N

N

Ultrasoft Finemet thin films for magneto-impedance
microsensors

Johan Moulin, Francisco Alves, I. Shahosseini, Frederic Mazaleyrat

» To cite this version:

Johan Moulin, Francisco Alves, I. Shahosseini, Frederic Mazaleyrat. Ultrasoft Finemet thin films
for magneto-impedance microsensors. Journal of Micromechanics and Microengineering, 2011, 21,
pp.074010. 10.1088/0960-1317/21/7/074010 . hal-00608888

HAL Id: hal-00608888
https://hal.science/hal-00608888
Submitted on 19 Jul 2011

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-00608888
https://hal.archives-ouvertes.fr

Ultrasoft Finemet thin films for magneto-impedance microsen-
SOr'S

J. Moulin', I. Shahosseini', F. Alves®, F. Mazaleyrat®

' [EF, UMR 8622, CNRS /Univ Paris Sud, F-91405 Orsay, France
2 LGEP, UMR 8507, CNRS / Univ Paris Sud / Supelec, F-91192 Gif-Sur-Yvette, France
3 SATIE, UMR 8029, CNRS / ENS Cachan, F-94235 Cachan, France

johan.moulin@u-psud.fr
iman.shahosseini@u-psud.fr
francisco.alves@lgep.supelec.fr
frederic.mazaleyrat@satie.ens-cachan.fr

Abstract. FeCuNbSiB thin films have been deposited using RF sputtering. Characteriza-
tions have shown that oxygen contamination and residual stress are mainly responsible
for magnetic hardening. The sputtering and annealing conditions have been optimized
and films with coercive field as low as 10 A m™ (0.125 Oe) have been achieved. In addi-
tion, the influence of film thickness on the magnetic properties has been studied. Thus,
magnetic field microsensors based on the magneto-impedance effect have been fabricated
by stacking up Finemet/copper/Finemet films. The highest sensitivity (4000 V/T/A) is
reached for 750 nm thick films. It is in the same range as cm-sized macroscopic devices
realized using 20 pm thick ribbons.

1. Introduction

Since the discovery of the magneto-impedance (MI) effect in amorphous microwires [1] and films [2],
magnetic field sensors based on this property have become competitive with other techniques like GMR
and fluxgates. Two domains of application are emerging: Non Destructive Testing using eddy current for
the detection of microdefects in conductive sheets [3] and the detection of magnetic nanoparticules for
biomedical applications [4, 5]. NDT involves the measurement of the stray field generated by eddy cur-
rents induced in the conductive sheet to be controlled. A magnetic cartography allows detecting the defor-
mation of the stray field induced by the presence of a defect in the material. Classical techniques involve
pick-up coils. However, for detection of deep defect (typ. 10 mm deep), the frequency of the eddy current
(thus of the stray field) is low (some tens of Hz). In addition, the stray field is very weak. In this case,
pick-up coils are not suitable and GMI sensor are good candidates.

The MI effect finds its origin in the variation of the skin depth & with an applied magnetic field Hex
(through the magnetic permeability) while exciting the conductor using a high frequency current:
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Figure 1: Finite elements calculation of the magneto-
7 = Rdc E coth(ka) (3) impedance as a functl.'on of the t.ransve.zrse permeabili-
ty of the ferromagnetic layer. Dimensions correspond
to G500.

resistance of the wire, a the wire radius and k = (1-j)/d, or :

for a thin film [7], where a is the film thickness.
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Figure 2: Fabrication process

For both geometries, the calculation of the derivative of the modulus of Z with the value a/® shows that
the variations of Z are the most sensitive to the one of a/d for a/d = 2, i.e. a = 2d. It corresponds to an
optimal excitation frequency for a given geometry. The highest MI ratios are obtained in amorphous Fe-
based microwires, in which external and internal stresses are respectively circumferential and axial. This
stress orientation corresponds to an optimal magnetic structure. However, collective fabrication, for in-
stance in case of sensors arrays, is much easier while using thin films technique. It has been found that for
a planar structure the MI variations can increase strongly by inserting a conductive film between the fer-
romagnetic layers [8]. In the case on large plates allowing neglecting border effect, the impedance on the
trilayer structure can be expressed as:

coth(kd)coth(kd | +¢
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with 2d; and d, the thicknesses of the ferromagnetic and conductive layers respectively [9].
In this multilayer structure, the optimal excitation frequency for obtaining (AZ/Zsu)max is much lower than
for a single film, as the conductivity of common ferromagnetic materials is about 100 times lower than
that of a good conductor. Previous calculations using finite elements method on such a structure [10] have
shown that the highest MI effect is obtained around 10 MHz for a 1 pm thick ferromagnetic film with a
relative permeability of 4000 with a thickness ratio of 1/2/1 for the multilayer structure. In addition, if the
magnetic domains are oriented perpendicularly to the applied magnetic field, the MI rises because of the
increase in transverse permeability in the ferromagnetic layers. For that purpose, the ferromagnetic layers
were annealed under transverse magnetic anisotropy field.
The sensor characteristics, in particular hysteresis and sensi-
tivity, are firmly dependent on the ferromagnetic layer soft- Adsorbtion coeflisient ~15 % _|
ness. Figure 1 presents numerical calculations using finite X\

. . . | Estimated using EDS |
elements for a G500 sensor configuration (see table 1 for di- - ~
mensions). The MI increases quite linearly with the trans- 1200 :
verse permeability, which shows the importance of deposit-
ing a soft material. Several works have succeeded in inte-
grating Finemet® alloys into thin film MI sensors [11-14].
Indeed, this material presents ultrasoft properties due to its
microstructure: after a heat treatment of the amorphous pre-
cursor, ferromagnetic Fe-Si nanograins nucleate in a ferro-
magnetic matrix which remains amorphous. This ensures
quasi-null magnetostrictive anisotropy by the means of neg-
ative and positive magnetoelastic effects balance between . . . . . .
grains and matrix. Moreover, the magnetocristalline anisot- CH Oiygen - (S%at_] ik
ropy in such nanocristalline materials is decreased following  Figure 3: Influence of oxygen contamination on the
the Random Anisotropy Model proposed by Herzer [15]. coercive field
The MI results obtained with such a material are promising, despite the fact that the developed sensors
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present lower MI ratios than those with FeCo-based alloys. However, MI ratio is not the only quality de-
terminant factor for a sensor, variation of the MI with the magnetic field is more relevant. For this pur-
pose, ultra-soft Finemet, which can be obtained by an optimization of the elaboration process, is a good
candidate.

2. Sensors elaboration process

We developed a MI microsensor fabrication process compatible with thicknesses close to 1 pm. Each lay-
er of the sensors was patterned using lift-off technique with a 3 pm thick AZ5214 photoresist (see figure
2). In order to obtain such thick resist, the rotation speed during spin coating was limited to 900 rpm. The
lithography exposure dose and development time were also adapted to such a thickness. The materials
were deposited using sputtering technique: Finemet® and copper for the ferromagnetic and conductive
layers respectively. The Finemet has been deposited on a SiO2/Si substrate by RF sputtering in Ar plasma
under the following conditions: residual pressure in the range of 107 mbar, working pressure 40 mbar and
RF power 250 W. The copper layer was realized by DC sputtering with a working pressure of 6.5 mbar
and a power of 50 W. Before each sputtering, a 10 nm thick layer of titanium was deposited in order to in-
crease adhesion.

The sensors are constituted of rectangular stripes whose dimensions vary from 50 to 430 pm in width and
from 1 to 5 mm in length. For our samples, we attempt to obtain a central copper layer totally shielded by
ferromagnetic layers, i.e. the Finemet layers are wider than the copper track. However, the latter is longer
and is ended by two connection pads for bonding.
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Figure 4: Internal stress of a 500 nm thick continuous Finemet film deposited on a 2” wafer during heating (red) then cooling
(blue)

3. Finemet elaboration process

3.1. Sputtering conditions
In order to obtain the lowest coercivity, the magnetic properties of the Finemet® films have been opti-
mized in terms of elaboration and heat treatment. Former study has showed that the coercivity is mainly
influenced by the oxygen contamination and the residual stresses in the films [16].

The former is correlated to the deposition conditions. In practice, the deposition time has been minimized
in order to limit oxygen contamination. This implies a short distance between the target and the sample,
as well as a high argon pressure. In addition, a liquid nitrogen trap is needed. Fig. 3 shows that the coer-
cive field follows quite linearly the content in oxygen in
the film. The reader can refer to [17] for details on the
measurement of the composition.

The stress in the films has two origins: the atomic disor-
der induced by the deposition and the differential thermal
expansion between the substrate and the film (difference
between room and process temperature). The measure-
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as a function of temperature (heating and cooling rates are 0 o- - -
about 2.5°C/min). Figure 4 presents the results for differ- el e Rl e el
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Figure 5: Coercive field of 500 nm thick Finemet films

as a function of the substrate temperature at the
beginning of the sputtering

ent final temperatures: 200, 300, 400 and 500°C. The
stress induced by the deposition is high (around 550 MPa
for a 2" continuous film) due to particular sputtering con-



ditions and does not depend on the film thickness (from 200 10
nm to 2 pm). It can be reduced by annealing only. MOKE 0’5__
characterizations on large samples (several cm®) have re- ’ A

vealed planar isotropic behavior and gave an estimation of the 05 1
coercive field of 4.6 kA m™, what is consistent with large '1 ’O" As deposited
stress in the film. In case of non-continuous films, it is sup- TYE = ——

posed that the residual stress due to sputtering is drastically
reduced. The films have been patterned by mean of shadow
masking for magnetic characterization using AGFM or VSM
(2 mm x 2 mm squares). The coercive field (measured using
AGFM or VSM) is in that case lowered down to 60 A m™.
This result shows that the patterned film is subjected to lower
stress than its continuous counterpart. It is however difficult
to estimate the stress in the pattern, except by indirect method.
Considering that the stress is the only responsible for the in-
creasing of the coercive field, one can estimate that the stress
is reduced down to several MPa after patterning.

As this state, the material is subjected to secondary process

Polarization (T)
o
[}

conditions, like the initial temperature of the substrate (sam- -1,0- SOURS
ple is not cooled in our equipment). Indeed, the differential i )
thermal expansion between the substrate and the film during 104
the cooling after the deposition is responsible for stress: 0’ 5]
E ™
Uthermexp :(Hw _:uf)l_Lf (AT) :a(AT) (5) _g:g-
. . . 101 400°C
with Uy, Hf, Ef, V¢ and AT respectively the thermal expansion ' - '
coefficients of the substrate and the film, Young's modulus
and Poisson’s ratio of the film and the temperature variation 1,0
involved in the thermal expansion process. 0,51
This stress influences strongly the magnetic properties of the 0,0]
films. The figure 5 shows that the coercive field of 2 mm x 2 051
mm squares deposited at the same residual vacuum varies _1’0_' 500°C
quite linearly with the initial temperature. This phenomenon ’ Y
can be related to an increasing of the global anisotropy in- -1000 -500 0 500 1000
duced by magnetoelastic effect. The magnetoelastic anisot- Magnetic field (A m'1)
ropy associated to an amorphous material is: Figure 6. Hysteresis loops of 500 nm Finemet film
3 annealed for 1h at various temperature.
s — E)\SO- (6)

with A the saturation magnetostriction coefficient and o the global stress in the film. In case the thermal
expansion only is responsible of stress variations, the magnetoelastic energy thus the coercive field varies
linearly with the difference of temperature during sputtering and ambient temperature. Indeed, in the case
of randomly oriented stress without anisotropy of form or crystal [18]:

E
H.=0.64— (7)
S
with J; the saturation magnetization of the material.
Finally, one obtains a linear relation between the coercive field and the difference between the initial tem-
perature of the substrate and the room temperature:

A
H, =0.96—=a( AT) 8)
S
what has been experimentally measured.

Figure 4 presents the results for different final temperatures: 200, 300, 400 and 500°C. From this work,
the coefficient a in Eq. (8) has been estimated about 0.75 MPa/K while the temperature remains below



200°C. Indeed, in this range of temperature, the heating and cooling curves are superposed thus thermal
expansion only is responsible for stress variations in the film. Using the magnetostriction coefficient and
the saturation magnetization of such alloys (i.e. As = 23 10° and J; = 1.2 T), one can estimate the increas-
ing of the coercive field due to thermal expansion in the range of 13.6 A m™/K. This is coherent with the
experimental results that present a slope of 13 A m/K for as-deposited films (see Fig. 5).

After an annealing at 300°C for 1h, the dependence of the coercive field on the initial substrate tempera-
ture is also linear, what reflects a similar behavior, except that the slope is reduced to 5 A m™/K. This re-

sult is associated to a reduction of A; due to a modification of the microstructure.

3.2. Annealing
The remaining stress has to be minimized in order to obtain softer films. This is one of the roles of post-
annealing.

The figure 6 presents the hysteresis loops of 500 nm films annealed at various temperatures for 1h. The
coercive field decreases strongly after annealing at 200°C. Above

this temperature, the coercive field decreases slightly, down to 10 1
A m™ for annealing at 400°C. At 500°C, The coercive field drops

to 15 A m’. Similar results have been obtained with a minimum

coercive field at 280-330, 380 and 450°C for 50, 1000 and 2000 0 A .

nm respectively [19-21]. Compare to these works, the characteris-

tic temperatures of the film have been precisely defined using the ] As deposited
measurement of the stress in the film as a function of the tempera- -1 — —

ture, during heating and cooling. From Fig. 5, two particular tem-
peratures can be extracted. The glassy transition temperature Tg
corresponds to the limit with the supercooled liquid state in which
the effect of the differential thermal expansion is reduced. Thus
Tg corresponds to the first slope changing in the heating curve:
300°C for a 500 nm thick film. The cooling curve shows that the
mechanical properties (Young’s modulus and Poisson ratio) of the
material are not changed while the final temperature remains be-
low 400°C. The second slope breaking corresponds to an evolu-
tion of the microstructure leading to a new Young modulus value,
i.e. crystallization. It is to notice that the crystallization tempera-
ture decreases with the film thickness [16], from 480 to 450 and
400 °C for 20, 2 and 0.5 pm respectively. These results are coher-
ent with values measured using other technics in [19-21].

The magnetic behavior is partially correlated to these measure- P
ments. Indeed, the minimum coercive field is reached for an an-
nealing temperature equal to the crystallization temperature T. At 1
this state, stresses are released and nanograins of Fe-Si have nu-

cleated but crystalline volume fraction remains small. The ob-

tained nanostructure leads to an averaging out of the magne- 0
tocrystalline anisotropy, according to the Random Anisotropy

Model [22]. Above Ty, the modification of the mechanical proper- ] _|_ field ann,
ties (especially Young’s modulus) induces large residual stress -1 — —
due to differential thermal expansion during the cooling, thus to -1000 -500 O 500 1000
an increasing of the coercivity. However, the magnetic behavior . -1

of samples annealed at 200°C can not be explained using stress e Ul NS
measurement of a continuous film. Indeed, the drastic decreasing Figure 7: Influence of field annealing at
of the coercive field is not correlated to an obvious modification 300°C on hysteresis loops of 500 nm thick
of the mechanical properties of the film between room tempera- samples

ture and 200°C.

It is to notice that the relative permeability, as well as the saturation polarization are not affected by the
annealing and remains constant with values of 1.2 T and 3400 respectively.

zero field ann

—1 T T T T T T

Normalized magnetizzarion
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3.3. Field induced anisotropy
As reported in other works [23], the MI sensor sensitivity is increased after inducing an anisotropy per-
pendicular to the current direction in the ferromagnetic material. This has been performed by annealing in
the magnetic field created by a 3 mm thick and 5 cm diameter magnetic circuit containing AINiCo mag-
nets. The magnetic field in the 7 mm X 14 mm air gap where samples were set out is in the range of 50
kA m™. The AINiCo magnets allow working up to 500°C in the secondary vacuum of the sputtering
chamber. Figure 7 depicts the hysteresis loops of 2 mm X 2 mm x 500 nm samples realized by shadow
masking and characterized using AGFM. The field induced anisotropy leads low coercive field, as well as
annealing without magnetic field: 10 A m™ for zero and // field annealing and 15 A m™ for [ field anneal-
ing. The induced anisotropy can be estimated from loops measured in both the parallel and perpendicular
directions of the annealing magnetic field. Its value is in the range of 150 J m~, much larger than that in-
duced in bulk materials by this technique. In addition, the anisotropy field can be estimated to 4350, 300
and 700 A m™ for zero, // and O field

Table 1. Dimensions of the sensors annealing respectively. The induced en-

Film thickness Finemet Copper* ergy is correlated to a variation of the

(nm) (um) (um) permeability: 2300, 3000 and 1300 for

G500 500/500/500 4000 x 200 4200 x 50 zero, // and 0 field annealing respec-
G750 750/750/750 4000 x 200 4200 x 50 tively.

B1000 1000/1000/1000 4000 x 200 4200 x 50 After optimization of the ferromagnetic

material properties, sensors with vari-
able sizes and thicknesses have been
processed as listed in table 1.

2 electrical pads are not taken into account

4. Sensors characteristics

MI measurements have been carried out using a voltage source and a lock-in amplifier in the 1-40 MHz
frequency range. The DC magnetic field measured by the sensor was created by a set of Helmholtz coils,
providing a 2 cm wide homogeneous field zone. The maximum magnetic field applied to the sensor is
close to 7000 A m™.

The MI ratio variations are weak compared to other type of sensors, in the range of 10 %. Indeed, the re-
sistance value is large (around 10 Q) and varies little. By opposition, the inductance variations reach 400
% but the inductance value is low. These measurements highligth magnetic properties like anisotropy
field, which is in the range of 700 A m™ for sensors G500 and G750. The result is coherent with the value
estimated from the hysteresis loop of the films annealed under transverse magnetic field.

Papers related to MI effect generally compare the materials properties using the MI ratio only. However,
this is not the most relevant factor to quantify a sensors quality. The most important figure is either the
variation of the MI ratio with the magnetic field (in %/Oe) or the variation of the impedance with the

magnetic field (in Q/T or in V/T/A). 10k
Furthermore, measurements at high frequency are [24]
strongly sensitive to external perturbations, so the im- T ?m_sized Ml sensor
pedance value can be unreliable. To solve this prob- =
lem, the sensors were characterized by measuring the = ” 261 O
output voltage as a function of the magnetic field, ‘g ] (25 gy /
starting from the saturated state. Then the sensitivity 3 amorphous materi\m-based
was extracted by numerical derivation of the voltage K MI y-sensors G750
by the magnetic field.

100 4 . .
The characterizations have highlighted a strong depen- o Exicitatiog frequency (?\gHz)

dence of MI properties on the shielding of the central Figure 8: Dependence of the G750 sensor maximum
copper track by the ferromagnetic material. Former in- sensitivity on the excitation frequency. Comparison with
vestigation has shown that defects at the edge of the other amorphous material-based MI sensors

deposited layer appear while the sputtering direction is

not vertical enough. This phenomenon is related to the deposition of the sputtered material on the side of
the photoresist for thick film and high working pressure. The consequence of this defect on the properties
depends on the involved layer and can be a lack of shielding for the central copper track or an over-di-



mensioning of the sensor for the Finemet layers. The former reduces the effect of the transverse induced
anisotropy, as the upper Finemet layer is separated in three magnetically independent parts, whereas the
latter impedes down-sizing of the sensor and thus limits the spatial resolution.

The sputtering conditions of copper have been optimized in order to limit over-deposition at the edge of
the central conductive track. Thus the upper Finemet layer is continuous and provides magnetic shielding
of the copper track. However, the defects at the edge of the finemet layer are not yet eliminated, as depo-
sition conditions are driven by the minimization of the coercivity. Their influence on MI properties is the-
oretically weak, as calculated by digital simulation. However, these defects act as pinning centers for the
magnetic domains movement and reduce the sensitivity of the device.

Sensors with variable dimensions and thicknesses have been realized (see table 1). Digital simulations
predict, for a given excitation frequency, an increase in the sensitivity with the films thickness. Indeed,
experimental characterizations show that the maximal sensitivity increases from 1900 V/T/A for the G500
sensor to 4100 V/T/A for the G750 sensor. Unfortunately, the size of defect above the copper track in-
creases with the film thickness. This results in a low sensitivity for the sensor B1000.

Fig. 8 presents the maximum sensitivity of the G750 sensor as a function of the frequency with a 1.7 mA
excitation current. It reaches a maximum at 30 MHz. This optimal frequency is slightly larger than ex-
pected (in the range of 20 MHz for such thicknesses) what is supposed to be linked to an overestimation
of 1, in the calculation. Below this optimal frequency, the skin depth is larger than the film thickness thus
the ferromagnetic film is poorly sensitive to skin effect. At the opposite, high frequency excitation current
induces a skin effect located at the surface of the film and the magneto-impedance suffers from a magnet-
ic hardening due to surface anisotropy. On the same figure, the results are compared to FeCoSiB/Cu/Fe-
CoSiB [22] and FeSiB/Cu/FeSiB [23] MI microsensors whose sensitivity and excitation frequency are
smaller. Results are also compared to the sensitivity of a macrosensor realized with Finemet and copper
ribbons which thicknesses are 20 pm and 40 pm respectively. The total size of the sensor is 5 cm x 1 cm.
It is noticeable that there is no drastic decrease of the sensitivity due to scale effect. Indeed, the structures
of both the macro-sensor and the present devices are comparable. The maximal sensitivities are in the
same range. However, the optimal frequency increases from 100 kHz to 30 MHz for the macro- and mi-
crosensors respectively, due to the thickness reduction.

5. Conclusion

This paper reports a technological process for depositing ultrasoft Finemet thin films using a common
technique. In addition, it has been shown that this material can be integrated in MI microsensors. The sen-
sitivity can reach 4100 V/T/A, which is the largest among all published similar structures.

The results highlight the strong dependence of the sensor quality on the presence of a defect above the
copper track which stems from the association of lift-off and non directive sputtering of thick films. In fu-
ture works, strength will be put on the removal of this defect, for instance using a specific lift-off resist
dedicated to thick film deposition.

The optimal excitation frequency for the sensor G750 is 30 MHz, which remains high for standard elec-
tronic. Thicker films will allow decreasing this frequency to 10 MHz.
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