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Experimental evidence of high spatial confinement of elastic energy in a phononic cantilever

We report on experimental high spatial confinement of elastic energy in a silicon phononic cantilever for which the quality factor of a higher-order flexural resonance is increased by a factor of 27 (from Q ~ 80 to Q ~ 2130) with the use of a 3-row phononic crystal (PnC) strip. As shown by numerical simulations performed with the finite element method, the PnC both reduces anchor loss and confines elastic energy inside the cantilever. The PnC and the cantilever are fabricated with standard clean room techniques on a SOI (silicon on insulator) substrate. Optical measurements of the out-of-plane displacements are performed with a laser scanning interferometer in a frequency range around 2 MHz.

Phononic crystals (PnC) are artificial periodic structures that possess band gaps, that is to say frequency ranges where no acoustic or elastic waves can propagate, whatever the polarization [1,2]. PnC cover a wide range of frequencies ranging from low frequencies for seismic engineering [3] to microwaves or higher frequencies with MicroElectroMechanical Systems (MEMS) or NanoElectroMechanical Systems (NEMS) [4]. Applications of PnC include wave filtering [5,6], sound or vibration mitigation [7], sound collimation [8] or insulation [9,10], elastic or acoustic waveguiding [11,12], focusing [13], among others. PnC have also been used to reduce anchor loss to confine the energy into a resonator and increase the quality factor Q of the resonant mode [14][START_REF] Sorenson | Solid-State Sensors, Actuators and Microsystems Conference (TRANSDUCERS)[END_REF][START_REF] Feng | [END_REF][17][START_REF] Zhu | IEEE International Conference on Micro Electro Mechanical Systems (MEMS)[END_REF][START_REF] Binci | [END_REF][20][21][22]. Quality factor Q is defined as the ratio of stored energy to energy dissipation. Various loss mechanisms can exist simultaneously in MEMS. Anchors loss (anch) accounts for energy leakage from the anchors. Air damping (air) accounts for air friction and for all dissipative phenomena due to the ambient air. Thermoelastic damping (TED) originates from the irreversible heat flux caused by temperature gradients due to the alternating spatial variations of strain and can dominate in flexural-mode resonators [17]. Akhiezer damping (Akh) takes place because of the heat flow between different phonon modes and sets a fundamental limit for Q. Other types of losses, such as interface losses, also exist. Q can then be estimated from the following equation:

1 𝑄 = 1 𝑄 𝑎𝑛𝑐ℎ + 1 𝑄 𝑎𝑖𝑟 + 1 𝑄 𝑇𝐸𝐷 + 1 𝑄 𝐴𝑘ℎ + 1 𝑄 𝑜𝑡ℎ𝑒𝑟𝑠 . ( 1 
)
When anchor losses dominate, Q can be increased by using PnC with a band gap containing the resonant frequency so that energy leakage is prevented. Sorenson et al. [START_REF] Sorenson | Solid-State Sensors, Actuators and Microsystems Conference (TRANSDUCERS)[END_REF] used a PnC strip (one dimensional PnC) of coupled rings, six periods long, to obtain an experimental mean increase of Q by a factor of 2. Feng et al. [START_REF] Feng | [END_REF] obtained an experimental increase of Q by 34% considering a 2-period PnC strip; the unit cell of the strip had large quarter cylinders removed at each corner. Lee et al. [17] used a 4-period PnC tether of rings and experimentally achieved an increase of Q by a factor of 3. They also proposed a 2 dimensional PnC of rings as a reflector positioned after normal tethers and obtained an experimental increase by a factor of 2 with an air hole PnC [START_REF] Zhu | IEEE International Conference on Micro Electro Mechanical Systems (MEMS)[END_REF] and a factor of 4.2 with solid disk-shaped PnC [22]. The authors of ref. [START_REF] Binci | [END_REF] used a planar ring-shaped PnC as anchor boundaries to increase the robustness and obtained an experimental enhancement of Q by a factor of 3. Gokhale et al. [20] nearly removed all the anchor loss with a PnC strip made of 5 periods of square blocks connected by narrow tethers and operating at 282 MHz. They obtained an increase of Q by more than 2 compared to λ/8 narrow tethers. Recently, Bao et al. [21] proposed a five stages PnC structure to obtain experimentally a very high improvement of Q by a factor of 19.4. All these results can find potential applications in MEMS devices as well as in scanning microscopes, such as atomic force microscopes (AFM), which can exhibit a higher sensitivity if the vibration energy is confined to the tip and the quality factor of the resonance is increased.

In this study, we design a PnC strip to reduce anchor loss of a cantilever vibrating in its sixth order flexural mode in air (the length of the cantilever is roughly five half-wavelengths and a quarter of the wavelength). This mode has been chosen because it is the first flexural mode in the band gap. The other modes were not deemed as interesting for practical applications.

Choosing other dimensions for the cantilever would lead to other interesting modes in the band gap. In particular, a cantilever far smaller would have the first flexural mode in the band gap but the measurements would have been more difficult. The PnC strip and the cantilever are made from a SOI (Silicon on Insulator) wafer with MEMS techniques. Simulations with the finite element method (FEM) show a large complete band gap and the effective reduction of anchor loss. Optical measurement of the out-of-plane displacements prove an increase of the quality factor Q by a factor of 27 at 2 MHz, from 80 to 2130.

The designed cantilever is made of a (100)-oriented silicon (Si) beam with dimensions 2000 µm  600 µm  100 µm. Its sixth order flexural mode appears around 2 MHz (depending on the anchor). The PnC strip structure consists of a periodic array of silicon pillars fixed to a tailored silicon strip (see figures 1a & 1b). Previously, we reported that similar structures [23][24] fabricated with tungsten (W) pillars instead of silicon ones possess very large phononic band gaps (with an experimental gap-to-midgap ratio of 94%). Losing the mechanical contrast between Si and W reduces the gap-to-midgap ratio. However, it simplifies fabrication and enables mass production with standard CMOS compatible MEMS techniques. The device we characterize experimentally is made from a SOI wafer composed of a 625 µm thick (100)oriented Si substrate, a 1 µm thick SiO2 layer and a 100 µm thick (100)-oriented Si layer. Photolithography and deep reactive ion etching (DRIE) are used to pattern the cantilever and the PnC strip from the top of the SOI wafer. Subsequently, the pillars are drilled from the back side of the SOI wafer. Buffered hydrofluoric acid (BHF) finally removes the SiO2 everywhere except under the pillars. We considered the first flexural mode that is located inside the band gap. It corresponds to the sixth one and is indicated by the blue and the red arrows in figure 2. We attribute the frequency shift of that mode observed for samples Ds and DPnC to the difference in anchor. Optical measurements of the out-of-plane displacement around the resonant frequencies are performed using a homemade laser scanning interferometer [25][26]. An alternative voltage of 1.5 V peak to peak is applied through the electrodes of the PZT transducer with a frequency sweep. The spatial scan is performed with a 500 µm step. Figure 3a presents the mean out-of-plane absolute displacement averaged over the whole cantilever for the two samples. The vibration amplitude for sample Ds (without the PnC strip) exhibits a resonance frequency of 2.215 MHz with a quality factor of 80 ± 10. The response for sample DPnC (with the PnC strip) exhibits a resonance frequency of 2.021 MHz with a quality factor of 2130 ± 10. The response for DPnC fits well with the square root of a Lorentzian function:

𝑧(𝑓) = 𝑧 𝑚𝑎𝑥 √ 1+(2𝑄(𝑓 𝑓 0 -1 ⁄ )) 2 , ( 2 
)
where f is the frequency, f0 the central frequency, z the out-of-plane displacement and zmax its maximum. This is not the case for the response for Ds, because of interferences with adjacent modes. Figure 3b (respectively fig. 3c) presents the map of the out-of-plane displacement for sample Ds (respect., sample DPnC) at resonance. The sign of the displacements has been manually applied. The shape of the displacements distribution indicates that at resonance the modal vibration for both samples is the sixth order flexural mode, perhaps mixed with an additional slight lateral U-shaped vibration (which is more pronounced for DPnC). The use of the 3 periods PnC strip therefore increases the quality factor Q by a factor of 27. Note that another interesting mode, mainly flexural, is also in the bang gap. Its quality factor without the PnC strip is 130 and more than 1800 with the PnC. Therefore, the increase is around 15. For all the modes in the band gap where the losses from the anchor are predominant, the use of a phononic crystal increases the quality factor. Indeed, the PnC reduces the energy leak by reducing the elastic waves leaving the structure and going into the substrate. As Q is the ratio of stored energy to energy dissipation, decreasing the energy leak increases Q. The increase of the quality factor depends on the anchor losses compared to the others losses (in our case, the air damping is the cause of the second most important losses for Ds and the first for DPnC).

Working under vacuum would lead to an even better increase. As long as we can work with the usual approximation of continuous media with linear elastic equations, the band gap computation can be normalized with the PnC lattice constant a. Decreasing the overall dimensions of our devices to work at higher frequencies will lead to similar results although the proportions of the different losses may change. It should also be noted that imperfections in the fabrication due to a reduction of the size may reduce the band gap.

In order to confirm that the increase in Q is indeed due to a decrease of anchor losses induced by the PnC strip, additional FEM simulations were performed. The supporting base was modeled as a half disk with a 3 mm diameter and a 750 µm thickness. It was surrounded by a 1.5 mm wide perfectly matched layer (PML). We added air damping loss by including a cylinder of air with a 900 µm diameter around the cantilever and a half sphere at its end.

Cylindrical and spherical wave radiation were used as boundary conditions, respectively. In order to increase the mesh resolution, we simulated only half of the samples, using symmetries. The cases with or without the PnC strip were compared with an eigenfrequency search around 2 MHz. The quality factors of the modes are then given by half the ratio of the real part of the eigenfrequency fi to its imaginary part [27]:

𝑄 𝑖 = 𝑅𝑒(𝑓 𝑖 ) 2×𝐼𝑚(𝑓 𝑖 ) . (3) 
The obtained quality factors for the sixth order flexural mode with and without the PnC strip are respectively 40 and 4140. Computing the frequency response with a harmonic edge load excitation placed at the end of the cantilever leads to results of the same order of magnitude.

Although the numerical Q values are within a factor of 2 of the experimental values, the orders of magnitude are consistent. Removing the air loss in the numerical simulation leads to a value of the quality factor that is very sensitive to the mesh for sample DPnC and that is larger than 10 5 (the imaginary part of the eigenfrequency is near zero for the best meshes). These simulations thus confirm that the experimental increase in the quality factor is mostly due to the reduction of anchor loss and that performing experiments under a vacuum would probably increase the quality factor. It should be noted that further numerical simulations showed that losses from thermoelastic damping (TED) are negligible in the case considered.

To verify the effect of the number of periods of the PnC, we also performed numerical simulation for 1, 2 and 4 unit cells. Figure 4 summarizes the results. Adding a fourth period to the PnC provides one with only a small increase in the quality factor. Indeed, it has been previously shown that the effectiveness of PnCs in enhancing Q plateaus after three PnC cells [17,22]. Using a three-period PnC hence seems to be a good compromise with respect to efficiency and size.

As a conclusion, we have demonstrated the effectiveness of using a PnC strip to increase the quality factor of a flexural mode of a cantilever by a factor of 27. Numerical simulations support the statement that the increase in Q is due to reduction of anchor losses. The fabrication of the PnC strip uses few steps of standard MEMS processes and is compatible with low-cost batch production. Confining the energy in scanning microscope probes may increase their efficiency. Indeed the signal to noise ratio is directly linked to the quality factor. Adding PnC strips to local probes should in this respect provide anchor loss reduction. Furthermore, in this work, the piezoelectric excitation at the base is not optimum since the PnC reduced the energy transmitted to the tip. A well-adapted source excitation, for instance applied directly on the tip with photoelastic excitation, would then increase the energy stored in the cantilever, leading to an improvement of the sensitivity. The design of this PnC is robust against imperfections in the fabrication, not fragile and uses standard CMOS compatible MEMS techniques. It can be used to shield or confine elastic energy (with frequencies in the band gap) and therefore can also be another possibility to reduce anchor loss in MEMS resonators and increase their quality factors.
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 1 c depicts the unit cell of the PnC strip. The lattice constant a is 1000 µm; the thickness of the strip b and of the SiO2 thickness hSiO2 are respectively 100 and 1 µm. The notches in the strip have a diameter dH = 400 µm. The pillars are hP = 625 µm tall and have a diameter dP = 900 µm. Simulations in this paper are performed using the finite element method (FEM) with the commercial software COMSOL Multiphysics. The phononic band structure (cf. fig.1.d) is calculated by applying the Bloch-Floquet theorem and assuming an infinite periodic strip. The color scale indicates the out-of-plane (z) polarization content normalized to the total displacement. The main band gap ranges from 1740 to 3180 kHz, which corresponds to a gapto-midgap ratio of 59%. Removing or varying the thickness of the SiO2 layer does not significantly change the band structure. The sixth order flexural mode of the cantilever is situated inside the band gap and therefore its anchor losses are expected to decrease. The vibrations of two samples were studied. The first sample (Ds), which can be considered as a reference, consists of the cantilever directly anchored to the substrate. The second sample (DPnC) consists of the cantilever linked to the substrate through a PnC strip of 3 periods and a square with dimensions a  a  t (1000 µm  1000 µm  100 µm), as shown in figure1a. The samples were set into motion with a piezoelectric ceramic, lead zirconate titanate (PZT), located above the base of the devices (see fig.1.b). Figure2presents the whole spectrum of the mean out-of-plane absolute displacement for the two samples, measured from 100 kHz to 5 MHz. It was obtained with a laser Doppler vibrometer system (Polytec MSA 500) under white noise excitation. The spatial scan of the side opposite to the pillars (assuming the laser coming from direction +z) is performed with a spatial step of 50 µm. The experimental band gap is indicated by the green area in fig.2. It is slightly down-shifted compared to the theoretical band gap of fig.1d. Tolerances over the SOI nominal thicknesses (in particular ±5 µm for the 100 µm layer which is the most sensitive) and fabrication imperfections (a few micrometers in particular in the notches diameter) do not completely explain this shift. Nonetheless, the band gap start frequency is difficult to precisely define because of the lack of strongly exited modes at this frequency. The resonances in DPnC are few and are well defined, whereas there are more resonances for Ds. The latter resonances are not well defined because of their interference.
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 1 Figure 1: (a) Photograph of the cantilever with the 3 periods PnC strip (DPnC). (b) Schematic of the samples. (c) Unit cell of the PnC strip. (d) Phononic band structure of the PnC strip. The color bar indicates the out-of-plane z polarization. The gray areas indicate the band gaps.

Figure 2 :

 2 Figure 2: Experimental spectrum of the out-of-plane vibration of Ds and DPnC averaged on the surface of the cantilever obtained from the MSA 500 laser Doppler vibrometer. Blue and red arrows points to the resonances of figure 3. Flexural modes (third to sixth) are indicated (p for with PnC, s for without PnC). The black arrows at the top show the start and the end of the theoretical band gap whereas the green area shows the experimental one.
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 3 Figure 3: (a) Experimental spectrum of the out-of-plane vibration of Ds and DPnC averaged over the surface of the cantilever. Maps of the experimental out-of-plane vibration for samples Ds (b) and DPnC (c) are shown, where the sign of the vibration has been manually applied.
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 4 Figure 4: Simulated quality factor according to the number of periods for the phononic crystal strip.
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