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Abstract: Three-dimensional MEMS magnetometers with useesidual stresses in thin multilayers are
presented. Half-loop cantilevers based on Loreotzef deflection convert magnetic flux &V changes
thanks to piezoresistive transducers mounted in atéhene bridge. Magnetic field in the order of 10
Gauss was measured with a sensitivity of 0.015 naU&S. Ferromagnetic nickel plates also show 20 pum-
vertical deflection in magnetic field non-alignedtiwthe residual magnetization.
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1. INTRODUCTION Maximal stress at the anchor of beams can be
approximated by:
During last decade many — CMOS compatible o :i'E (2)
MEMS magnetic sensors have been developed [1- e wt? 3

3], all of them were optimized for in-plane wherel is the beam lengthw the width and the
magnetic field measurement. In this work an outthickness. A piezoresistive gauge converts the
of-plane CMOS compatible magnetic field sensobeam bending into an electrical signal by use of a
is presented. Out-of-plane sensing was achievalfheatstone bridge. Considering only the axial
by using the self-assembled three-dimensional (3tress, piezoresistors variatidR is given by:

D) MEMS process described in [4]. This simple AR AV
and reliable process uses residual stress originate — =4 =m0 (3)
from thermal annealing for the assembling of R bias
multilayered structures. where 77 is the longitudinal piezo coefficients,
AV the bridge output anWlyiss the bias voltage.
2. DESCRIPTION The 7 coefficient depends mainly on process
_ o parameters like crystallographic orientation and
2.1 Sensing principle doping level, as well as the working temperature.

For our first type, the out-of-plane magnetic flux
is converted into a mechanical force on the M- Eor our second type, a magnetized nickel
shaped cantilever by Lorentz foree(Fig. 1-a and monolayer aligns to the direction of the applied
1-b): _ external magnetic flux. This resulting torque can

F =1 [L[BIsin@) (1) pe described by the following:

where | is the half-loop currentl is the top e (4)
beam lengthB is the magnetic field across this T=MxB
beam andé is the angle between the magnetiGyhere M is the magnetization of the nickel

field and the current flowing into the top beam.  mgnolayer. The plate is suspended by 2 cantilevers
(Fig. 1-c.). Piezoresistors at the anchors allow to



extract the field intensity the same way as 3. DESIGN AND FABRICATION
described above.
The device was fabricated in both Silicon-on-
Insulator (SOI) (Fig. 1-a) and Si-Bulk (Fig. 1-b

MT and 1-c) technologies with few differences

between them. In SOI technology, the trilayered

B structure is composed of the active thin Si layer

(i.e. top SOI layer 100 nm), 280 nm-thick 8N4

and 1 um-thick Al. The stoechiometric nitride

; layer is obtained by LPCVD deposition at 800°C
| | and the pure aluminum layer is evaporated in an E-

(a) (c) gun vacuum system at 150°C. Piezoresistive
s [ ~i gauges are made from the top monocristalline
504 | Doped Si (gauge) silicon, N-doped by phosphorus solid-source
SN, FE Daped poly-Si (zauge) diffusion technique. Buried oxide of 400 nm-thick

_ _ _ _ ~is used as a sacrificial layer and is removed in HF
Fig. 1. Cros-section view showing the operati  pased solution.

of the magnetometers, where B is the applied

magnetic field, | the current in the M-shaped|n pulk-Si technology, beams are composed only
loop, M the magnetization and F is the appliedby a SiN,4 (350 nm) — Al (1 pm) bi-layer with the
force on the structure. (a) SOI-Lorentz (out-of-sagme deposition techniques. To replace the
plane field sensing), (b) Si-Lorentz (out-of-planesacrificial BOX layer, a 1 pm-thick PECVD oxide
plane sensing), (c) Si-ferromagnetic (in-planejayer is initially added on blank wafer. The

sensng). piezoresistive material must be deposited and is
made by LPCVD polysilicon obtained at 625°C
2.2 Noise modelling and consecutively N-doped (Fig. 1-b and 2.). The

Flicker (L/f) and thermal (electrical - mechanical)release solution is HF-based.
noise are the two dominant internal noise sources
of a piezoresistive beam [5]. The thermal power With almost the same process we also
noise spectral density for a resist® and a developed a ferromagnetic sensor (Fig. 1-c and 3).
mechanical dampind@ at the temperaturd are The major difference is that a thin rectangular
given by: layer (500 nm) of nickel is deposited at the free
_ _ end of two cantilevers and then magnetized.
Sre =4k TR  Sryy =4k, TD ©) Because of the presence of nickel, HF-based
wherek, is the Boltzmann constant. For this kindrelease is prohibited. Instead, §Sflasma is used
of structure the mechanical noise can be neglecteticcessfully as isotropic dry etchant. With an
in comparison with the electrical one [2, 5].appropriate beam length, the rectangular
Flicker power noise spectral density is given by: magnetized Ni layer is perpendicular to the surface

(monolayer without gradient of stress).
_av’ 1 (6)
lwtp, f For both cases, the assembly of these 3-D
microstructures relies on the control of the realdu
wherel, w andt are the gauge dimensionsjs the internal stress in thin layers due to thermal
biased voltage across a resisfds the frequency, expansion misfit. After release the last step ef th
and a is a dimension independent deviceprocess consists in a thermal annealing in order to
parameter which is between 21@nd 6x1C in  promote the assembling of the microstructures by
single crystal silicon. Flicker noise dominatesmodifying the stress state in the upper plastieday
below 100 Hz and can be neglected above thig\l) [4, 6]. This thermal annealing treatment

frequency [5]. corresponds to a forming gas/N, at 430°C for

f



30 minutesThis thermal treatment is similar to thebridge is integrated into the device; its static
last step of our SOI-CMOS process used toesistors are also placed at the fixed end of
improve the metal-polysilicon contacts as well asleflected beams in order to have the same resistor
to reduce the gate oxide interface traps. Bws the variable one at rest. A full representatibn
increasing temperature, the stress in Al layethe device is shown in Figures 2 and 3.

becomes heavily compressive, reaches the yield

stress to finally lead to a fully plastic layer. &jp 4. RESULTS AND DISCUSSION

cooling, stress in aluminium becomes more tensile

than after deposition, helping the microstructare t In a monolithic chip, Wheatstone bridge output
lift up. This stress increase results from thevoltage is used as the input to a signal processing
plasticity of aluminium layer, and is affected alsocircuit; however, this advanced step of integration
by the hardening capacity and temperaturbas not been achieved in this work. Tests were
dependence of the flow properties. Stress value erformed by varying magnetic field strength of an
the aluminium film required to obtain self- electromagnet as well as the half-loop current for
assembled structures is above 150 MPa. Such higlevices with different geometries.

stress values require annealing temperatures above
400°C. Measured stresses in aluminium films after
30 s RTA are around 150 MPa at 400°C. A finite
element model which agrees quite well with
experimental deflections was developed in
ABAQUS to simulate this thermo-mechanical
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Fig. 3. SEM picture of a magnetometer (Si-
ferromagnetic) with its integrated Wheatstone
bridge.

As shown in Fig. 4, the response is linear in a
high range of the magnetic field (from 0.1 mTesla
to a few tens of mTeslas) with a small offset at O
V. It varies quadriticaly with the loop current and
is mainly due to the thermal dissipation by Joule
process [4]. effect. This offset is about 0.03 mV (0.02 mT) for

a half-loop current of 10 mA and 0.1 mV (0.10

The gauge is electrically and thermally isolatednT) for a current of 50 mA. In AC mode we used
with SisN4 layer from the half-loop current to rectangular alternative current to keep the thermal
avoid detrimental effects caused by the maidlissipated energy constant.
current | (which serves to deflect the beam as
shown in Eq. 1). The system can work under DC Thermal dissipation by Joule effect increases the
or AC supply, however for bigger deflections andhermal noise and limits the current which can be
less noise it must operate at its resonant frequenapplied and then the sensitivity, it also decreases
and moreover by applying a square alternativihe Signal-to-Noise Ratio. However, it does not
current - thermal expansion by Joule effect of th@ffect the piezoresistive gauge, which is highly
main current remains constant. The Wheatstori@mperature dependent, since it is isolated in the

Fi. 2. SEMpicture of a CMOS comatible
magnetometer (Si-Lorentz) with its integrated
Wheatstone bridge.



middle beam (Fig. 1 and 2). In our case thermahown in Fig. 1-c. A torque is applied on the

effects can be neglected for currents smaller thamagnetized nickel plate since the released layer is

mAmps. not exactly aligned with the magnetic field

applied. The deflection observed is similar to the

Built with a similar process as described in [7] @one measured for the Lorentz-force based sensor

3-D inductor (Fig. 5-b) deflects if a current go(Fig. 2), thus similar sensitivity is expected.

through and in presence of a magnetic field as

described by Eqg. 1. By using an AC current 5. CONCLUSION

through the inductor, and sweeping the frequency,

the resonant frequency has been found. Fig. 5@MOS compatible MEMS magnetometer have

shows the inductor behavior at the resonartteen developed wusing either Lorentz-force

frequency. For the Lorentz-force based sensafeflection or torque applied on a magnetized

shown in Fig. 2, a damping can be observedhaterial to create stress in piezoresistors inaide

preventing the resonance of the device probabMWheatstone bridge.

due to the central beam used to extract the
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