Omar Ortiz Cabello 
  
Florian Pastier 
  
Anne Rodriguez 
  
Priya Priya 
  
Aristide Lemaitre 
  
Carmen Gomez 
  
Isabelle Sagnes 
  
Abdelmounaim Harouri 
  
Pascale Senellart 
  
Valerian Geisz 
  
O Ortiz 
email: omar.ortiz@c2n.upsaclay.fr
  
A Lemaître 
  
C Gomez-Carbonell 
  
V Giesz 
  
M Esmann 
  
N D Lanzillotti-Kimura 
  
Coherent Phonon Generation in Hybrid Opto-Phononic Micropillars

à la diffusion de documents scientifiques de niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

INTRODUCTION

The control of high frequency mechanical vibrations in the range from few to hundreds of gigahertz appears as a promising platform for the development of applications in the fields of optoelectronics, sensing, and even quantum technologies [START_REF] Volz | Nanophononics: state of the art and perspectives[END_REF][START_REF] Gustafsson | Propagating phonons coupled to an artificial atom[END_REF] . The generation, manipulation and detection of coherent acoustic waves is at the heart of nanophononics, and the development of versatile transducers one of the main challenges. Semiconductor micropillars constitute a promising platform to this end. Capable of 3D confinement of both light and sound, these structures present strong optomechanical interactions [START_REF] Anguiano | Micropillar Resonators for Optomechanics in the Extremely High 19-95GHz Frequency Range[END_REF][START_REF] Lamberti | Optomechanical properties of GaAs/AlAs micropillar resonators operating in the 18 GHz range[END_REF] making them appealing for sensing applications. [START_REF] Esmann | Brillouin scattering in hybrid optophononic Bragg micropillar resonators at 300 GHz[END_REF] The coherent generation and detection of high frequency acoustic phonons in the range of tens of gigahertz. [START_REF] Anguiano | Micropillar Resonators for Optomechanics in the Extremely High 19-95GHz Frequency Range[END_REF][START_REF] Anguiano | Optical cavity mode dynamics and coherent phonon generation in high-Q micropillar resonators[END_REF] in micropillar structures is has been demonstrated using optical pump-probe techniques. In general, these experiments [START_REF] Thomsen | Surface generation and detection of phonons by picosecond light pulses[END_REF] require both pump and probe beams to efficiently couple into the micropillar in order to coherently generate and detect phonons. In addition, it is common to control the temporal delay between pump and probe pulses using a mechanical delay line. These movable optical elements come with inherent stability issues. Due to the long lifetime of coherent acoustic phonons in high quality semiconductor cavities, the delay for nanophononic pump-probe experiments typically needs to be on the order of ten nanoseconds, corresponding to several meters of optical delay. This type of optical free space setup thus presents the following major practical challenges: 1) reproducibility due to changing optical alignment 2) mechanical stability leading to both noise in the measurements and long-term drift and 3) high power densities required under these conditions that limit the range of compatible samples.

The diversity of possible experimental conditions and the movable pieces in the standard pump-probe setups cause beam pointing variations leading to a changing overlap between pump and probe on the sample, and changes in the power coupled into it. Consequently, performing identical measurements in different laboratories, or even in the same setup under different alignment protocols, becomes virtually impossible. Furthermore, free space optical setups require regular realignment. Then, measuring using the same setup might result in different excitation and collection conditions over extended periods of time. A partial solution to the stability problem is provided by the asynchronous optical sampling (ASOPS) technique where, by using two ultrafast lasers producing pulses at slightly different repetition rate, the requirement of a mechanical delay line is lifted. [START_REF] Bartels | Ultrafast time-domain spectroscopy based on high-speed asynchronous optical sampling[END_REF][START_REF] Arregui | Coherent generation and detection of acoustic phonons in topological nanocavities[END_REF] However, alignment and power requirements are still inherent to the experimental realization. In a recent publication [START_REF] Ortiz | Fiber-integrated microcavities for efficient generation of coherent acoustic phonons[END_REF] , we integrated fibered systems into pump-probe experiments and simultaneously solved the three aforementioned challenges. We aligned the tip of a single mode fiber on the top side of a micropillar and glued them together. The result is a fiber-integrated micropillar aligned a priori independent of the optical setup alignment. Thus, the coupling conditions are fixed as the mode overlap between micropillar and single-mode fiber is independent from the optical setup. We showed that with this new approach acoustic phonon 10.48465/fa.2020.0865 spectroscopy with state of the art resolution comparable to earlier free-space measurements [START_REF] Anguiano | Micropillar Resonators for Optomechanics in the Extremely High 19-95GHz Frequency Range[END_REF][START_REF] Anguiano | Optical cavity mode dynamics and coherent phonon generation in high-Q micropillar resonators[END_REF] and a bandwidth covering up to three harmonics of the fundamental acoustic cavity mode at 18GHz is possible with already improved signal to noise ratio, lower necessary acquisition time and power densities. In this proceeding, we report on further improvements of these fiber-integrated pump-probe mesurements and show performance well beyond the current state of the art with phonon spectra of individual semiconductor micropillars covering up to seven harmonics of the fundamental acoustic mode. These measurements also show much improved signal-to-noise ratio at still equally short acquisition times and power densities that would even be compatible with many biological samples. This further advances our nanophononic device towards reallife sensing applications with quantitative, reproducible results.

RESULTS

To demonstrate the versatility of the novel approach we glued a single-mode fiber onto a 2.8 μm diameter micropillar resonator. [START_REF] Ortiz | Fiber-integrated microcavities for efficient generation of coherent acoustic phonons[END_REF] The micropillar was fabricated by electron beam lithography and inductively coupled plasma etching of a planar microcavity (See Fig. 1). The planar cavity was grown by molecular beam epitaxy and is formed by two (λ/4 Ga90Al10As, λ/4Ga5Al95As) distributed Bragg reflectors (DBRs) enclosing a λ/2 GaAs spacer. 19 and 23 DBR layers pairs were grown on the air side and the GaAs substrate side, respectively. As a result, the overall multilayer structure works as a balanced optical cavity at ~912.1 nm, and simultaneously as an acoustic cavity at ~18.3 GHz. The particular properties of the materials used for the multilayer structures (GaAs, AlAs) ensure that the devices operate not only as an optical cavity, but also as an acoustic resonator with perfect overlap between acoustic and optical fields. [START_REF] Anguiano | Micropillar Resonators for Optomechanics in the Extremely High 19-95GHz Frequency Range[END_REF][START_REF] Arregui | Anderson Photon-Phonon Colocalization in Certain Random Superlattices[END_REF] We studied the fibered device by implementing a degenerate pump-probe setup (same color for pump and probe pulse) using ~4 picoseconds laser pulses. The beam is split in two, one for the pump and one for the probe pulses, with orthogonal polarizations and powers of 0.5 and 0.7 mW, respectively. This is almost an order of magnitude lower than in comparable free-space measurements [START_REF] Anguiano | Micropillar Resonators for Optomechanics in the Extremely High 19-95GHz Frequency Range[END_REF][START_REF] Anguiano | Optical cavity mode dynamics and coherent phonon generation in high-Q micropillar resonators[END_REF] . We implemented a cross-polarized scheme combined with a lock-in synchronous detection of the probe signal. While single mode fibers are well known for altering the polarization of light, our detection method relies on the fact that these transformations preserve the orthogonality between pump and probe beams. As a result, we are able to recover the linear basis of polarization prior to the detection of the probe by using birefringence waveplates. This enables a cross polarization scheme of detection to achieve the extinction factors needed in the experiment.

The phononic spectra from the micropillar using the fibered pump-probe technique allow us to detect coherent acoustic phonons resonant at ~18.3, 56.9, 91.5 and 128 GHz corresponding to the first, third, fifth and seventh harmonics of the resonant structure, respectively. Figure 2 presents the instant reflectivity time trace (top) and the phononic spectra obtained from it after processing (bottom). The results are not only stable, but allow us to obtain phononic spectra of the sample under study in fast measurements taking less than 15 minutes. Due to these short acquisition times and high quality of the data, we were able to perform a systematic study at different optical wavelengths (in tune and detuned from the cavity mode). In addition, we scanned different power conditions allowing us to obtain information about the cavity dynamics during the experiment as a function of pump power. By exploring different detunings from the cavity mode and the pump power, we evidenced the interplay between a rapid electronic response at very short optical delays close to zero (see Fig. 2 top panel), which blueshifts the cavity mode, and heating effects due to the pump pulses being coupled into the cavity at the laser repetition rate of 12ns, heating the structure and effectively redshifting its mode. This interplay leads to the complex trajectory which results in the oscillatory behavior of the pump-probe trace within the first nanosecond of the delay in Figure 2 bottom panel. Based on these systematic results, we optimized the excitation and collection configuration of the experiments for maximum phonon sensitivity resulting in the conditions used for Figure 2.

In order to assess the stability of the fibered integrated device over time, we did a stability analysis of the fibered micropillar resonator by measuring in the same device under the same conditions during more the 42 hours [START_REF] Ortiz | Fiber-integrated microcavities for efficient generation of coherent acoustic phonons[END_REF] (not shown here). We monitor the peak spectral power of the resonant mode at 18GHz as well as the reflectivity change just after the pump reflection. Relative changes in both measured quantities are below 20% over the course of the full measurement time and are correlated, both following a 24 hours cycle due to temperature variations 10.48465/fa.2020.0865 in the laboratory. The results indicate not only a robust and versatile approach to generate and detect coherent phonons, but also demonstrate a plug-and-play device that can be used to obtain reproducible measurement. While the system relaxes back to equilibrium, a dip in reflectivity appears when the cavity mode traverse the cavity mode. Bottom: Spectra obtained after processing a 15 minutes measurement of the same reflectivity trace depicted on top. The first, third, fifth and seventh harmonics are distinguishable at ~18.3, 56.9, 91.5 and 128 GHz, respectively. Inset shows a zoom around the seventh harmonic, demonstrating also a signal-to-noise ratio of 1000 for the third harmonic.

Our fibered optophononic micropillars thus constitute an improved platform to perform reproducible plug-and-play pump-probe experiments in individual microstructures. It lifts the necessity of complex optical setups to reliably couple into optophononic microstructures. In particular, we showed that our devices go beyond the current state of the art in terms of combined acoustic detection bandwidth, short acquisition times, low power densities and signal-to-noise ratio. While we used a single mode fiber, the novel approach of fiber-integrated pump-probe experiments is compatible with other existing fibered structures. [START_REF] Beugnot | Guided acoustic wave Brillouin scattering in photonic crystal fibers[END_REF] In addition, the demonstrated long-term stability and the convenience of a fiber connector as the only necessary part to interface the sample with an existing pump-probe setup make the device transportable and simple to use, allowing the same results to be obtained from the same device at any laboratory in the world.

Figure 1 .

 1 Figure 1. a) SEM image of a a field of micropillars of different sizes. b) SEM image of an single micropillar of 2.8 μm diameter. c) Fiber integrated device with an individual micropillar glued to the tip of a single mode fiber. Around it a ceramic ferrule is placed in order to provide additional mechanical stability.

Figure 2 .

 2 Figure 2. Top: Instant reflectivity time trace as measured during a single scan of the delay line. At zero delay, pump and probe simultaneous coupling into the micropillar produce a peak due to the rapid electronic response of the structure due tu the pump reflection.While the system relaxes back to equilibrium, a dip in reflectivity appears when the cavity mode traverse the cavity mode. Bottom: Spectra obtained after processing a 15 minutes measurement of the same reflectivity trace depicted on top. The first, third, fifth and seventh harmonics are distinguishable at ~18.3, 56.9, 91.5 and 128 GHz, respectively. Inset shows a zoom around the seventh harmonic, demonstrating also a signal-to-noise ratio of 1000 for the third harmonic.
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