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We report on the first realization of on-chip toroid microcavities embedding size-controlled silicon nanoclusters (Si-nc), produced by reactive magnetron co-sputtering. We demonstrate functionalized whispering gallery microresonators with low volume and high quality factor. Emission properties are optimized by tailoring the size and the shape of the toroids and the Si-nc distribution. Coalescence of Si-nc during the melting of the toroid is minimized by the design of the microdisk preforms. Photoluminescence in the whispering gallery modes of 13.5 µm diameter microtoroids, is observed in both near-field and far-field.

Introduction

Due to its indirect band-gap, Silicon was for a long time considered as a poor light emitter. The discovery in the 90's of an efficient emission from porous Si produced by electrochemistry [START_REF] Canham | Silicon quantum wire array fabrication by electrochemical and chemical dissolution of wafers[END_REF] or nanostructured Si obtained by other methods [START_REF] Brus | Luminescence of silicon materials: Chains, sheets, nanocrystals, nanowires, microcrystals, and porous silicon[END_REF] led to lively interest [START_REF] Kovalev | Breakdown of the kconservation rule in Si nanocrystals[END_REF][START_REF] Wolkin | Electronic states and luminescence in porous silicon quantum dots: the role of oxygen[END_REF]. It was early recognized that nanometer scale confinement results in a weakening of the indirect bandgap properties. Active researches yield to evidence of optical gain in Silicon nanocrystals [START_REF] Pavesi | Optical gain in silicon nanocrystals[END_REF]. This increased the activity [START_REF] Dovrat | Radiative versus nonradiative decay processes in silicon nanocrystals probed by time-resolved photoluminescence spectroscopy[END_REF][START_REF] Sychugov | Narrow luminescence linewidth of a silicon quantum dot[END_REF] in silicon photonics because an on-chip a Si laser would be a major achievement towards CMOS compatible photonics, but direct laser action has not yet been achieved.

In this quest, a critical point is the choice of high-performance cavities which can be combined with this active material. In this perspective, the Whispering Gallery Modes (WGM) of fused silica microcavities, exhibiting ultra high-Q up to 10 10 and small mode volumes V down to 100 λ 3 constitute an appealing option. The high Q/V figures of merit achieved in these cav- ities have allowed to observe low-threshold lasers [START_REF] Sandoghdar | Very low threshold whispering-gallery mode microsphere laser[END_REF], nonlinearities [START_REF] Kippenberg | Kerr-nonlinearity optical parametric oscillation in an ultrahigh-q toroid microcavity[END_REF] and quantum effects [START_REF]Optical processes in microcavities[END_REF]. The on-chip microtoroids introduced in [START_REF] Armani | Ultra-high-Q toroid microcavity on a chip[END_REF] are peculiarly suited in the perspective of thin-film based all-silicon devices.

Silicon nanoclusters (Si-nc) are usually obtained from sub-stoichiometric silica, generally called "silicon-rich silicon oxide" (SRSO). Thermal annealing then enables phase segregation of the excess silicon and Si-nc nucleation. SRSO itself is obtained by different methods including laser pyrolysis [START_REF] Wolkin | Electronic states and luminescence in porous silicon quantum dots: the role of oxygen[END_REF], chemical vapor deposition [START_REF] Pavesi | Optical gain in silicon nanocrystals[END_REF], electron beam evaporation [START_REF] Verbert | Efficient coupling of Er-doped silicon-rich oxide to microdisk whispering gallery modes[END_REF][START_REF] Verbert | Room temperature emission from er-doped silicon-rich oxide microtorus[END_REF] and ionic implantation [START_REF] Kalkman | Fabrication and characterization of erbium-doped toroidal microcavity lasers[END_REF].

An interesting variant is the reactive co-magnetron sputtering technique [START_REF] Gourbilleau | Si-rich/SiO nanostructured multilayers by reactive magnetron sputtering[END_REF][START_REF] Zacharias | Size-controlled highly luminescent silicon nanocrystals: A SiO/SiO 2 superlattice approach[END_REF]. This process not only produces SRSO, but also enables the production of multilayers (ML) consisting in an alternation of SiO 2 and SRSO films, and allows to accurately define the SRSO sublayer thickness. As the growth of Si-nc during the annealing step is constrained by the SRSO sublayer, this method allows to take control on their size distribution and on the resulting emission bandwidth. This unique property makes this technique very appealing for optical applications where size monodispersity could be a decisive advantage.

To the best of our knowledge, two papers have been devoted to Si-nc ML functionalized microcavities : planar microcavities in [START_REF] Belarouci | Microcavity enhanced spontaneous emission from silicon nanocrystals[END_REF] and WGM microdisks in [START_REF] Zhang | Visible range whispering-gallery mode in microdisk array based on size-controlled Si nanocrystals[END_REF]. In this paper, we report for the first time on the combination of very-high quality factor WGM microtoroids with size controlled Si-nc produced by magnetron sputtering. We have successfully fabricated ML SRSO microdisks, and converted them to Si-nc doped microtoroids by laser fusion. We have then demonstrated an efficient coupling of the Si-nc emission with low order WGM of the microcavities. The obtained photoluminescence (PL) signal and its limiting factors will be presented and analyzed.

Sample fabrication

The production of microtoroids relies on several steps, the first of which consist in the fabrication of a silica microdisk on a silicon pedestal. The processing steps used for this purpose are described elsewhere [START_REF] Armani | Ultra-high-Q toroid microcavity on a chip[END_REF]. In brief, starting from an oxidized silicon substrate, lithography followed by wet etching in HF leads to silica disks on silicon, and then dry etching of the silicon creates the pedestals, isolating the disks from the silicon surface. 

SRSO microdisks

The active material consists of successive layers of pure and sub-stoichiometric silica deposited by reactive magnetron co-sputtering [START_REF] Gourbilleau | Si-rich/SiO nanostructured multilayers by reactive magnetron sputtering[END_REF]. This technique uses two targets of Si and SiO 2 in an Ar -H 2 plasma. The injection of H 2 in the vacuum chamber allows the reduction of the SiO 2 target to favor a higher Si incorporation. During deposition the substrate temperature is set to 500°C and the chamber pressure is set to 0. In both cases the pump is filtered out by using notch or Long pass filter respectively. The far-field (scattered light) is also collected using the thinned multimode fiber MMF F2 and analyzed with the same spectrometer.

The SRSO sublayer thickness determines the mean diameter of the Si-nc, hence the central wavelength of the emission, ranging from visible to near infrared for thickness varying from 1 nm to 4 nm. For the purpose of this paper, we focus on SRSO sublayer thickness of 3 nm, leading to a central emission wavelength in the MLs structure of about 775 nm.

The SRSO MLs are deposited on top of a pure silica microdisk. This approach, introduced in [START_REF] Verbert | Efficient coupling of Er-doped silicon-rich oxide to microdisk whispering gallery modes[END_REF], avoids the specific difficulty of SRSO wet chemical etching. The supporting silica microdisks have a diameter varying from 20 µm to 50 µm and a thickness ranging from 0.5 to 1.5 µm (see Fig. 1-c).

The samples are subsequently annealed at 1050°C for 1 h under pure N 2 atmosphere, in order to nucleate the Si-nc. Fig. 1-(a) shows a typical image of the material after annealing. In Fig. 1-(b) is plotted the emission spectrum of a microdisk embedding Si-nc, optically pumped at 532 nm.

Functionalized microtoroids

The deposited microdisks are then fused close to the focus of a CO 2 laser Gaussian beam, with a waist of 110 µm. We used a circular polarization in order to keep a cylindrical symmetry. The silicon pedestal acting as an efficient heat sink, only the disk border reaches the fusion temperature, and surface tension shapes the molten material into a toroid.

As the melting temperature of silicon is lower than that of SiO 2 , the embedded Si-nc can be damaged by the laser fusion. In order to minimize this effect, the microdisks are molten with a laser power as small as possible. This melting threshold was determined by fusing identical microdisks with different powers. It was found about 10 kW/cm 2 , thought dependent on the microdisk geometry.

The microtoroid shape was characterized with a scanning electronic microscope (SEM) and an atomic force microscope. The observed surface roughness is under detection limit, with an amplitude below 1 nm, for 1 µm 2 scan.

Experiment

The experimental setup is shown in Fig. 2. As in [START_REF] Lin | Excitation mapping of whispering gallery modes in silica microcavities[END_REF], the microtoroid is hold on a three axis PZT-actuated translation stage and is coupled to a tapered fiber. Three different lasers are alternatively or simultaneously used. The first one (L1) is a tunable extended-cavity laser diode (ECLD) at λ 1 = 775 nm, which is used to characterize the cold cavity spectrum next to the maximum of emission. The two others, used as pump lasers, are a frequency-doubled Nd 3+ :YAG providing 25 mW at λ 2 = 532 nm (L2) on one hand and a single mode tunable ECLD at λ 3 = 405 nm with a power of 13 mW (L3) on the other hand. The L2/L3 can be combined with L1 using a dichroic mirror and coupled to the same taper for evanescent coupling to the microtoroid.

With a coupling gap of ∼ 0.5 µm the intrinsic microcavity losses dominate the coupling losses. When scanning L1 frequency one detects the resonances in the vicinity of 775 nm as absorption dips on the transmitted power, monitored on photodiode PD (as plotted in Fig. 4). This provides the microtoroid quality factor Q e at emission wavelength. In the same way, the tunable laser L3 can be used to characterize the WGM spectrum in the absorption range, and estimate the quality factor Q p .

The light emitted into the WGM by the Si-nc is detected in two ways. On the one hand, it is evanescently coupled out by the taper and led to the output fiber F1 (near-field signal). On the other hand, it is scattered in the toroid and collected through a thinned multimode fiber F2 (far-field signal) like in [START_REF] Orucevic | Transmittance and near-field characterization of sub-wavelength tapered optical fibers[END_REF][START_REF] Redding | Comparison of raised-microdisk whisperinggallery-mode characterization techniques[END_REF][START_REF] Srinivasan | Photoluminescence measurements of quantum-dotcontaining semiconductor microdisk resonators using optical fiber taper waveguides[END_REF]. At the output of both fibers the pump is removed by using a long pass filter LP (OG590). The two signals are then analyzed by an imaging spectrograph with a f = 300 mm focal length.

In these experiments a challenging difficulty lies in the strong infrared (IR) PL induced in the fibers by the short wavelength lasers used to pump the Si-nc. In many cases this spurious IR PL hides the interesting signal in both F1 and F2. This problem originates in the composition of the fiber used in the experiment. Our tapers are usually produced with IR single mode fibers (SMF) which have pure silica cladding and doped core: the deleterious signal comes from the doping elements. In contrast, the SMF adapted to short wavelength have a silica core and doped cladding, which makes them unsuitable for taper fabrication. When using blue laser L3, this spurious PL is significantly stronger than with L2. Therefore we abandoned resonant intracavity pumping with L3 and decided to use the non-tunable green laser L2.

The usual tapers, made from IR-fiber SMF 125-A-42, are single-mode at Si-nc emission wavelength. However, at the pump wavelength λ 2 , they are multimode. The corresponding low effective index could excite poorly confined higher order WGM. Nevertheless, this effect is minimized by injecting L2 into the taper through a SMF. Finally, the rather high power of this laser allows to efficiently pump the Si-nc located in the fundamental mode.

In the last stage of the experiment, the taper fabrication was improved in a decisive way to eliminate this fiber core PL limitation. This consisted in fabricating an "hybrid" taper made from two different fibers. A small length ∼ 15 mm of pure silica cladding SMF was spliced, on both sides, with pure silica core fibers (3M FS-SN-3224) suitable for visible light operation. This combination allows to minimize the fiber PL while preserving the ability to produce a good quality taper, with a transmittance T ≥ 90% at λ 1 = 775 nm. 

Results

We present successively the results obtained with two samples A and B of different thickness and diameters. Their geometrical parameters are summarized in table 1. Sample A was produced in a first stage of the experiment, and the analysis of its characteristics led to engineer sample B, which features the main results of this work. For both samples, after annealing, the emission wavelength band, spanning from 730 nm to 830 nm, corresponds to a distribution of Si-nc diameters centered at 3 nm with a dispersion estimated to 0.3 nm.

We first used pure silica microdisks presenting a moderate thickness and a large distance between the pedestal and the edge (sample A in Table 1). The resulting microtoroid exhibit fundamental TE modes with quality factors Q e = 2 × 10 7 and Q p = 10 6 . For all other observed modes (10 per FSR), Q e is reduced to about 4 × 10 6 . In spite of these good quality factors, the Si-nc emission was to weak to be isolated from the spurious fiber emission in F1.

An explanation of this small emission eficiency is provided by a structural analysis. After the optical characterization, the toroid was cut using a focused ion beam (FIB) in order to study the silicon distribution after melting. SEM images of the section are shown in Fig. 3-(a) and (b). These pictures evidence the usual rolled-up shape of the toroid originating from the large pedestal-edge distance [START_REF] Kalkman | Fabrication and characterization of erbium-doped toroidal microcavity lasers[END_REF]. Moreover, at high resolution, one observes a spiral shaped distribution of structures with a typical diameter of about 100 nm, which result from Si-nc coalescence, as confirmed by an energy dispersive X-ray spectrometry measurement, to be published elsewhere. To illustrate this feature we show in the inset (e) of Fig. 3 the cross section of a toroid very similar to that of sample A, but with a much higher contrast. One actually observes the mid-size nanostructures created by coalescence of Si-nc, favored by advection during the melting. One also distinguishes the pure silica bottom layer of the microdisk, and above it a silicon doped layer.

If some nanometer sized Si-nc survived the melting process, their spatial distribution must basically be the same as for the larger visible ones. Due to the roll-up shape, the depth of the active region matches the 1.5 µm thickness of the supporting microdisk, while the radial extension of the fundamental mode is about 2 λ 1 below the surface. This results in a nearly vanishing coupling between the emitting Si-nc and high-Q WGM, and explains the dim signal.

Achieving a better coupling, requires a thinner silica substrate and a better control of the toroid shape. For this purpose, the fabrication process is modified with 3 times thinner supporting silica microdisks and a 3 times smaller distance pedestal-edge, as described for sample B in Table 1. We keep the same pedestal diameter, and the same total disk thickness by increasing by a factor 4 the number of SRSO layers, with a reduced spacing to improve the Si-nc concentration. In what follows we focus on this improved sample.

Fig. 3-(c) displays SEM images of the cross section of this toroid, demonstrating that is not rolled up. Actually, decreasing the amount of fused material inhibits the large displacement associated to the usual roll-up shape, and results in a 3 times smaller minor diameter. On the zoom presented in Fig. 3-(d) there is no indication of coalescence : in contrast to (b) and (e) the observable nanostructures have a much smaller apparent size. We observe no sign of advection, as the preserved Si-nc are almost homogeneously spread in the whole section.

Putting in contact the hybrid taper with the microtoroid allows to maximize the output coupling. The resulting signals, simultaneously collected by using the two fibers F1 and F2, are analyzed with SP using a 300 grooves/mm grating (resolution ≈ 1 nm). In Fig. 4, we have plotted the corresponding spectra. Fig. 4-(a) is a picture of the experiment clarifying the two output ports F1 and F2, and Fig. 4-(c) is the absorption dip observed when scanning L1 in undercoupled conditions, exhibiting a reduced albeit still large Q e in sample B. Fig. 4-(b) is the "near-field" signal detected at the hybrid taper output. The emission into the WGM with its characteristic quasi-periodicity (FSR ≈ 9 nm) is clearly observed. This spectrum is superimposed on a large background, which results from the PL created in the central part of the taper and in the auxiliary multimode fibre F3 leading to SP. Only the PL emitted in the WGM is coupled back to the taper, therefore the broadband component of Si-nc emission does not contribute to this background. Fig. 4-(d) shows the "far-field" signal coming from the MMF F2, in the same conditions. As a fraction of the scattered pump is collected by F2, it generates a large spurious PL which is the dominant contribution of the background. Thanks to the scattering losses of the microtoroid, the Si-nc emission structured by the WGM is still present, but with a reduced contrast. A comparison between (b) and (d) demonstrates that the taper coupling has a better extraction efficiency than the omnidirectional scattering: in spite of a larger background, it enables a 20 times better detection efficiency of the WGM.

When working in non-contact conditions we recover the high quality factor of the WGM. The F1 signal spectrum is recorded in SP, with a 1,200 grooves/mm grating enabling a higher resolution. The pump-induced fibre PL background was first recorded with a large gap (g ∼ 10 µm), in order to digitally remove it from the detected signal. In Fig. 5 is plotted the resulting spectrum obtained by this procedure. One recognizes the 9.0 nm periodicity of the WGM spectrum and 4 modes in each FSR. The observed linewidth of about 0.5 nm is here instrumental-limited. The two strongest peaks in a given FSR are separated by about 4.5 nm, compatible with the TE-TM shift expected for this small microtoroid.

Conclusion

We have for the first time produced on-chip silica toroidal microcavities embedding Si-nc of controlled size, and have investigated their photoluminescence. This combination of the best material with the highest Q/V silicon based microcavities was achieved by the reactive mag-netron sputtering of SRSO on silica microdisks, followed by laser reflow and surface tension reshaping. These active cavities feature a Q-factor larger by one order of magnitude than the one obtained for microdisks in [START_REF] Kekatpure | Fundamental photophysics and optical loss processes in Si-nanocrystaldoped microdisk resonators[END_REF][START_REF] Ghulinyan | Whispering-gallery modes and light emission from a silicon-nanocrystal-based single microdisk resonator[END_REF], and is mostly limited by diffraction and not by scattering.

The optical characterization of the functionalized cavities has been realized in both the nearfield (evanescently coupled taper) and the far-field (scattering collected by a fiber tip). It shows that rather large toroids, due to their "rolled-up" shape, maximize the quality factor, but gives a geometric mismatch between the emitters distribution and the WGM field, resulting in a very weak emission. In contrast, significantly smaller toroids, presenting an optimized symmetric shape, at the expanse of a significantly reduced Q-factor, feature a good coupling of the Si-nc to the WGM and give rise to a well resolved WGM emission.

The technical limitation coming from the spurious photoluminescence of the fibers was overcome by the realization of an hybrid taper. A further improvement in the taper fabrication technique is required to enable a better coupling of the pump in a resonant WGM. Such a configuration providing a much higher sensitivity would allow a better material optimization and the investigation of the fundamental loss mechanisms in Si-nc.
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Fig. 1 .

 1 Fig. 1. (a) Transmission electron microscope image of a typical SRSO ML sample obtained with reactive co-magnetron sputtering technique, followed by thermal annealing at 1050°C for 1h. The white lines underline the boundaries of the MLs. In the inset, a zoom on a Si-nc shows the crystalline planes (b) Emission spectra of silicon nano-clusters functionalized microdisks pumped at 532 nm (c) Schematic of a functionalized silica microdisk on a silicon pedestal.

Fig. 2 .

 2 Fig.2. Three Laser L1, L2 and L3 combined on a dichroic beam-splitter DM, are injected in the tapered fiber to characterize or to pump the microtoroid. The taper (F1) output signal is split to either measure the total transmitted power or analyze the PL with spectrometer SP. In both cases the pump is filtered out by using notch or Long pass filter respectively. The far-field (scattered light) is also collected using the thinned multimode fiber MMF F2 and analyzed with the same spectrometer.

Fig. 3 .

 3 Fig. 3. SEM images of microtoroids cut with FIB. (a) Sample A general view, (b) zoom on the roll of sample A. Inset (e) : toroid similar to sample A, selected for the visibility of the coalesced Si clusters. (c) Sample B general view, (d) zoom on the roll of sample B toroid. On (d) and (e) the dashed line shows the boundary between silica and deposited material.

Fig. 4 .

 4 Fig. 4. (a) Top view of the experiment. (c) Absorption dip for a fundamental mode observed when scanning L1. (b) Spectrum of the near field signal at output of the hybrid taper. (d) Spectrum of the far field signal in the same conditions. frequency.

Fig. 5 .

 5 Fig. 5. Same as Fig. 4-(b) but acquired at higher resolution and after subtraction of the fiber PL background.

Table 1 .

 1 Geometrical parameters of the microdisks, multilayers, and resulting microtoroids used in the experiment. T d , D d and D p denote the disk thickness, diameter and pedestal diameter, respectively. N, T SRSO and T SiO2 denote the number of bilayers, SRSO thickness and Silica thickness, respectively. D and d are the outer and minor diameters of the toroid.

		Silica disk (µm)		SRSO		Toroid (µm)
	Parameters	T d D d	D p	N	T SRSO	T SiO2	D	d
	Sample A	1.5 50	7	70 3 nm 15 nm	33	8
	Sample B	0.5 20	7	150 3 nm 7 nm 13.5	3