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Hyperspectral cathodoluminescence (HCL) consists in the recording and processing of 4D datasets containing the cathodoluminescence intensity spectrum of a sample for each pixel of the scanning electron microscopy image [1]. This method has now become the ultimate characterization tool in many research fields [2][3][4][5], demonstrating its potential through advanced spectral processing [3] and/or the combination of spectral and spatial representations [2]. More precisely, in the field of photonics, HCL has recently been used to measure the local density of optical states (LDOS) in photonic crystal cavities [2]. Nanometer scale information on the density of optical states in photonic devices is a key asset for the developement of future on-chip photonic devices [6], from laser sources [7] to nonlinear devices [8].

Nevertheless, such a technique has rarely been used for whispering gallery mode (WGM) resonators, despite their ubiquity in current photonic research, from opto-mechanics [9] and quantum optics [10] to bio-physics [11]. Most demonstrations of WGM cathodoluminescence images have been demonstrated with wide band gap materials such as GaN [12] and ZnO [13] while recourse to HCL remains anecdotal [5]. Conversely, recent results using scanning near-field microscopy on InP-based microdisks [14] demonstrate the vivid interest in imaging WGMs at the sub-wavelength resolution.

In this work, we fill this gap by reporting an advanced hyperspectral characterization of whispering gallery modes in an active gallium phosphide-based microdisk using low temperature cathodoluminescence. Our measurements experimentally reveal the nanoscale differences between mode geometries, allowing us to identify the radial order n of the modes and even polarization states. Signature of the microdisk shape, namely a wedge rim, is also demonstrated unambiguously through the relative spatial distributions of E z and H z polarized modes.

Contrary to the work of Sapienza et al. [2] where the LDOS is measured within the band gap of a dielectric- material photonic-crystal device, with the electron beam acting directly as a broadband dipole source, known as coherent excitation [15,16], our measurements should more likely originate from incoherent excitation consisting in the creation and relaxation of many electron-hole pairs down to the active material of the photonic structure, namely quantum wells (QWs)and subsequent radiative recombination [17]. In some cases coherent emission processes can also be observed above the semiconductor band gap emission [18] and photon correlation experiments then become necessary to identify the coherent and incoherent contributions to the signal [19]. In the present work, the spectral range of the CL signal lying precisely at the position of the QW radiative transition as discussed in the following, we will consider that the dominant excitation process is mainly incoherent. Beside good emission properties, the recourse to such an excitation scheme to retrieve information on the LDOS requires to validate the following criteria: i) the homogeneity of the material optical properties; ii) the weak influence of carrier relaxation and diffusion to maintain a spatial resolution as close as possible to the electron beam profile; iii) the minimization of photon reabsorption in the photonic structure, due to the localized excitation scheme. Finally, the ideal material should present a large emission spectrum to probe as many WGMs as possible.

These criteria are mostly satisfied with dillute-nitride GaP-based materials. As far as emission homogeneity is concerned, semiconductor microdisks, and especially suspended geometries such as the one presented in Figure 1 a) are often affected by surface recombination losses. This problem is partially circumvented by the use of nanostructured materials (i.e. quantum wells in the present work) so that only the disk rims can alter the emission. In the case of GaP-based devices, the surface recombination rate is low, typically one order of magnitude smaller than in GaAs [START_REF] Baca | Fabrication of GaAs devices[END_REF], limiting the degradation of the material emission properties in the vicinity of the rims. Because of its indirect band gap, GaP is intrinsically a poor light emitter. The incoporation of nitrogen in GaP in the dillute regime (a few %) is associated with an important increase of the material emission properties because nitrogen states, strongly localizing electrons, get coupled with the GaP Γ band to form a pseudo-direct band gap material [START_REF] Kudrawiec | [END_REF]. The GaPN 0.02 quantum wells (QWs) used in this work present room temperature photoluminescence originating from the band-to-band pseudo-direct transition between 600 and 900nm, well below the GaP band gap (550nm), as shown in the inset of figure 1 b). At low temperature (10 K) where cathodoluminescence experiments are carried out, the Varshni band gap variation blueshifts the QW emission by 25 nm so that the PL/CL maximum lies around 615 nm. A strong localization character is conserved as evidenced by the high-wavelength exponential tail in the photoluminescence spectrum. This is a great advantage in the present work since: it limits the carrier diffusion length to 100 nm [22]; it protects the carriers from non-radiative relaxation channels and it is responsible for a large inhomogeneous broadening of the spectrum. Last but not least, localization leads to a non-negligeable Stokes shift [23] which limits reabsorption mechanisms. All these features reinforce the fact that the hyperspectral cathodoluminescence measurements reported in this work provide accurate information on the microdisk LDOS.

The GaP suspended microdisks presented here were fabricated from epilayers grown by molecular beam epitaxy. The heterostructure consists of a 200-nm-thick GaP layer containing five 3-nm GaPN 0.02 QWs deposited on top of a 1-micron-thick Al 0.7 GaP sacrificial layer, grown on a GaP substrate. E-beam lithography was used to define the microdisk structures using SU8 resist and a SiN x hard mask. Chlorine-based dry etching and lateral wet etching with hydrofluoric acid were then used to obtain the suspended geometries, a SEM view of which is presented in figure 1 a). A wedge profile of the disk of 50 • is obtained due to the lateral etching of the hard mask during the dry etching process. Room-temperature microphotoluminescence on these microdisks reveals WGMs with Q factors in the range of 10 4 mainly limited by the rim roughness (10 nm RMS) as shown in figure 1 b).

The HCL experiments were performed at low temperature (10 K) using an Attolight Allalin integrated cathodoluminescence microscope with a 100 nm spatial resolution and a spectral resolution of 0.1 nm on a 4 µm-diameter microdisk. The beam voltage was set to 3kV. Once the HCL data cube is recorded (see figure 2 a), a data processing routine is used to separate the background emission, dominated by low-Q Fabry-Perot modes (dashed green plot) from the WGM contribution (red spectrum). This routine is performed independently from one spatial pixel to the other but does not impact the spatial integrity of the data as shown in the xy hyperspectral slices presented in figure 2 b) and c). These plots present the CL spatial distribution before and after filtering respectively on a WGM resonance at λ = 584.5 nm. Even if noisier, the annular profile of the WGM at this wavelength is clearly conserved from b) to c) while the cross shape pattern at the center of the disk, induced by the square-base pedestal becomes less visible demonstrating the different origins of these emission structures. The effect of the background filtering is much more interesting along a λx slice of the HCL cube, as demonstrated in figure 2 d) and e). While the WGMs can only be barely observed before filtering (panel d), a structure is observed after filtering (panel e). Whispering gallery modes, lying along the rims of the microdisks (r > 1 µm), are clearly discriminated against emission in the central area, where high radial order WGMS and Fabry-Perot modes in the disk coexist. Different sets of WGMs can already be qualitatively identified through the analysis of their free spectral range (FSR) and radial extension. In the following, we quantitatively analyze these parameters to identify the different mode sets. obtained for a cylindrical disk and a wedge disk respectively. In the simulations, the disks' diameter is 4 µm in the two cases, with a wedge of 50 • for the second case. The FEM simulation allows to discriminate between E z and H z polarization as well as between the different radial orders n.

In figure 3 a) and b), we plot the spatial emission profiles of WGMs lying in two distinct wavelength ranges. In a) (610 -620 nm range), five WGMs are spectrally separated. Their spatial profiles show very distinct signatures but surprinsigly, they all present only one maximum, in opposition with the expectation for WGMs with different radial orders. One mode has an intensity maximum very close to the disk rim (1.8 µm for the 616.2 nm mode) while the 611.8 nm resonance features an intensity maximum closer to the disk center, at 1.35 µm, with a long tail towards the microdisk rim. The three other resonances lie between these positions. We will see in the following that despite the absence of multiple lobes, these different modes can be attributed to different radial orders and polarizations. In some cases, two WGMs overlap, both spectrally and spatially. The combined information of the λx slice is then of great advantage to differentiate the two modes. This is the case for the 653.8 and 654.4 nm modes presented in figure 3 b), the maxima of which respectively lie at 1.48 and 1.7 µm. For both intervals (a) and (b), the position of the maximum intensity for each mode is reported in figure 3 c) which was finally obtained by extending the previous spatial analysis to the whole emission spectrum. Six sets of WGMs can be identified from figure 3 c). Each set shows a distinct spatial position, except for the orange and green sets which both lie around 1.55 µm. The six sets also feature distinct FSRs (provided in the figure caption).

These experimental results are compared with eigenmode calculations obtained by the weak formulation of the finite element method (FEM) using Freefem++ [24]. A typical axi-symmetrical mesh, mimicking our GaP microdisks is presented in figure 1 c). From the eigenmode profiles, we extracted the magnitude of the Poynting vector at the height of the QWs, as shown in figure 1 d). This value is expected to be proportional to the ideal cathodoluminescence signal, for fully localized carriers and in the absence of optical loss and non-radiative carrier recombination. Two disk geometries have been studied: a 50 • wedge-shaped microdisk, the calculated λx slice of which is presented in figure 2 f) and a cylindrical disk. The WGM distributions for these two geometries are summarized in figures 3 d) and e). As pointed out in figure 2, the experimental and calculated WGM distribution are at first sight qualitatively similar: WGMs with distinct spatial distributions allow to define six mode sets with FSR in the 10-nm range. In the simulations, WGMs show a number of lobes equal to their radial order, contrary to the experimental data. The secondary maxima for n = 2 and n = 3 radial order modes show roughly half the intensity of the main peak and are only 60-80 nm large. Their disappearance in the experiments in favor of a smooth signal decay (e.g. 611.8 nm mode in figure 3 a) may come from a larger carrier diffusion and also from carrier trapping by surface states at the disk rims.

In the calculations, the mode intensity maxima lie in the same spatial range as the experiment, between 1.3 and 1.8 µm as shown in figures 3 d) and e). If the six mode sets observed experimentally spread quite homogeneously within this span, the theoretical modes are grouped by polarization pairs around three distinct radial positions. The main difference between the two microdisk geometries precisely comes from the ordering of these pairs. For the cylindrical disk (figure 3 d) ), the E z polarized modes are closer to the rims than the H z modes. The situation is reversed for the wedge microdisk (figure 3 e) ). The reader will notice that within a pair, the two polarization states present different FSRs: E z modes always feature a smaller one than H z modes. Back to the experimental results, we observe that the FSR alternance, from the more external modes to the more internal ones follows the one of a wedge disk (larger FSR, then smaller FSR and so on) in agreement with the SEM image of our structures. This, together with the spatial distribution of the mode sets allow us to characterize with good confidence the measured mode profiles: In figure 3 c), the purple and cyan mode sets are respectively the H z and E z modes with n = 1 radial order; the green and orange sets are attributed to the n = 2 H z and E z mode sets while the red and brown sets are attributed to the n = 3 H z and E z modes respectively. The small deviations between the experimental mode distribution (figure 3 c) and the theoretical one (figure 3 e) can be explained by the interplay between the wedge and pedestal influences, extremely dependent on geometry variations.

As a conclusion, we demonstrated that hyperspectral cathodoluminescence in active photonic devices such as microdisks can provide the blueprint of the confined optical modes. This method enables the identification of WGM features such as radial order or polarization state. It also enlightens effects of geometry refinements such as a wedge profile on the mode distribution. Our results show the pertinence of hyperspectral cathodoluminescence as an ultimate characterization tool for advanced photonic engineering.
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 1 Fig. 1. a) Scanning electron microscopy image of an active GaP microdisk on Al 0.7 GaP pedestal. b) Room temperature photoluminescence of such disks; Emission from GaPN QWs is filtered by high Q (∼ 10000) WGMs. The inset shows the logscale GaPN QW emission spectrum from the unprocessed sample, where a high wavelength exponential tail is clearly observed. c) Finite element mesh used to calculate the WGMs of the microdisks. d) Sketch presenting the overlap between the GaPN QWs and the (n = 2, m = 32, p = 1) WGM as extracted from the FEM calculation.
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 2 Fig. 2. a) Sketch of the hyperspectral data cube: HCL provides the emission intensity spectrum for each excitation point of an e-beam xy scan. The raw emission (black spectrum) can be processed to remove the background contribution (dashed green spectrum) from the WGMs contribution (red spectrum). Panels b) and c) show xy slices in the HCL cube at wavelength λ = 584.5 nm where a WGM is observed, before and after background filtering respectively. Panels d) and e) are λx slices of the HCL cube at y = 0 before and after filtering as well. The data set presented throughout this article was obtained on a typical 4 µmdiameter microdisk. Panel f) shows the calculated λx slice of the Poynting vector magnitude in a wedge microdisk, obtained by limiting the mode Q factor to a fixed value close to the experimental one.

Fig. 3 .

 3 Fig.3. a) and b) Spatial profiles of WGMs lying within two distinct wavelength ranges (610 -620 nm and 650 -660 nm respectively). The color code for the modes is the same as the one used in graph c), presenting the spatial position of the mode maximum versus the resonance wavelength. The FSR for the different mode sets, from the external one to the internal one, is : 6.85 THz (purple), 6.54 THz (cyan),7.24 THz (orange), 6.95 THz (green), 7.36 THz (red) and 7.34 THz (brown). Panels d) and e) are the theoretical counterparts of c) obtained for a cylindrical disk and a wedge disk respectively. In the simulations, the disks' diameter is 4 µm in the two cases, with a wedge of 50 • for the second case. The FEM simulation allows to discriminate between E z and H z polarization as well as between the different radial orders n.