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ABSTRACT

A great amount of effort has been devoted to the constant improvement of such basic perform-
ance as dirvability, safety and enviromental protection. As a result, the total combination of vari-
ous technologies has made it possible to produce safer and more comfortable automobiles. Among
these technologies, plasma and thin film techniques are mainly cocerned with sensors, optics, elec-
tronics and surface modification. This paper first describes a concept of thin film processing in ma-
terials synthesis for sensors based on particle-surface interaction during deposition to provide a
long life sensor applicable to sutomobiles. Some examples of parctical application of thin films to
sensors are then given. These include(1) a thin films strain gauge for gravity sensors, (2) a giant
magneto resistance film for speen sensors, and (3) a Magneto-impedance sensors fordetection of
low magnetic field.

Further progress of sophisticated thin film technology must be considered in detail to explore
advanced thin film materials science and to ensure the field reliability of future sensor devices for

automobile.

INTRODUCTION

The novelty of the functions provided by
plasma and thin film technologies, together
with their durability for practical use, is em-
phasized as the area where thin film process
has a significant impact. Up to present, thin
films have been applied in several fields of
applications in several fields of applications
in automobile. For example, typical applica-
tion of thin film sensor in automobile was an
oxygen sensor to control the exhaust gas
emission of engines. Oxygen sensors have
been successfully used in combination with a
three-way catalyst system for reducing
harmful components in exhaust emission such

as hydrocarbon, carbon monoxide and nitro-

gen oxides. Oxygen sensors actually detact
the stoichiometric air-fuel ratio in the sys-
tem. Thin films have also been applied to con-
trol the dirvability andsafety of automobile
body and chassis. In fact, various sensors and
defect
andhollows in the road instantly at high

actuators are used to bumps
speeds and to make instant resposest!-2,

It 1s well known, on the other hand, that
the key parts of various sensors are normally
made of thin films. For example, speedome-
ters use signals form a vehicle speed sensor
to calculate the speed. The cableless vehicle
spOeed sensor, which relies on a magnetoresi-
tance (MR) element, 1s made of Ni-Co thin
films. Practically, this Ni-Co MR film is
made on integrated curcuit(IC)chips. Anoth-
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er example is a thin film type oxygen gas
sensor to control exhust ga emission. Thin
films of zirconma (ZrO,+Y,0;) are sand-
wiched by Pt electrodes deposited in turn on
porous Al,O; substrate. Various pressure sen-

sorst? are widely used in automobiles, in

which thin film sensors for suspension control

are included. In this case, Ni alloy films!®! are
adopted to detect thedisplacement of dia-
phragms under low temperature coefficient
of resistance(TCR) values less than several
ppm.

In practical applications, automobiles are
exposed to severe environmental conditions
such as high temperature and humidity, and
it is therefore important to prepare thin film
sensors with reliability and durability for long
time usage. So, sophisticated thin film techno-
logy plays an important role in thin film pre-
paration of sensors for sutomobiles. The pres-
ent author has proposed a new concept of thin
film processing for thin film formationt* .

This paper first describes a concept of thin
film Process-ing in materials synthesis for
sensors based on particle-surface interaction
during deposition to provide a long life sensor
applicable to automobiles. Some examples of
pracitical applications of thin films to sensors
are then given. These include (1) a thin films
strain gauge for gravity sensors, (2) a giant
magneto resisntance film for speed sensors,
and (3) a Magneto-Impendance sensors for
detection of low magnetic field.

Further progeress of sophisticated thin film
technology must be considered in detail to ex-
plore advanced thin film materials science
and to ensure the field reliability of future

sensor devices for automobile.

THIN FILM PROCESS

Irrespective of thin film preparation met-
hods such a Plasma vapor deposition (PVD)
and chemical Vapor deposition (CVD), the
thin film process comprises three elementary
stages, including decomposition, transport,
and uncleation and growth!®), Figure 1 shows
the flow chartof the thin film process, where
starting materials are successively modified
to form the resulting film. In the first stage,
starting materials in the form of gas, liquid,
or solid are decomposed into various frag-
ments of neutrals or ions in the form of
atoms, molecules, clusters or powders, by the
external powers of plasma, laser, ion, micro-
wave and thermal energies. The decomplsed
fragments thus formed will travel throughthe
medium of gas or liquid and approach the
substrate. This phase is referred to as the
transport stage in the thin film process. The
Monte Carlo simulation technique is helpful in
understanding the mechanism of the trans-
port stage!™. The chemical reaction between
the transport medium and the decomposed
fragmentst® is also important in the reactive
process of thin film formation. The decom-
posed fragments land on the substrate for
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nucleation and growth, which result in the
formation of functional films. Thin film prop-
erties are strongly influenced at this final
stage, because the energy of the decomposed
fragments is dissipated in the very shallow
surface region of the substrate. This dissipa-
tion of the energy of the decomposed frag-
ments may enhance the surface migration of
adsorbed atoms, chemical reaction between
landing fragments and adsorbed molecules,
and finally reconstruction into the structures
of the resulting films.

On the other hand, the influence of the ki-
netic energy of particles in the thin film proc-
ess'® on thin film formation ranges from sim-
ple substrate cleaning for enhanced adhesion
to morphological changes and epitaxial
growth. Peculiar features of the sputter depo-
sition technique are generally explained in
terms of the energy of the sputtered particles
which are decomposed and emitted as a
result of high energy i0on bombardment in
the plasma. A complex variety of processes
simultaneously occurs whenever -energetic
particles interact with a substrate or growing
films. For a comprehensive description of
these processes, the reader is referred to an
excellent review in the literaturet®.. The sput-
tering process is discussed in view of the en-
ergy distribution of sputtered particles and
some chemical effects on the substrate sur-
face by high energy ion bombardment.

APPLICATIONS

Thin film strain gauge for G sensors

Recent advances in electronics and sensor
technologies have been applied to the control
functions of the automobile chassis, which

are essential to basic automobile perform-
ance. Various sensors and actuators are used
to detect bumps andhollows in the road in-
stantly at high speeds and to make instant
responses. For example, the active control
suspension (ACS) system responds actively
to road surface and vehicle running condi-
tions with electronic control of hydropneu-
matic cylinders. The ACS system receives
signals from longitudinal and lateral G sen-
sors!!? andconsists of a pendulum hung from
a thin strip of metal as schematically shown
in Fig. 2. Acdeleration or celeration causes
the pendulum to swing in the direction of the
face, twisting the strip of metal on which
amorphous metal strain gauge thin films are
deposited to assure reaction stability regard-
less of the temperature. The most essential
requirement for thestrain gauge thin film is
to have a small value of TCR which can be
significantly lowered depending on the thin
film preparation conditions!®.

Amorphous Ni-Si-B(NSB) ternary alloy
films have been well known for having a high
tensile strength (2.6 GPa) and low TCR val-
ues(10~-50 x 10°%/°C) originated from the

Beam
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Plumb
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Fig. 2 Schematic ilustration of beam structure
of the G sensor.
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short mean free path (MFP) of electrons in
the film.]

In addition, the values of MFP are also rec-
ognized to be sensitive to the microstructure
of thin films. In the case of sputter deposi-
tion, the kinetic energy which is normally de-
termined by energy distribution(ED) of sput-
tered particles to be deposited gives an
impotant effect on the microstructure of NSB
films. From this point of view, the effect of
the EDs of sputtered particles on alloy film
formation was determined. Two representa-
tive sputtering methods used to prepare NSB
films were examined; cosputtering with mul-
tiple elemental targets of Ni, Si and B (cosp-
uttering), and sputtering with an alloy target
of Nig ;Si; :Bis(alloysputtering). In both spuf—
tering modes, the principal sputtered particles
are Ni, Si and B. These particles are detected
in the form of ions by secondary ion mass
spectrometry (SIMS). These EDs were char-
_acterized by the parameters of Em(most
probable energy), FWHM(full width at half-
maximum), N(tail factor) and Ea (ayerage
kinetic energy). The results are presented in
Table 1, where the numerals in parentheses
are the values from alloy sputtering. It is
worth nothing that the E, Values of the sin-
gly charged monoatomic ions emitted from
the alloy were lower than those from theel-
emental tarrgets. The lowering of the E,, val-
ues resulted in a decrease in the Eg values of
the monoatomjic ions. The present results
showed that the values of surface binding en-
ergy of the atoms in the amorphous alloy tar-
get were reduced in comparion with those in
the elemental targets. Consequently, the Ea
values of Ni ions formed in the cos-putter-ing
mode are very large in comparison with alloy
sputtering.

Table 1. Results of the characterization of the en-
ergy distributions of sputtered ions.

Ni* Sit B*
En 1.9(15)  2.7(1.9)  2.5(1.5)
FWHM(eV) 7.1(6.9) 10.7(9.8) 13.2(8.6)
N 1.6(1.7)  2.0(1.6) 1.4(1.3)
E. 17.1(11.3) 15.5(15.4) 18.4(14.3)

The microstuctures of NSB films prepared
on NaCl single crystals by cosput-tering and
allowsputtering modes were examined by
means of transmission electron MICroscopy
(TEM). Figure 3 shows TEM images of the
films. Obviously, the two films exhibited differ-
ent microstructures. The cospu8ttered film sho-
wed relatively uniform in low contrast, in
which domains of 20 nm in diameter are clear-
ly seen. On the contrary, the alloy sputtered
films showed a rather strong contrast and the
domain diameter ranged from 5 to 20 nm. The

~contrast in TEM image could be attributed to

mass thickness fluctuation in the film. As a
result, it is recognized that the film formed by
cosputtering has a more uniform mass thick-
ness than the film formed by alloy sputtering.
The TCR values of the cosputt-ered film were
normally less than 5 x 10°%/°C, but those of

(a)

(b)

[S——
50nm

Fig. 3 TEM images of the NSB fims prepared by
the different deposition methods:{(a) alloy
sputtering; {b) cosputtering.
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alloy sputtering were more 5x10%/°C. In con-
clusion, the kinetic energy of depositing parti-
cles formed by the sputtering process in a
growing film strongly influences the micro-
structure and electrical property of the
resulting films. Typical examples are illustrat-

ed by Ni-Si-B amorphous films.

GMR films for speed sensors

Magnetic principles offer the possibility of
the noncontacting measurements of displace-
ment and angel by means of magneto.resi-
stive thin films of NiFe or NiCo. The resist-
ance of the MRE changes according to the
magnetic flux changes which occur when the
ringed multiple magnet is rotated. The large
glant magnetic (GM) value will be there-
forem advantageous for high sensitive and
~accurate measurements of displacement and
angle. .

On the other hand, much attention has
been devoted to.the giant magnetoresistance
(GMR) and antiferromagnetic coupling of
several metallic multilayered systems such as
Fe/Cr and Co/Cu!"-'% instead of NiCo magn-
etoresistive films. Since the GMR was discov-
ered, its origin has been mainly attributed to
the spiﬁ—dependent scattering of free elec-
trons at the interface of multilayers. It has
been reported that the GMR depends on In-
terfacial roughness, ie., Co/Cu multilayers
with large GM values have atomically rough
interfaces, where Co and Cu atoms are dis-
tributed randomly!®!4. Judging from these
previous studies, we can expect to enhance
the value of GM by appropriate modifications
of interfacial structures by thin film technolo-
gy.

A typical example of more detailed investi-

gation GM property, crystallographic struc-
tures, and interfacial roughness of magnetron
sputtered Co/Cu multilayers deposited on Fe
buffer layers with various thickness.

The Co/Cu multilayers were prepared on
oxidized Si substrates in a magnetron sput-
tering system. After deposition of a Fe buffer
layer of the thickness, fr, between 0 and 15
nm, Cu (2.0 nm)/[Co(1.0nm)/Cu(2.0nm)]'®
multilayers were grown at room temperature.
The MR was measured by using a conven-
tional four-point geometry. The crystallogra-
phic structure of the sample was character-
ized by X-ray diffraction, and the interfacial
atomic structures were evaluated from the
distribution of the hyperfine field associated
with the Co atoms near interfaces. To obtain
the hyperfine field, we have employed NMR
measurements of *Co in zero field at 4.2 K
using a variable frequency spin echo appara-
tus.

Figure 4 shows the variation of the satura-
tion GM and x-ray diffraction intensity of
the (111), (200) and (220) as a function of ¢
re A drastic change in the GM was observed
at the thickness between #r=2.4 and 3.5nm.
In addition, the preferred orientation for the
sample is also transformed suddenly from
(111) to (110) at the critical Fe buffer thick-
ness of 3.0 nm. There exists a strong correla-
tion between the GM values and their tex-
tured structures. Figures. 5(a) and 5(b) are
typical examples of the NMR spectra of the
samples of #,<2.4 nm and #.>3.5 nm, resp-
ectively. It is well known that the tail behind
the main peak is attributed to the Co atoms
near interfaces. Therefore, the sample of #.
<24nm and #r.=3.5nm may have not only
different crystallinity but also a different in-
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Fig. 4 Variation of (a) MR at 300 K and (b) X-
ray diffraction intensity of (111), (200),
and (220) of Cu(2.0nm)/[Co(1.0nm)/Cu
(2.0nm) ]'® with #..
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Fig. 6 Typical examples of ®Co NMR spectra. The
thickness of the Fe buffer layer for the
samples:{a) #.<2.4 nm and (b) #.>35
nm.

terfacial structur.

In conclusion, the MR values can be modi-
fied by controlling the interfacial structures
of the Co/Cu multilayers by the sophisticated
thin film technology. A strong correlation be-
tween the MR values and Co/Cu multilayers
with intentionally modified interfaces was re-
vealed NMR analysis. The GMR films of the
Cu/Cu multilayer will be influential for the
electronic sensor system for the measurement
of angular position or angular velocity of the

crankshaft or

camshaft, of the vehicle

wheels.

Thin film Magneto-Impedance (MI) sensors

A new type of magnetic sensor besed on
MI effect!!®! has been developed to detect low
magnetic filed. Soft amorphous ferromagnetic
wires such as Co-Si-B and Fe-Co-Si-B
ware first examined and recently thin film
type MI sensors became popular. For the pur-
pose of automobile stability control, Ml films
will be effective for low field(<1000e) mag-
netic sensors with high sensitivity. In this sec-
tion, magnetic properties of layered MI films
of the Co-Si-B/Cu/Co-Si-B with magetic
closed —100p will be presented'®,

A schematic drawing of the Co-Si-B/Cu/
Co-Si-B with film is shown in Fig. 6. The
films were prepared on Corning glass 7059
with mechanical masks using an rf-magne-
tron sputtering method, where the target
composition was Co7:51,,B;5. The sputtering
conditions were carefully controlled to make
stresses in Co-Si-B film nearly equal to zero.
In addition, a constant magnetic field of 100
Oe was applied in parallel to film surface dur-
ing deposition so as to generate uniaxial ani-
sotropy in the magnetic layers. As a result,
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the easy axis was set in the transverse direc-
tion of the films.

Typical example of waveforms of the volt-
age V of the MI film was shown in Fig. 7,
where large change in voltage can be seen
between with and without external magnetic
fields. Voltage change ratio 4V/V was calcu-
lated to be 140%. Figure 8 represents the
changes in inductance L and resistance R as

0.5 mm
-1 . Substrate
I~}
I =
‘Generator
(’% Ho mm {Detector
ol
i)
-1 .
Electrode Hgxt {longitudinal)
2 mm Easy axis
tra e
(a) (transverse)
3um COT;S;’::'W Magnetic
layer
2um L .
L ]
D 2 mm
(b)

Fig. 6 Schematic drawing of the layered GMI ele-
ment and measurement system:(a) top
view; {b) cross-sectional view.

CoSiB/Cu/CoSiB
farv = 1 MHz, law = 8.5 MmAmms
[0 <=Hen

Hext = 9 Oe

Fig. 7 Waveforms of the voltage V of the CoSiB/
Cu/CoSiB element at H,,=0 Oe and H..=
3 Qe. The driving current was 8.5 mA and
the frequency was 1 MHz.
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Fig. 8 Dependence of {a) the inductance L and
{b) the resistance R on the external filed
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Fig. 9 Dependencies of the impedance change
ratio on the ac driving freguency for CoSiB
/Cu/CoSiB, FeCoSiB/Cu/FeCoSiB, and
CoSiB films,
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a function of the external field Hext. L and R
show same maximum at 9 Oe of Hext. (=
Hp). As for the content of the

impedance | Z |, the ratio of the reactance
X to the resisntance R are 1:1 and therefore,
large contribution of the resistance R is esti-
mated in thin film MI sensors. In conclusion,
the values of the impedance change ratio 47/
Z are more than 300%/90e at 10MHz and
the sensitivity is 35%/Oe(Figure 9). This
type of high performance magnetic sensor
will be considered for application in various
industrial fields.

CONCLUSION

State of the art of thin film technology in
automobile sensors has been reviewed. It has
become possible to control thin film namos-
trusture by taking thin film and ion-solid in-
teraction process into consideration. Durabili-
ty and reliability of thin film sensors for
practical application to automobiles were par-
ticularly emphasized with sophisticated thin
film preparation techniques. Several exam-
ples were presented to elucidate the relation-
ship between thin film structures and sensor
properties. Finally, further challenges to ap-
plications of thin film technology to the devel-
opment of sensors in automobiles are now in
progress.
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