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ABSTRACT 

This paper presents a fabrication process for patterning 

50µm thick rare-earth micro-magnets on a free-standing 

silicon resonator integrated into an electromagnetic energy 

harvester. Patterning of the micro-magnet arrays on a 

millimeter-scale surface is achieved by sputtering a NdFeB 

film onto a silicon substrate with etched features, through 

a shadow-mask. The use of a pre-patterned silicon substrate 

reduces the build-up of stress within the NdFeB layer, thus 

preventing delamination, while defining the in-plane 

dimensions of the micro-magnets. As a proof-of-concept, a 

fabrication process is implemented to integrate the micro-

magnet array into an energy harvester that exhibits a 

normalized power density of ≈0.8×10-3 kg.s.m-3 for a 

device volume of ≈300mm3, which is comparable to state-

of-the-art MEMS electromagnetic harvesters. This 

patterning approach is foreseen to facilitate the integration 

of high-performance magnets into MEMS. 
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INTRODUCTION 

Electromagnetic MEMS used as actuators [1], sensors 

[2], or energy harvesters [3], call for high-performance 

permanent magnetic field sources to produce large static 

magnetic fields at specific locations. These magnetic fields, 

which quickly decay with increasing distance from the 

magnet, depend on the magnet’s shape and remanence. 

Various approaches have been proposed for the 

monolithic integration of magnets into MEMS [4], 

including sputtering of rare-earth compounds with 

excellent magnetic properties (remanence and coercivity) 

but that display limited film thickness [5], 

electrodeposition of thicker films of rare earth free 

magnetic alloys but with poorer magnetic properties [6], 

and the use of magnetic powder either diluted in a polymer 

matrix that results in a limited magnetic volume fraction 

[7], or assembled by capillary forces and magnetophoresis, 

an approach currently limited to in-plane magnetization 

[8]. Hence, no high performance microfabricated magnets 

exhibiting large thickness, and freedom in the choice of 

magnetization direction have been integrated into 

prototypes. 

The work presented here builds on a recently proposed 

strategy for thick rare-earth micro-magnet fabrication [9]. 

This strategy consists in creating topographic features in 

the substrate onto which the NdFeB layer is to be deposited 

to reduce the build-up of stress and to avoid layer 

delamination, which is the main limitation for depositing 

NdFeB thick-films. Here we demonstrate the integration of 

such NdFeB magnets into a vibrating mass used in an 

electromagnetic MEMS vibration energy harvester 

(consisting of a magnetic mass vibrating in front of a coil). 

This is a class of harvester that has been identified as a 

promising answer for the future needs of IoT but for which 

one of the main issues is a lack of high-performance micro-

magnets [3]. 

We have combined the substrate pre-patterning 

strategy with the use of a shadow mask to selectively 

deposit an array of magnets onto a silicon substrate that 

undergoes additional process steps to fabricate a MEMS 

resonator. The proof-of-concept device, an in-plane 

vibration electromagnetic energy harvester, the design of 

which was inspired by the work of Han et al. [10], is then 

obtained by transferring this resonator onto a substrate 

hosting a planar inductor. The fabricated device outputs 

3nW through a 1kΩ load resistance for a mass 

displacement of 110µm, corresponding to a ≈0.9g 

acceleration. 

 

DESIGN AND FABRICATION 

The fabrication process developed for the integration 

of NdFeB micro-magnets into a MEMS energy harvester is 

depicted in figure 1. It includes the fabrication of the 

MEMS resonator hosting the array of micro-magnets, the 

fabrication of a copper coil on a silicon substrate and the 

bonding of both substrates using an adhesive layer that acts 

as a spacer to provide a controlled gap between the moving 

magnets and the coil. 

First, 50µm deep patterns were etched into a silicon 

substrate by deep reactive ion etching (DRIE) using a 

15µm thick AZ 15 nXT photoresist layer to define the in-

plane dimensions of the individual micro-magnets 

(500µm×500µm) and at the same time to relieve the stress 

in the magnetic layer. The latter was deposited at room 

temperature via triode sputtering, through a shadow mask 

machined from a 1mm thick sheet of Mo. A 100nm Ti 

adhesion layer was sputtered before depositing the NdFeB 



magnet, that was subsequently capped with a 100nm Ti 

layer to protect it from oxidation. Fabrication of the 

resonator (frame and springs) and chip individualization 

were then carried out by etching through the silicon wafer 

by DRIE using a 100µm thick WBR2100 photoresist layer 

deposited under vacuum using a nanonex press (5 min, 

65°C, 30 PSI) to ensure the conformal coating of the 

photoresist on the topographic features of the magnets. The 

central mass of the resonator is 4.3mm wide, 6.4mm long 

and 525µm thick and hosts a 7×11 array of 500µm×500µm 

micro-magnets spaced 50µm apart (figure 2.1). Annealing 

of the micro-magnets was conducted at 600°C during 1min 

to crystallize the high anisotropy Nd2Fe14B phase. The 

micro-magnets were then magnetized in the out-of-plane 

direction under a field of 7T. 

 

 
Figure 1: Fabrication process for integrating an array of 

thick NdFeB micro-magnets into a MEMS energy 

harvester. (1) DRIE of the silicon substrate to create 50µm 

deep topographical features to define the in-plane 

dimensions of individual micro-magnets and at the same 

time to relieve stress in the magnetic layer. (2) Alignment 

of a Mo shadow mask using the wafer flat. (3) Deposition 

of a 50µm thick NdFeB layer by triode sputtering through 

the shadow mask. (4) Patterned magnet array after shadow 

mask removal. (5) DRIE of the silicon substrate to release 

the vibrating mass and to dice the wafer. Magnetization of 

the NdFeB magnets is conducted at the chip level. (6) 

Bonding of the vibrating mass to a silicon substrate with 

integrated coils using a polymer adhesive. 

 
Figure 2: Schematics and photographs of the fabricated 

energy harvester. SEM and optical pictures of (1) the 

silicon vibrating mass hosting the array of micro-magnets 

and (2) the microfabricated coil on a silicon substrate. (3) 

Schematics of the assembly process. (4) Picture of a 

packaged electromagnetic energy harvester. 

 

Coils were electroplated onto another 100mm standard 

silicon wafer coated with 200nm of silicon dioxide. To this 

end, a 100nm/200nm Ti/Cu seed layer was first sputtered 

and a 20µm thick electroplating mold was made with AZ 

40 XT photoresist. After electroplating a 6µm thick copper 

layer using a plating equipment from Yamamoto-MS, the 

mold was removed and the seed layer was etched. The 

metal was then annealed at 250°C under N2 for 20min, 

resulting in a total coil resistance of ≈1kΩ for 7×16 turns 

(each row of 11 magnets was designed to be centered onto 

16 turns of the coil [11]). Then, the substrate was diced into 

chips (figure 2.2). 

The suspended mass with integrated micro-magnets 

was attached to the silicon substrate with the patterned coil 

via two layers of manually cut 50µm thick tesa 61210 

adhesive tape. Due to the use of the 100µm thick adhesive 

spacer, the magnets were positioned ≈44µm above the top 

surface of the coil. The chips were aligned and bonded 



(1kg, 2 min, room temperature) by means of a SET-FC 150 

equipment to create the in-plane vibrating electromagnetic 

energy harvester (figure 2.3). Finally, the energy harvester 

was glued onto a PCB and wire bonding was used to 

electrically connect the chip to the PCB (figure 2.4). 

 

RESULTS AND DISCUSSION 

The patterned micro-magnets  (figure 3) were 

characterized using a vibrating-sample magnetometer, and 

displayed a remanence ratio of 0.57 (i.e. remanence ≈0.7T) 

and a coercivity of 2.3T. 

 

 
Figure 3: (1) Optical picture of the shadow mask and the 

100mm diameter silicon wafer after NdFeB layer 

deposition and SEM pictures of the deposited array of 

micro-magnets (scale bars=500µm). (2) Hysteresis curve 

measured using a vibrating-sample magnetometer. 

 

The energy harvester was then characterized by 

mounting the PCB onto a 4810 mini-shaker from Brüel & 

Kjaer (figure 4.1). Displacement of the shaker (for the 

evaluation of the acceleration) and the MEMS resonator 

were both measured using an IFS2407-3 confocal 

microscope from micro-epsilon and the voltage induced in 

the coil (the electromotive force e) was measured with a NI 

data acquisition card (NI USB-6363), where: 
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with Φi, the magnetic flux induced by the magnet array in 

the coil turn i and x, the lateral displacement of the magnet 

array above the coil induced by the shaker. 

 

 
Figure 4: (1) Optical picture of the energy harvester 

mounted on a shaker. (2) Resonant frequency of the 

vibrating mass under 0.9g excitation (blue: vibration 

amplitude of the mass measured optically; red: peak of the 

coil output voltage). 

 

The resonant frequency and quality factor of the 

fabricated MEMS resonator was measured to be 1.18kHz 

and ≈660, respectively. The vibrating mass displacement 

and induced voltage were recorded at resonance (figure 

4.2), where a peak in both displacement and voltage was 

observed at the MEMS resonant frequency. The induced 

voltage as a function of time reflected the sinusoidal 

excitation signal fed to the shaker (figure 5.1) and the 

electromotive force increased linearly with vibration 

amplitude A0 (figure 5.2, for 3 tested devices), as expected 

from (1), with ���� � �� ��⁄ � ��� ∙ cos����, where 

7mV was delivered for a 120µm MEMS displacement, 

which corresponds to a 1g acceleration. The maximum 

power of 3nW at ≈0.9g was obtained for a load resistance 

of 1kΩ, the value of the coil resistance (figure 5.3). This 

harvester exhibits a normalized power density (output 

power of the device normalized with respect to the input 

acceleration level and volume of the device, i.e., 

≈300mm3), of ≈0.8×10-3 kg.s.m-3, which is comparable to 

state-of-the-art MEMS electromagnetic harvesters [3]. 



 
Figure 5: (1) Output voltage delivered by the energy 

harvester under 0.5g. (2) Output peak voltage of 3 

fabricated energy harvesters as a function of the amplitude 

of the vibrating mass. (3) Output power delivered by the 

MEMS energy harvester as a function of load resistance 

(for 110µm vibration amplitude of the mass, corresponding 

to ≈0.9g acceleration). 

 

CONCLUSION 

A fabrication process for integrating 50µm-thick 

NdFeB micro-magnets into MEMS was presented. The 

magnet integration strategy relies on the sputtering of 

NdFeB through a shadow mask onto a topographically 

patterned silicon substrate. As a proof-of-concept device, 

we proposed a MEMS energy harvester consisting of a 

silicon resonator with integrated magnets vibrating in front 

of a microfabricated copper coil. The energy harvester 

exhibits a normalized power density of ≈0.8×10-3 kg.s.m-3 

and delivers 3nW at ≈0.9g. Improvement of the device 

performance can be expected by decreasing the coil 

resistance and increasing the remanence of the micro-

magnets by depositing them at elevated temperature to 

induce out-of-plane texture [5,9]. 

ACKNOWLEDGEMENTS 

This study was partially funded by the French national 

project POMADE (ANR 19-CE09-0021-01), the 

prematuration program of the Région Occitanie (AimCap), 

the SATT TTT (Soft Magneto), the maturation program of 

the SATT Linksium (MicroMagFab) and supported by the 

technology platform of LAAS-CNRS and the French 

RENATECH network. 

 

REFERENCES 

[1] H. J. Cho and C. H. Ahn, “A bidirectional magnetic 

microactuator using electroplated permanent magnet 

arrays”, J. Microelectromech. Syst., vol. 11, pp. 78-84, 

2002. 

[2] T. C. Leïchlé, M. Von Arx, S. Reiman, I. Zana, W. Ye 

and M. G. Allen, “A low-power resonant 

micromachined compass”, J. Micromech. Microeng., 

vol. 14, pp. 462–470, 2004. 

[3] S. Roy, D. Mallick and K. Paul, “MEMS-based 

vibrational energy harvesting and conversion 

employing micro-/nano-magnetics”, IEEE Trans. 

Magn., vol. 55, pp. 1-15, 2019. 

[4] D. P. Arnold and N. Wang, “Permanent magnets for 

MEMS”, J. Microelectromech. Syst., vol. 18, pp. 

1255-1266, 2009. 

[5] N. M. Dempsey, A. Walther, F. May and D. Givord, 

“High performance hard magnetic NdFeB thick films 

for integration into micro-electro-mechanical 

systems”, Appl. Phys. Lett., vol. 90, pp. 092509, 2007. 

[6] Y. Wang, J. Ewing and D. P. Arnold, “Ultra-Thick 

Electroplated CoPt Magnets for MEMS”, J. 

Microelectromech. Syst., vol. 28, pp. 311-320, 2019. 

[7] N. Jackson, F. J. Pedrosa, A. Bollero, A. Mathewson 

and O. Z. Olszewski, “Integration of Thick-Film 

Permanent Magnets for MEMS Applications”, J. 

Microelectromech. Syst., vol. 25, pp. 716-724, 2016. 

[8] P. Moritz, A. Gonon, T. Blon, N. Ratel-Ramond, F. 

Mathieu, P. Farger, J.-M. Asensio-Revert, S. Cayez, 

D. Bourrier, D. Saya, L. Nicu, G. Viau, T. Leïchlé, and 

L.-M. Lacroix, “Magnetophoresis-assisted capillary 

assembly: A versatile approach for fabricating tailored 

3D magnetic supercrystals”, ACS Nano, vol. 15, pp. 

5096-5108, 2021. 

[9] F. O. Keller, R. Haettel, T. Devillers and N. M. 

Dempsey, “Batch Fabrication of 50 μm-thick 

anisotropic Nd–Fe–B micro-magnets”, IEEE Trans. 

Magn., vol. 58, 2101005, pp. 1-5, 2022. 

[10] M. Han, Z. Li, X. Sun and H. Zhang, “Analysis of an 

in-plane electromagnetic energy harvester with 

integrated magnet array”, Sens. Actuators A: Phys., 

vol. 219, pp. 38-46, 2014. 

[11] I. Lecerf, P. Moritz, J. Angulo-Cervera, F. Mathieu, D. 

Bourrier, L. Nicu, T. Leïchlé, F. Orlandini-Keller, T. 

Devillers, N. Dempsey, G. Viau, L.-M. Lacroix and T. 

Blon, “Optimization of a vibrating MEMS 

electromagnetic energy harvester using simulations”, 

Eur. Phys. J. Spec. Top., vol. 231, pp. 4205–4211, 

2022. 

 

CONTACT 

*T. Leïchlé, thierry.leichle@cnrs.fr 


