 kHz linewidth. Figure 7 (right) shows the measured transmission characteristic of a 75-µm-diameter microdisk over one free spectral range. The intensity contrast (c=(I max -I min )/(Imax+Imin)) and loaded Q-factor (Q=λ/Δλ) are respectively measured to be 0.403 and 4450. To extract more meaningful parameters, namely the amplitude coupling coefficient (κ) and the intensity absorption coefficient (α), maps of the contrast and Q factors were calculated using the general equation [START_REF] Yariv | Universal relations for coupling of optical power between microresonators and dielectric waveguides[END_REF] :

T = ( ) ( ) ϕ ϕ cos 2 1 cos 2 2 2 2 2 coupler disk coupler disk coupler disk coupler disk t a t a t a t a - + - + (1)
where t coupler is the amplitude transmission coefficient of the coupling region (t coupler =(1-κ 2 ) 0.5 ) and a disk stands for the amplitude transmission coefficient (a disk =exp(-α π D/2)), and φ corresponds to the phase accumulated over one round-trip along the resonator periphery. Please verify that (1) all pages are present, (2) all figures are correct, (3) all fonts and special characters are correct, and (4) all text and figures fit within the red margin lines shown on this review document. Complete formatting information is available at http://SPIE.org/manuscripts Return to the Manage Active Submissions page at http://spie.org/submissions/tasks.aspx and approve or disapprove this submission. Your manuscript will not be published without this approval. Please contact author_help@spie.org with any questions or concerns. As it can be readily seen from equation ( 1) and inferred from Figure 8, two solutions (t coupler ,a disk )=(0.72,0.93) and (t coupler ,a disk )=(0.93,0.72) corresponding respectively to the over-coupled (low-loss) resonator (κ=0.69, α=6.2 cm -1 ) and under-coupled (high-loss) resonator (κ=0.37, α=27.8 cm -1 ) situations can provide a match to the above-mentioned characteristic values (Q=4450, c=0.403). The measurements carried out to-date do not allow the discrimination between these two situations although experimental techniques exist to alleviate this undetermination [START_REF] Lee | A General Characterizing Method for Ring Resonators Based on Low Coherence Measurement[END_REF][START_REF] Zhou | Characterisation of microring resonator optical delay and its dependence on coupling gap using modulation phase-shift technique[END_REF] . Nevertheless, similar analysis was performed on devices with greater diameters (up to 300 µm) and the summary of the performance is provided in Figure 9. With a view to understand the device performance limiting factors, the bending losses and substrate-leakage-like losses induced by the presence of the slab access waveguide were evaluated by vectorial finite-difference mode analysis. As shown in Figure 10, the substrate loss dominates with a value of 9.2 cm -1 (compounded with the bending loss) for a 75-µm-diameter microdisk rising to 15.0 cm -1 for 300µm-diameter disks. This also suggests that, in spite of a relatively thin separation layer, the devices are operating in under-coupling regime, possibly because of the unfavorable effective index mismatch between the resonator and the access waveguide. Please verify that (1) all pages are present, (2) all figures are correct, (3) all fonts and special characters are correct, and (4) all text and figures fit within the red margin lines shown on this review document. Complete formatting information is available at http://SPIE.org/manuscripts Return to the Manage Active Submissions page at http://spie.org/submissions/tasks.aspx and approve or disapprove this submission. Your manuscript will not be published without this approval. Please contact author_help@spie.org with any questions or concerns. 

CONCLUSIONS

A novel method exploiting selective lateral oxidation has been established to fabricate vertically-coupled whisperinggalery-mode resonators on III-V semiconductors. The first fabrication run lead to 75-µm-diameter microdisks with Q factor reaching 4450 at a wavelength of ~1600 nm. The performance of the current set of devices was identified to be limited by the leakage to the slab access waveguide. Future work will focus on the modification of the structure to reach higher Q-factors.

Figure 1 .

 1 Figure 1. Device schematic (dark blue: GaAs -light blue Al 0.3 Ga 0.7 As -light purple Al 0.6 Ga 0.4 As -yellow: AlOx)

Figure 2 .

 2 Figure 2. Access waveguide cross-section diagram and key characteristics (at a wavelength of 1.55 µm).
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Figure 3 .

 3 Figure 3. Effective indexes and mode lateral widths at a wavelength of 1.55 µm for the first two TE-polarized modes that the oxide-apertured waveguide might support.

Figure 4 .

 4 Figure 4. Resonator mode effective index at a wavelength of 1.55 µm
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Figure 5 .

 5 Figure 5. Evolution of the lateral extent of the oxide (white part on the images) as monitored by infrared reflectometry. The width of the mesa is 32 µm.

Figure 6 .

 6 Figure 6. SEM picture of a 75-µm-diameter microdisk.
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Figure 7 .

 7 Figure 7. Characterization setup and typical close-to-resonance response of a 75µm-diameter microdisk.

Figure 8 .

 8 Figure 8. Calculated Q-factor (in log scale) and contrast maps for a 75-µm-diameter microdisk.
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Figure 9 .

 9 Figure 9. Calculated Q-factor and contrast maps for a 75-µm-diameter microdisk.

Figure 10 .

 10 Figure 10. Calculated Q-factor and contrast maps for a 75µm-diameter microdisk.
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