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Loss assessment in random crystal polarity gallium phosphide microdisks grown on silicon

III-V semiconductors grown on silicon recently appeared as a promising platform to decrease the costs of photonic components and circuits. For nonlinear optics, specific features of the III-V crystal arising from the growth on the nonpolar Si substrate and called antiphase domains, offer a unique way to engineer the second order properties of the semiconductor compound. Here, we demonstrate the fabrication of microdisk resonators at the interface between a gallium phosphide layer and its silicon substrate. The analysis of the whispering gallery mode quality factors in the devices allows the quantitative assessment of losses induced by a controlled distribution of antiphase domains in the GaP layer and demonstrate the relevance of such a platform for the development of polarity-engineered III-V nonlinear photonic devices on silicon.

III-V semiconductor photonics has for long obtained the monopole on integrated light emitter technologies. [1,2] Significant advances are now reported in other domains of integrated photonics such as nonlinear devices. [3][4][START_REF] Bernard | Nonlinear Optics -Novel Results in Theory and Applications[END_REF] Despite the promising nonlinear optical properties of these materials, coupled to band gap engineering, heterostructure fabrication and advanced technological processing, III-V semiconductors should compete with other platforms such as lithium niobate which also benefited from recent advances on photonic integration. [START_REF] Jin | [END_REF]7] Lithium niobate is also sometimes presented as a cheaper solution compared to III-V, which require expensive epitaxy costs, lying mainly in substrate costs. This argument may not hold in the future with the emergence of III-V photonic devices directly grown on silicon substrates. [8] III-V lasers on silicon now feature performances as good as their equivalent on III-V substrates. [9] In this work, we investigate the potential of III-V semiconductors on silicon for nonlinear photonics. We focus in particular on an asset that arises from the growth of the III-V polar material on non-polar Si. During the growth, the crystal polarity of the III-V material can be locally reversed due to the formation of antiphase domains (APDs). [10][11][12] While the APD distribution is generally random, some groups intensively work on its tailoring, from the annihilation of minority domains [13] to the periodic-poling of the crystal, [10] which has proven to be so efficient for second order nonlinear optics. The randomicity of the APD distribution could also be used to relax phase matching in 2 nd order processes and provide tunability to devices [14,15] or even to suppress 2 nd order processes at the benefit of χ (3) nonlinearity. [15] However, the antiphase boundaries (APBs) are also often considered as defects that could impact optical propagation [16] and an experimental assessment of the induced losses remains, to our knowledge, unreported.

Here, we demonstrate the fabrication of gallium-phosphide microdisks on silicon and investigate the contributions to optical losses in these devices. The resonators are fabricated from a GaP layer directly grown on a silicon substrate, and featuring a random crystal polarity distribution with controlled parameters. The statistical investigation of the whispering gallery modes (WGM) for a set of disks of different radii coupled to a detailed characterization of the APD distribution and sidewall roughness allows us to identify the different contributions to optical losses in these devices and assess quantitatively an upper limit of 10 dB/cm for the losses induced by APDs in the GaP layer.

The 400 nm thick GaP epilayer was grown on a vicinal 6°-off (001) silicon substrate. After chemical preparation of the substrate using HF-1%/UV-O3/HF-1% [17] and rapid rise at 800°C for hydrogen desorption, 10 nm of GaP were first grown using migration enhanced epitaxy at 350°C. The substrate temperature was then progressively increased from 580 to 660°C to grow the rest of the GaP layer. A V/III ratio slightly above 1 was used. The III-V layer also includes three 2-nm thick Al0. 2GaP wells positioned at 10 nm, 35 nm and 50 nm from the Si interface. Their role in the annihilation of minority domains has been reported in [18]. Here we couple this method to the fine tuning of V/III ratio and growth temperature on a vicinal substrate [19] to tailor the spatial distribution of APDs and obtain domains size in the 100 nm range. In its virgin state, the sample shows a surface roughness of 8.4 nm RMS, typical of III-V/Si epilayers with emerging APDs, [20] which is not suitable for the realization of photonic components. Chemical mechanical polishing (CMP) using phosphoric acid at 1% was thus used to reduce the GaP surface roughness as presented in Fig. 1 a). After 30 min of CMP, a removal of 100nm of GaP already ensured a flat surface with low concentration of surface defects. Polishing was further performed to decrease the layer thickness to 250 nm and obtain a roughness of 1 nm RMS. The sample was then cut into pieces to perform both technological of the microdisk and further analysis of the APD distribution.

Even though emerging APDs strongly impact the roughness of GaP/Si epilayers, a direct correlation of the sample topography to the crystal polarity distribution remains speculative. On the contrary, after CMP, the sample can be quickly dip into GaP Etch commercial solution to reveal APBs. Scanning electron microscopy (SEM) and atomic force microscopy (AFM) were then employed to identify domains of opposite polarity and statistically analyze the crystal polarity distribution. The SEM image analysis for this sample is shown in Fig. 1 c). On the SEM image (upper panel), one clearly observes the network of valleys resulting from the fast etching of APBs on the polished surface, where minority domains are highlighted in red. A binarized image was processed from this identification and used to compute the autocorrelation function presented in the lower panel of Fig. 1c) andd). In such a binary distribution, the exponential decay of the central peak is directly related to the size of the minority domains and the distance between satellite peaks reflects the mean distance between homophase domains. Here, the average size for minority domains is 90±5 nm and the mean distance between them is 250±60 nm. From integration of the binarized surface, the average phase in the sample was measured to be 0.3 (that is to say, 65% of the surface occupied by +1 domains and 35% by -1 domains). Another piece of sample was used to fabricate suspended GaP microdisks as shown in Fig. 1 b). The GaP/Si sample was masked with SiNx, doped µ-Si and PMMA. We performed e-beam lithography and a Ni lift-off to define a mask to etch the µ-Si/SiNx stack with CF4 ICP-RIE. The Ni mask was removed with HNO3 and the pattern was then transferred to the GaP layer using Cl2/Ar ICP-RIE. After mask removal with CF4 ICP-RIE, microdisks were partially released by underetching the Si with isotropic SF6 RIE which also bevels slightly the GaP rims. [21] The sample features a 2D-array of microdisks with increasing size. Their radii vary from 2 µm to 3.5 µm. The sample was then placed under an optical microscope featuring nano-positioning stages for the sample and for the optical coupling apparatus. The latter consists in a single mode optical fiber tapered to a diameter of 1 µm and dimpled to couple individual microdisks of the array as illustrated in Fig. 2 d). [22] For each disk, several coupling positions of the fiber (on the edge of the disk and onto the surface either close to the edge or to the center) were tested to find under-coupling conditions. The spectrally-resolved optical transmission through the fiber was obtained by use of an Agilent 8164A Lightwave Measurement System with 8 pm spectral resolution. In the following, we consider that this technique provides a good estimation of the intrinsic Q factors of the disks 𝑄 𝑖 = (1/𝑄 𝑟𝑎𝑑 + 1/𝑄 𝑅 + 1/𝑄 𝐴𝑃𝐷 ) -1 , which can be altered by radiation losses (𝑄 𝑟𝑎𝑑 ), scattering losses on sidewall roughness (𝑄 𝑅 ) and volumic losses due to absorption in antiphase boundaries (𝑄 𝐴𝑃𝐷 ). We neglect contributions from other structural defects. Thanks to the CMP process, we can neglect the contribution of surface losses.

Typical transmission spectra for two disks of different radii are presented in Fig. 2a) and b). In the wavelength span of the laser, a small number of WGMs are observed. With a thickness of 250 nm, the GaP layer is monomode for both TE and TM modes. The calculation of the free spectral range of WGMs with radial order n=1 reveals that we mostly observe two sets of WGM which we identify as n=1 TE and TM modes. Due to the small thickness of our disks, the effective refractive index is small for TM modes, limiting 𝑄 𝑟𝑎𝑑 of these modes to a few 10 2 as observed in Fig. 2 a). The larger effective index of TE modes allows for higher intrinsic Q factors as observed on both spectra. Theoretically, one could expect values of 𝑄 𝑟𝑎𝑑 in the 10 6 range even for 2 µm radius disks. We will restrict the loss analysis to the Q factors of TE modes in the following. The absence of other sets of TE modes with higher radial order is attributed to the lack of optical confinement between the GaP disk and the Si pedestal (the undercutting distance is no larger than 1 µm). In most cases, the measured TE modes feature a mode splitting typical of back-scattering coupling in agreement with the measured roughness. [23,24] Figure 2 c) shows the Q factor distribution for 59 TE n=1 WGMs measured on 37 microdisks of various radii. The Q factors vary from around 2500 to 16 000. The averaged Q factor, 𝑄, ̅ vs radius is also plotted with red markers and shading is used to represent the 25-75% confidence interval. We observe no significant variation of 𝑄, ̅ as a function of radius, indicating that all Q factors are limited by some loss contribution. The averaged value is close to the Q factors obtained in previous works on GaP/AlGaP/GaP microdisks fabricated using a similar technological process. [21] On Fig. 2 c), one observes that the confidence interval gets narrower with increasing radius. This will be discussed in the following.

One important source for optical loss is sidewall roughness. In our samples, this contribution can be strong due to the lift-off process used to define the disks, known to induce more roughness than metal-free masking. [25] To assess it, we extracted from SEM images the lateral microdisk roughness versus perimeter position 𝑥 𝑝 = 𝑅𝜑 as shown in Fig. 3 a) and c) (inset). The measured roughness is here limited by the 5nm resolution of the SEM. The microdisk profiles were then both uploaded in a finite element method (FEM) environment to get a direct estimation of 𝑄 𝑅 on individual roughness distribution (Fig. 3 b) and statistically studied to get a deeper insight on the roughness impact (Fig. 3 c). On the specific example of Fig. 3 a) and b), sidewall roughness induces significant scattering of the optical power outside and within the disk. In this simulation, the Q factor of the WGM at 1.57 µm is found to be 30 000. This value does not account for the absence of the optical confinement in the central part of the disk where it is supported by the Si pedestal.

The statistical analysis of the sidewall roughness allows us to highlight the origin of this strong loss contribution. The autocorrelation function of the sidewall roughness is plotted in Fig. 3 c). It shows a short scale component, revealed in the fast decaying central peak of the autocorrelation and a long scale one appearing in the form of satellite peaks. The short scale component shows the exponential decay typical of random roughness with correlation length 𝑆 𝑐,𝑠ℎ𝑜𝑟𝑡 = 70±5 nm. Conversely, the long scale component is pseudo-periodical with a correlation length (or pseudo-period) 𝑆 𝑐,𝑙𝑜𝑛𝑔 = 650±50 nm. These roughness components have individual RMS values 𝜎 𝑠ℎ𝑜𝑟𝑡 = 𝜎 𝑙𝑜𝑛𝑔 = 5 nm so that the combined roughness has been measured to 7 nm RMS. The impact of sidewall roughness has been previously studied using both many-scatterers approach [23] and volume current method for distributed roughness. [24,26] Following the analysis proposed in Ref. [26] one can plot the roughness-induced contribution 𝑄 𝑅 , as a function of the correlation length 𝑆 𝑐 for the TE modes of a thin microdisk, as presented in Fig. 3 d). The calculation is performed for a fixed RMS value of 5 nm. The plot shows that the only effect of the measured short scale component should lead to Q factors around 10 5 . On the contrary, long scale components of roughness are expected to affect more strongly the Q factor with average value around 10 4 . This said, the contribution we observe is not random but pseudo-periodical. As a consequence, it is not expected to affect equivalently all WGMs, depending on their azimuthal order. Moreover, the pseudo-period is only one order of magnitude smaller than the perimeter of the disks under scrutiny. From disk to disk, the roughness distribution can thus vary and impact differently the Q factors, explaining the narrowing of the large confidence interval with increasing radius. In a nutshell, the sidewall roughness observed in our sample is supposed to give a contribution 𝑄 𝑅 from 10 4 to 10 5 . We attribute this roughness to the technological process but we cannot exclude any correlation with the presence of APBs even if typical dimensions do not fit.

The 𝑄 𝑅 contribution is not enough to explain the drop of 𝑄 ̅ down to 8 000 as observed in our sample. A third contribution is needed. This can most likely come from absorption induced by APBs in the volume of the GaP layer. It has indeed been shown theoretically that APBs act as deep centers, which result in a modification of the absorption properties especially within the band gap of GaP. From the work of Tea et al. we can expect a redshift of the band gap edge of 0.7 eV so that absorption at 1.55 µm is still affected by the exponential tail of the electronic contribution to the dielectric constant. From their work, the induced attenuation factor can be estimated to 𝛼 ∼ 1 cm -1 . The effect of different values of 𝛼 on the 𝑄 𝑖 is presented in Fig. 3 d) with 𝑄 𝐴𝑃𝐷 = 𝑚/𝛼𝑅. An attenuation factor 𝛼 ∼ 2.5±0.2 cm -1 allows to obtain a Q factor equal to 𝑄 ̅ at 𝑆 𝑐,𝑙𝑜𝑛𝑔 . This attenuation corresponds to linear losses of 10 ± 1 dB/cm, for a density of APBs of 8000 mm -1 . The APB-limited Q factor would then be of 45 000. The estimated value of 10 dB/cm is in the same range as typical losses recently reported in GaP waveguides grown on III-V substrates, and is thus compatible with the realization of practical individual nonlinear devices. [27] To conclude, we demonstrated GaP microdisks monolithically integrated on silicon. These photonic resonators show a unique random distribution of the III-V crystal polarity that could be used to engineer the nonlinear properties of the material. The material optical losses measured in the microdisks of ~10 dB/cm are compatible with the realization of practical nonlinear components at lowest costs thanks to Si substrates and the minimal III-V material deposition. The development of larger photonic circuits based on this random polarity platform now requires the transfer of the GaP membrane onto dielectric substrates and refinement of technological processing to reach APB-limited optical losses. Funding. French National Research Agency (ANR-17-CE24-0019) and Région Bretagne.
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 1 Fig. 1. (a) Scanning electron microscope (SEM) images of the surface of a GaP film grown on Si, planarized with H3PO4 CMP (from top to bottom: as grown, after 10 min and after 30 min of CMP. (b) SEM image of a GaP/Si microdisk processed with the sample in a) after 1h CMP. (c) SEM image of the antiphase domain distribution of the GaP/Si film. (d) Autocorrelation function calculated from the APD distribution.
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 2 Fig.2 (a) and (b) Typical transmission spectra of microdisks of different radius. The inset in a) is a close-up view of the doublet structure caused by back-scattering. (c) Statistical distribution of measured Q factors of TE WGMs vs disk radius. The coupling method is indicated with black (surface-coupling)) and blue (edge-coupling) markers (in red: averaged Q factor value and 25-75% confidence interval). (d) Sketch of the dimpled tapered fiber coupling apparatus.

Fig. 3 .

 3 Fig. 3. (a) SEM view of a GaP/Si microdisk used to extract the lateral profile of the disks. (b) FEM simulation of a TE WGM at 1.57 µm using this profile. (c) Autocorrelation function of the lateral roughness profile (given in inset). (d) Theoretical dependence of the roughness induced Q factor 𝑄 𝑅 vs roughness correlation length Sc (red) as well as the intrinsic Q factor of the disk 𝑄 𝑖 for different APD-induced volumic losses (black plots) and matching point with the experimental average Q factor 𝑄 ̅ . The curve is plotted for 𝜎 = 5 nm and 2 µm radius disk.
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