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This paper presents the fabrication of highperformance micro-magnets for the electromagnetic transduction of MEMS. The fabrication method relies on the use of nickel microstructures electroplated onto silicon substrates to control the capillary assembly of cobalt nanorods via magnetophoresis under an external magnetic field. The resulting sub-millimeter size permanent magnets with thicknesses of up to 150 µm produce a stray field of 30 mT at a distance of 100 µm. We demonstrate that this magnetic induction is sufficient to actuate a silicon microcantilever by means of the Lorentz force and that the MEMS resonance frequency can adequately be measured using integrated piezoresistances. This novel room-temperature synthesis approach is foreseen to facilitate the integration of high-performance magnets into MEMS.

INTRODUCTION

Electromagnetic MEMS used for sensing [START_REF] Boudjiet | Geometry optimization of uncoated silicon microcantilever-based gas density sensors[END_REF][START_REF] Manrique-Juarez | Microelectromechanical systems integrating molecular spin crossover actuators[END_REF] or energy harvesting [START_REF] Roy | MEMS-Based Vibrational Energy Harvesting and Conversion Employing Micro-/Nano-Magnetics[END_REF] call for magnetic sources such as permanent magnets (PMs). High-performance permanent magnets are desirable to enhance the MEMS actuation force or to improve the energy created by MEMS harvesters.

PMs are hard ferromagnetic materials that exhibit a stray field outside the volume without requiring other source of energy. The strength of a PM is represented by its maximal energy product (BH) max , expressing the energy stored inside the material that can be delivered outside. The (BH) max takes into account the coercive field H c , i.e. the capacity of a PM to resist demagnetization, the squareness of the hysteresis cycle and the remanent induction B r , i.e. the induction obtained without any external field. In order to generate a stray field far from the source, the volume of the PM has to be large enough to avoid the fast decay of the magnetic induction with increasing distance.

Different techniques are currently used to obtain hard magnetic layers to be used into MEMS. Sputtering provides rare-earth PMs that achieve very high magnetic performances, with (BH) max reaching 400 kJ.m -3 , but only with limited thicknesses (few tens of microns), and thus limited generated stray fields [START_REF] Dempsey | High performance hard magnetic NdFeB thick films for integration into micro-electro-mechanical systems[END_REF][START_REF] Walther | Micro-patterning of NdFeB and SmCo magnet films for integration into micro-electro-mechanicalsystems[END_REF]. The sputtering technique also requires high-temperature annealing step (> 600 °C) that prevents the facile integration of PMs within the MEMS fabrication process flow. Electroplating of magnetic materials (e.g. CoNiMnP) is used to obtain thicker films at room temperature, but provides very low magnetic performances (< 15 kJ.m -3 ) [START_REF] Han | Analysis of an in-plane electromagnetic energy harvester with integrated magnet array[END_REF]. A last approach consists in diluting isotropic magnetic microbeads inside a polymer [START_REF] Jackson | Integration of Thick-Film Permanent Magnets for MEMS Applications[END_REF]. This technique provide thick PMs (100 µm < t < 500 µm) that exhibit moderate magnetic performances (< 30 kJ.m -3 ) due to the random orientation of the easy axis of the magnetic particles and their low volume fraction.

Therefore, there is a need for methods to fabricate > 100 µm thick PMs with hard magnetic properties (> 50 kJ.m -3 ) that offer a high degree of integration into a MEMS process flow, i.e. compatible with chemicals routinely used in microelectronics and low temperature.

Previous studies have shown that chemically synthesized highly crystalline Co nanorods (NRs) aligned under an external magnetic field and assembled by capillary forces provide very high (BH) max [START_REF] Anagnostopoulou | Dense arrays of cobalt nanorods as rare-earth free permanent magnets[END_REF][START_REF] Gandha | High energy product developed from cobalt nanowires[END_REF]. We have characterized the stray field generated by such nanostructured materials and highlighted their MEMS actuation performances up to a distance of a few hundreds of micrometers [10]. However, in this previous study, the magnetic material was assembled on a large area without possibilities to pattern the PMs.

Here, we demonstrate that assisting the capillary assembly of Co NRs by magnetophoresis using patterned ferromagnetic structures, Co NRs-based permanent magnets of thickness up to 150 µm can be synthesized at precise locations with controlled shapes and dimensions.

RESULTS AND DISCUSSION

Nanorods synthesis and micro-magnet fabrication

Cobalt nanorods are synthesized via a polyol process previously reported in [11]. It consists in mixing a precursor of anhydrous cobalt (II) laurate Co(C 12 H 23 O 2 ) 2 in a basic solution of 1,2 butanediol in the presence of sodium hydroxide and ruthenium chloride and heating the mixture during 20 min at 175 °C. Then, the suspension is cooled down at room temperature leading to crystalline nanorods with a length of 250 nm and a diameter of 15 nm. The excess of organic matter is removed by successive washings in absolute ethanol and chloroform. Finally, Co NRs are dispersed in 300 µL of anisole at a cobalt concentration of 2.8 mol.L -1 .

In order to direct the assembly of Co NRs by magnetophoresis, we used 150 µm thick, 500x100 µm 2 footprint nickel blocks electroplated on a Si chip through a photoresist mask. We successively deposit 8 times 10 µL of the colloidal suspension (Figure 1 a-b), while applying a 1 T external magnetic field. As can be seen in 

Theoretical considerations

The external field applied during the Co NRs deposition magnetizes the Ni blocks to 480 kA/m saturation magnetization, thus creating local magnetic field gradients in the vicinity of the Ni blocks. These gradients are source of a magnetophoretic force acting on the each Co NR, as expressed by:

(1)

With , the magnetic moment of a NR and , the magnetic induction. Upon application of a magnetic field in the x-direction, the Co NRs align themselves in that direction and magnetophoretic force becomes:

(2)

The magnetic field gradient along the x,y,z directions was mapped using Comsol Multiphysics under an applied magnetic field of 1 T to estimate the magnitude of the attractive and repulsive forces around the Ni blocks. The magnetic field gradients along the y-direction is represented in figure 2 a. We observe large attractive zones with gradient magnitudes higher than 250 T/m in between the Ni blocks showing that particles present in these areas are attracted to the center of the blocks interspaces. We also notice a repulsive region, located on the sides of the Ni blocks that induces a particle-free, depletion zone. The magnetic field gradients along the xdirection are displayed in figure 2 b. The simulations depict large attractive zones between the two Ni blocks that cause the particles to stick to the surface of the Ni blocks.

Figure 2: Magnetic field gradient along the y (a) and x (b) directions around two Ni blocks in an external magnetic field of 1 T applied along x. The white arrows represent the direction of the magnetophoretic forces attracting the Co NRs in between the nickel structures.

Structural and magnetic properties of the created micromagnets

The micro-magnets obtained after drying and capillary assembly consist of two 150 µm thick, 100 µm long and 500 µm wide nickel blocks with a gap of 500 µm entirely filled with a dense assembly of Co NRs (figure 3 a). The SEM image provided in figure 3 b show that the particles display a preferential direction of alignment, corresponding to that of the applied magnetic field. This Co NR alignment provides a strong magnetic anisotropy to the material.

The fabricated PMs were then characterized using a Quantum Design Physical Property Measurement System (PPMS) with the Vibrating Sample Magnetometer (VSM) configuration. Hysteresis measurements were carried out by applying magnetic field ranging from -3 to 3 T. Figure 4 presents the hysteresis cycle of a PM at 300 K. The coercive field reaches a value of 200 kA/m and the remanence induction equals 0.3 T. This value is lower than the performances previously reported [START_REF] Anagnostopoulou | Dense arrays of cobalt nanorods as rare-earth free permanent magnets[END_REF][START_REF] Gandha | High energy product developed from cobalt nanowires[END_REF][10] due to the presence of the Ni blocks that exhibit a very low coercive field, and to the use of longer Co NRs (250 nm) that tend to intertwine, which decreases the volume fraction of Co at 22 % (compared to 36 % previously obtained). Finally, the maximum energy product is estimated to be 14 kJ/m 3 . 

MEMS actuation with Ni/Co NRs magnets

For the MEMS actuation proof of concept, we used a MEMS device consisting of two silicon microcantilevers [START_REF] Manrique-Juarez | Microelectromechanical systems integrating molecular spin crossover actuators[END_REF]. A metal line is patterned on each cantilever so as to induce a Lorentz force when injecting a current while the fabricated micromagnet is placed in front of the cantilevers (figure 5 a). One of the cantilevers is freestanding and is actuated by the produced electromagnetic force, while the second one is fixed to the substrate and used as an electrical reference. Implanted piezoresistances are integrated at the clamped-end of each cantilever, where the stress caused by the bending is maximal, in order to measure the MEMS actuation. The mechanical response of the free-standing cantilever was measured by means of a home-built network analyzer. 

(c) MEMS amplitude of vibration at resonance and simulated magnetic induction as a function of the magnet to MEMS distance.

For measurement purpose, an alternating current of 30 mA was injected in the actuation electrodes and the piezoresistors were polarized at 1 V. The magnet was placed at a specific distance of the end of the freestanding cantilever and the actuation current frequency was swept so as to measure the MEMS resonance frequency. Figure 5 b shows the resonance plots recorded for different MEMS to magnet distances.

The maximum of cantilever vibration amplitude at resonance is reported in figure 5 c as a function of MEMS-magnet distance. It is important to note that we still clearly observe the MEMS resonance even when the magnet is placed a few hundreds of micrometers away from the cantilever. The magnetic induction generated by the Ni/Co NRs/Ni micro-magnet was simulated with Comsol Multiphysics (using the hysteresis loops data) and is reported in figure 5 c. We observe that the experimental measurements and the simulated induction decays in a similar manner with increasing MEMS-magnet distance, highlighting that the MEMS device is only actuated by electromagnetic force. The fitting results indicate that the magnetic induction reaches a value of 30 mT at a distance of 100 µm.

  figure 1 c-d, the Co NRs are attracted to the Ni blocks. Upon drying, the capillary forces compact the particles, resulting in a dense Co NRs assembly whose thickness and geometry are set by the size and spacing of the Ni blocks (figure 1 e-f).

Figure 1 :

 1 Figure 1: Successive steps for PM fabrication (schematic views and corresponding photographs, scale bar=500 μm). (a-b) Drop casting of concentrated Co NRs suspension; (c-d) NRs alignment under an external magnetic field and attraction by magnetophoresis; (e-f) dried assembly.

Figure 3 :

 3 Figure 3: (a) SEM image of a fabricated permanent magnet consisting of Co NRs assembled in between 100 μm long, 500 μm wide and 150 μm thick electroplated nickel structures. (b) SEM close-up view of the assembly showing a preferential alignment direction.

Figure 4 :

 4 Figure 4: Hysteresis cycle of a Ni/Co NRs permanent magnet measured at 300 K.

Figure 5 :

 5 Figure 5: (a) Optical photograph showing a Ni/Co NRs permanent magnet placed in the vicinity of a silicon
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CONCLUSION

In this work, we present the fabrication of Co-based high-performance magnets for MEMS. Our magnet fabrication process relies on a bottom-up approach, where Co NRs are assembled into a dense material by combining capillary forces and magnetophoresis. This method of structuration leads to permanent magnets patterned at precise location, with well-defined geometries and thicknesses up to 150 µm. The assembled magnets exhibit a (BH) max of 14 kJ/m 3 , providing a stray field of 30 mT at 100 µm and 14 mT at 200 µm. We have experimentally demonstrated that these values are large enough to enable the electromagnetic actuation of a silicon cantilever at distances of a few hundreds of micrometers. Since the method proposed here is a low-temperature process, it should be particularly suited for the direct monolithic integration of thick and high-performance permanent magnets into microelectronics and microsystems processes.
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