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I nvention The present invention relates to a force sensing de?i&:q:,EBangzi n
particul ar, though not exclusively to a force sensing device for senstng
an oscillating force or for application as a filter. Background of the

I nventi on Known force sensing apparatus typically use capacitive based

m cro-electro nechanical systens (MEMS), arrangenents to convert detected
mechani cal (for exanple acoustic) vibrations into electrical signals.
These arrangenents detect the change in capacitance between two plates
caused by the mechanical vibrations. However such capacitance devices rely
on electrostatic detection which requires a high DC bias voltage. Al so as
the sensitivity of the sensor depends only on the changes in the
capacitance, it is difficUmprovedsFoncerSensingddevieehi gh sensitivity
devices. Sunmmary of the Invention It is an object of the present invention
to provide an inproved or at |east alternative force sensing device for
sensing an oscillating force or as a filter. In general terns, the

i nvention proposes a force sensing device having a magneto electric

mat eri al andFiegldnfghetnventibenent noveabl e rel ative thereto in response to an
applied force. The magneto electric material is exposed to the magnetic
field of the magnetic el enent which has a nagnetisation direction parall el
t o t he di r ectheopresgnt inventiororelaiesto. a forcesgansingi dexiceyand in partiquiast thaugienet t he

I nvention propRsREydo GRS sSidivd Blicl bt SéhsitdVan Sscfiating force or for application

as afilter.
Background of the Invention

Known force sensing apparatus typically use capacitive based micro-electro
mechanical systems (MEMS) arrangements to convert detected mechanical (for
example acoustic) vibrations into electrical signals. These arrangements detect the
change in capacitance between two plates caused by the mechanical vibrations.
However such capacitance devices rely on electrostatic detection which requires a
high DC bias voltage. Also as the sensitivity of the sensor depends only on the
changes in the capacitance, it is difficult to design and manufacture high sensitivity
devices.

Summary of the Invention

It is an object of the present invention to provide an improved or at least alternative
force sensing device for sensing an oscillating force or as a filter.

In general terms, the invention proposes a force sensing device having a magneto
electric material and a magnetic element moveable relative thereto in response to an
applied force. The magneto electric material is exposed to the magnetic field of the
magnetic element which has a magnetisation direction paraliel to the direction of the
movement.



magneti sed el enent and a magneto electric material being each relatively
noveable wth respect to the other in response to an applied force, the
magneti sed el ement having a magnetisation direction parallel to the
direction of said relative novenent; the device being arranged such that
said material is subject to the magnetic field of said el enent and such
that an electrical property of said materjal which is indicative of said
applied force varies dependent said rel at9 ve novenent. In the context of
this application, the term"nmagneto-electrical material" includes any
material in which an electrical property of the material changes in
response to _changes in a magnetic field to which the material is exposed.
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preferably, the magneti sed nenbe onpri ses nent magnetic fi1lm
formed on a pwigatiysobaiq ?RP"%B%TW a@r@smenq@t ﬁ%!@rﬁ@ﬁfd)le rapamertcal materi al
is also in the formof a thin filmfornmed on the substrate, such as a

magneto resistive alloy film Typically, the permanent magnetic filmmay be
a cobalt al IDbipegronigxt of s %nnlle@tlonsm&ﬁmgﬂasnes@elempel raatet9ls inchidesi@py CoCr
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for sensing aE oscillating force such as a _m crophone o wever
it may al so GB2NGESIN B Hagpptichield o which thesnatadalinexresed. such as accel erati on
or changes in air pressure. In a second aspect the invention proposes a

force sensing, devi rises a magneti sed nenber nounted on a substrate,
a magnet o- el g’& pqa@&l, t‘ﬁﬁt pgngtoeisghiicaly material may comprise a magneto resistive

material, for example an anisotropic magneto resistive material, a giant magneto
resistive (GMR) material or a tunnel magneto resistive (TMR) material. Alternatively,
the magneto-electrical material may comprise a Hall effect material, an inductive
sensor or a magneto impedance sensor.

Preferably, the force sensing device may be a micro-electro mechanical system and
may be formed on a single chip or die formed from a suitable substrate, such as a
silicon wafer. In this case, preferably, the magnetised member comprises a
permanent magnetic film formed on a portion of the substrate and the magneto-
electrical material is also in the form of a thin film formed on the substrate, such as a
magneto resistive alloy film. Typically, the permanent magnetic film may be a cobalt
alloy or an iron alloy. Examples of suitable alloys include CoCr, CoPt, CoCrPt,
CoCrTa and y-Fe,0s.

Typically, the force sensing device is for sensing an oscillating force such as a
microphone or filter. However, it may also be used to sense non-oscillating forces,
such as acceleration or changes in air pressure.

In a second aspect the invention proposes a force sensing device comprises a
magnetised member mounted on a substrate, a magneto-electrical material mounted



R -- 3 on the substrate such that the
magnet o-el ectrical material is subjected to the magnetic field generated
by the nagneti sed nenber, a novabl e nenber nmounted for novenent in
response to an applied force, novenent of the novable nenber causing a
change in the magnetic field experienced by the magneto-el ectri cal
material, and an el ectrical property of the magneto-electrical nmaterial
changing in response to changes in the ﬁhgnetic field experienced by the
magnet o-el ectrical nmaterial due to novenent of the novabl e nenber; wherein
t he magneti sed nenber conprises a hard magnetic thin filmthat is

magneti sed perpendicularly to the surface of the filmsuch that the
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figure 5b shows responsSe curve o sensor;

Preferably the magnetic easy axis of the magneto-electrical material is perpendicular
to the direction of the magnetic field generated by the magnetised member.

Brief Description of the Drawings

The present invention is described with reference to the following drawings,
by way of example only and without intending to be limiting, in which:

Figure 1 is a plan view of a force sensing device including a cantilever;

Figure 2 is a side view of the device shown in figure 1;

Figures 3a and 3b show respectively a force sensing device having longitudinal hard
magnetic film and a graph of its output voltage as a function of the movement of the
film past a magneto-electrical material sensor;

Figures 4a and 4b show respectively a force sensing device having perpendicular
hard magnetic film and a graph of its output voltage as a function of the movement of

the film past a magneto-electrical material sensor;

Figure 5a shows a sensor structure, and figure 5b shows a response curve of this
sensor,;



4 Figures 6a, 6b, and 6¢c show three types of magneto-electrical sensor;
Figure 7a and 7b show respectively a plan and section view of a force
sensing device according to the invention; Figure 8a, 8b, and 8c show t he
effect of novenent of the magnetic filmon the nmagnetic field felt by the
sensor; Figure 9 is a perspective view of a magnetic MEMS filter
incorporating differential detection; E%gure 10 is a section view of the
filter simlar to that of figure 9 but ihcorporating a CPP GWR sensor;
Figures 11 and 12 show how the differential detection nethod operates;
Figure 13 shows sinulation results conparing sensor output with and w thout
differential detection; Figures 14, 15, 16-1 and 16-2 show a fabrication
met hod for producing the high frequency filter of figure 9 using different

Sensor -t YDesiqloed B il ahF BE Ehal ire pBMlbrRadneAidicduitliinga Of Ce sensing

device in whi ch changi ng magnetic frelds coOrresponding to nechani cal
vibration are detected. It has been found that this nethod of detecting

mechani cal r@t7h%d'7% SFBiGesieRiidly ¥ Blahlkma s@&ﬁ&fwéwt:fmwééqsmgtdémel ng
capacitive devices. The device 1 includes a support portion 2 that

supports a caeseidingtethelinMemieer 3. The support portion 2 is mounted on a
base 4 that al so has a sensor support 5 nounted on the base. The

cantil evered nenber 3 has a hard (or pernmanent) 5 nmagnetic film®6 fornmed
on its surf ddgureThae 8beabgr8csahgysthe sffqeﬁasofamwﬁmprﬁ.qfrihefm%gneﬁag‘!rem the

resi stive mahggreht el by MeGeh¥s; contact el ectrodes 12 formed on the top
surface of the sensor support 5 and connected to the MRthin film 7 which

i s adj acent
Figure 9 is a perspective view of a magnetic MEMS filter incorporating differential

detection;

Figure 10 is a section view of the filter similar to that of figure 9 but incorporating a
CPP GMR sensor,

Figures 11 and 12 show how the differential detection method operates;

Figure 13 shows simulation results comparing sensor output with and without
differential detection;

Figures 14, 15, 16-1 and 16-2 show a fabrication method for producing the high
frequency filter of figure 9 using different sensor types.

Detailed Description

Figures 1 and 2 show a force sensing device in which changing magnetic fields
corresponding to mechanical vibration are detected. It has been found that this
method of detecting mechanical vibration is more sensitive than prior art methods
utilising capacitive MEMS devices.

The device 1 includes a support portion 2 that supports a cantilevered member 3.
The support portion 2 is mounted on a base 4 that also has a sensor support 5
mounted on the base. The cantilevered member 3 has a hard (or permanent)



to but separated fromthe magnetic thin film6. O her nagneto el ectrical
material could alternatively be used for exanple a Hall elenent or an M
(Magneto | nductance) elenent. Wien the cantil evered nenber 3 noves in
either of the directions indicated by arrow 8, the magnetic field
experienced by the MRthin film7 changes which produces a change in the
resistivity of the MR thin film7. Thi sgbchange in resistivity can be
detected by a change in a bias current i njected through the film7 via
el ectrodes 12. The change in resistivity (and therefore in neasured

vol tage across the MR thin film 7) corresponds to the novenent of the
cantil evered nenber 3 and so the device 1 generates an electrical output
i n response nagnetie filre hipmedionnits, syriace. dhe tseasornauppert Bhase thimfilsy ef ahe
sensitivity | he
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| ongi tudi nal nagnetisation, that is the magnetic fields Mare aligned
along the length of the har d magnetic film6 as shown. The direction of
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sensor 7. 6 THeéhdngaidresistvilE@RY tRdetoR) ndAEastfddPVditabt AcRBE I MR thin film
dependent on_the di stance
7) corresponds to the movement of the cantilevered member 3 and so the device 1
generates an electrical output in response to the mechanical movement of the

member 3.

To improve the sensitivity of the device 1, a hard magnetic fiim 206 is applied to the
cantilever member 3 in which the direction of magnetisation is perpendicular to the
length of the thin film 206 and hence parallel to the direction of vibration (8). A
comparison of the sensitivity of a device 1 using longitudinal hard magnetic film 6 and
a device 201 using perpendicular hard magnetic film 206 are shown in figures 3 and
4 respectively.

In device 1 of figure 33, the hard magnetic film 6 has a longitudinal magnetisation,
that is the magnetic fields M are aligned along the length of the hard magnetic film 6
as shown. The direction of vibration is transverse or perpendicular to the length of the
film 6 and hence the direction of the magnetic field M. As the film 6 is moved
transversely with respect to the sensor 7, the resistivity of the sensor 7 changes
proportional to this movement. The change in the sensor resistance and hence the
movement of the hard film 6 can be detected by injecting a bias current 9 through the
sensor 7 and determining the voltage across the sensor 7.



noved by the hard magnetic film6 fromits centre position (y=0), and is
shown in the graph of figure 3b. Looking at the result for a nmagnetic thin
filmthickness (tm) of 200nm it can be seen that the output voltage
varies from approxi mately 50nV at zero displacenent (y=0), to a m ni mum of
OV for a 2um di spl acenent (y=2um or y=- 2un) of the hard magnetic film®6
fromeither side of the zero displacenent  line (y=0). The naxi mum change
in output voltage therefore is 50nV for hi s device 1. Figure 4a shows a
device 201 simlar to that of figure 3 except that the hard magnetic film
206 has a perpendicul ar magnetisation, that is the magnetic fields Mare

al i gned pergpndicular to the Iength of the hard magnetic film 206. The
direction of Theishangein measurediyritage acrass thee sgnsedi7osidependent be thedigtancef t he |
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hard fil m 20dhemmemyrg change i optput voliege therefpre iaS@mVsfosthisdevios t.he graph of
figure 4b. Looking at the result for a magnetic thin filmthickness (tn) of

200nm it can be seen that the output voltage varies from approxi mtely OV
at zero di sigsef@rhowsadyvice 20%hsimilan tordinatof figure 3raxceptrthat the band magnetic
di spl acenent 5 pCogfid g iRhedhe
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therefore is 80nV for this device 201. "The unexpecte | arge 1’ ncreased
out put vol t agéestigngef Bwanetisation of the tmagnefie rflms2e6. sAndhe ifilm t3060#s meved
device 201 erapBaradly with FesbBat tdBYd Shsdr 507, tedidsRtVIG: of the sensor 207 changes
proportionally with this movement. The change in the sensor resistance and hence
the movement of the hard film 206 is detected in the same way as the device 1 of
figure 3a; by injecting a current through the sensor 207 and determining the voltage

across the sensor 207.

The change in measured voltage across the sensor 207 is dependent on the distance
moved by the hard film 206 from its centre position (y=0), and is shown in the graph
of figure 4b. Looking at the result for a magnetic thin film thickness (tm) of 200nm, it
can be seen that the output voltage varies from approximately OV at zero
displacement (y=0), to a maximum of +41mV for a 0.5um displacement (y=0.5um) of
the hard magnetic film 206 on one side of the zero displacement line (y=0), and a
maximum of —41mV for a 0.5um displacement (y= -0.5um) of the hard magnetic film
206 on the other side of the zero displacement line (y=0). The maximum change in
output voltage therefore is 80mV for this device 201. The unexpectedly large
increased output voltage range contributes to the increased sensitivity of this device
201 compared with the device 1 of figure 3a.

It should be noted that the maximum voltage outputs of the device 201 of figure 4 are
for displacements of 0.5um compared with the 2um displacements required for the



It should be noted that the nmaxi mum vol tage out puts of the device 201 of
figure 4 are for displacenents of 0.5um conpared with the 2um

di spl acenents required for the 7 device 1 of figure 3. By direct
conparison, the output voltage change of the device 1 of figure 3 at 0.5um
is only 21 mV, or only a quarter that of the device 201 of figure 4. It
shoul d al so be noted that the direction Pf di spl acenent of the film206 is
nore readily discernible with the device 201 of figure 4a as this

determ nes the sense or polarity of the voltage detected. For exanple as
shown in figure 4b a positive y displacement gives a negative output

vol tage whereas a negative y displacenent gives a positive voltage output.
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direction of drsplacement, the film 67is'located wth an initial offset so
that at rest it is already displaced "below" the sensor 7. Looking at
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reduci ng t hereé@WsCI“qu\W'P'? vuth thﬁ@eum |2@é of figurecta ?%15'1'3 d?‘l‘?é""ﬁé? e gensgl Ar
magnetic fil garidP @ te ba&geeaétiae@%r%xaiﬂ;ﬁw B8 dhRwhaii Rfurd AB34 PRsiite yeSt

adj acent the sensor maxIl mum advant age of s hi gh sensitivity
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typically or%,\yesaaf,ggm,g%“ @gutcan be seen from figure 4b this
corresponds to the steepest part of the graph, and hence the nost

sensitive range of the device 201. By using perpendicul ar nagnetic
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parallel to the direction of vibration, the sensitivity of device 201

can be i ncr clmsstionsislisniacement. jn order to determine theshrection ‘?f&'ﬁ?k?é’&mﬁﬁ% theelince s

sensitivity é@ Mehedivifnah iy QFS&t so Hat 'a§ réstiit 18! dievay @fsﬁ%e&laﬁélo@ Rt ween
the magnetic film 206 and_the neto electric material sensor 207 WhICh

are easier t$nspiabrliogking abfigyraght %@ dexige maightdave ﬁé&ﬁé?calt'S”&t ¥daten, and
in use operates about this part of the graph. However this has the disadvantage of

reducing the sensitivity of the device. By contrast, the perpendicular magnetic film
206 of the device 201 of figure 4a can be located at rest adjacent the sensor 207 to
take maximum advantage of its high sensitivity close to the Oum displacement region.
In use, the vibration amplitude is typically only a few nm, and as can be seen from
figure 4b this corresponds to the steepest part of the graph, and hence the most
sensitive range of the device 201.

By using perpendicular magnetic permeability to produce magnetic field lines M
which are substantially parallel to the direction of vibration, the sensitivity of the
device 201 can be increased significantly. This can be used to increase the device's
sensitivity to vibrational movement, or it can allow larger gaps G between the
magnetic film 206 and the magneto electric material sensor 207 which are easier to
fabricate making the device 201 cheaper to produce.

Magnetic materials with perpendicular magnetic permeability 206 suitable for use in
this embodiment include: Co/Pd multiplayer as described in Journal of Magnetic
Society of Japan, Vol.25, No.4-2, pp535-538, 2001; and CoCrTa as described in
Journal of Magnetic Society of Japan, Vol.25, No.4-2, pp539-542, 2001.



" Magnetic materials with perpendicul ar magnetic perneability 206 suitable
for use in this enbodinent include: Co/Pd multiplayer as described in
Journal of Magnetic Society of Japan, Vol.25, No.4-2, pp535-538, 2001; and
CoCrTa as described in Journal of Mgnetic Society of Japan, Vol. 25,

No. 4-2, pp539-542, 2001. 8 Co, Fe and NI are typical ferromagnetic
materials. To obtain |ongitudinal or épendi cul ar magnetic
characteristics, a conbination of these Perronmagnetic materials and ot her
material s, together appropriate seed | ayer and deposition. For exanple,
Cr1 CoCrPt (where Cr is underneath) gives a longitudinal film and

Ti /CoCrNb gives a perpendicular film Theoretically these are subject to
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antlferromag %bﬁ Hclél m (eg PtWh) is properly deposited next to

ferromagnetic gCo), so called exchange coupling occurs. As a
consequence Kumzmg%etpqaendmulqummtleﬂnbf the ferromagnetic filmis

al i gned and g, sl ef?ﬁ?lﬁld‘r%{@ggﬁéikq{rﬂal magnetic filed is applied. The

coupl ed ferronagnetic as the pinned layer in GWR/ TMR stacks,
and conpr i seWhereléy isrthe Lniaxial anisaleplneorstant anddvieisi setysatinpanagnetisaionexanpl e
PtMh. In antiferromagnetic materials the magnetic nonents of adjacent atons
point in different directions and thus there iS no net macroscopic

magnet i ¢ nonEigure §a shews aynagnate resistance MR seasar 20 compriging magagta @tactricahe
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di rection shown as I's set at
207p, a spaced Iayer 207s and a free layer 207f. The exchange layer 207e is for
making an exchange coupling with the pinned layer. When an antiferromagnetic film
(eg PiMn) is properly deposited next to ferromagnetic film (e gCo), so called
exchange coupling occurs. As a consequence the magnetisation direction of the
ferromagnetic film is aligned and fixed unless a large external magnetic filed is
applied. The coupled ferromagnetic film is known as the pinned layer in GMR/TMR
stacks, and comprises a material having an antiferromagnetic property, for example
PtMn. In antiferromagnetic materials the magnetic moments of adjacent atoms point
in different directions and thus there is no net macroscopic magnetic moment in the
material. The pinned layer 207p is adjacent the exchange layer 207e and has a
predetermined and fixed magnetisation direction shown as Mag7p, which is set at the
time of fabrication. The pinned layer is made of magnetic material, for example Co.
The spaced layer 207s is adjacent the pinned layer 207p such that the pinned layer
207p is sandwiched between the exchange layer 207e and the spaced layer 207s.
The spaced layer 207s provides a short circuit between the pinned layer 207p and
the free layer 207f for electrons flowing between the electrodes 212 of the sensor
207. The spaced layer is made of a non-magnetic conductive material, for example
Cu, AlOs. A spaced layer is employed as otherwise the magnetic moments of the
free layer could not rotate freely due to the strong magnetic coupling of the pinned
layer. The cause of resistance between electrodes for spin value or TMR is simply
that the resistance is proportional to the scattering of electrons which pass through a



time of fabrication. The pinned |ayer is nade of magnetic material, for
exanpl e Co. The spaced |ayer 207s is adjacent the pinned |ayer 207p such
that the pinned | ayer 207p is sandw ched between the exchange | ayer 207e
and the spaced | ayer 207s. The spaced | ayer 207s provides a short circuit
bet ween the pinned |ayer 207p and the free layer 207f for electrons

fl owi ng between the el ectrodes 212 of thge sensor 207. The spaced |ayer is
made of a non-magnetic conductive material, for exanple Cu, A1203. A
spaced | ayer is enployed as otherw se the nmagnetic nonents of the free

| ayer could not rotate freely due to the strong naegnetic coupling of the
pinned layer. The cause of resistance between electrodes for spin value or
TMR i s si nplspacembetwesr the pinedrang free pavesor theofrae 1ayert2{¥T d¢ adiasentnieof
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i s dependent an externa magnhetic field The free ["ayer 207f
is made of asmglﬁ@fa@awemwenat dﬂr@samqm&@ The resistance of the
magneto resistive sensor 207 is dependent on the nmgnetisation angle

bet ween the nmagnetisation direction of the pinned | ayer 207p and the
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Figure 6a-c show three different types of magneto resistive sensors 207. Figure 6a
shows a CIP (current in the plane) GMR (Giant magneto resistive) sensor, in which
bias current runs through and across all the four layers 207e, 207p, 207s, 207f.
Figure 6b shows a CPP (current perpendicular to the plane) GMR sensor, in which
bias current runs through in a perpendicular direction all four layers of the sensor.
Figure 6c shows a TMR sensor, in which bias current runs through all four layers.

The principle of operation of CPP GMR is the same as CIP. The difference is the
current direction for biasing. The operation principle of TMR is different from GPP
GMR. TMR is composed of ferromagnetic materialfinsulating barrier (not
metal)/ferromagnetic material. If the barrier is very thin (usually <2nm), electrons can
tunnel through the barrier from one ferromagnetic material to another, or vice versa.
More detailed information on these sensor types is readily available to those skilled in
the art.

Referring to figures 7a and 7b, the sensor 207 is mounted on the sensor support 205
such that the free layer 207f is adjacent the support 205, with the exchange layer
207e at the top of the stack. The direction of magnetisation of the pinned layer 207p
is shown as My, The stack (207e, 207p, 207s, 207f) is located close to the



bias current runs through in a perpendicular direction all four |ayers of
the sensor. Figure 6¢c shows a TMR sensor, in which bias current runs
through all four layers. The principle of operation of CPP GVR is the sane
as CIP. The difference is the current direction for biasing. The operation
principle of TMRis different fromGP GW TMR is conposed of
ferromagnetic material/insulating barriegr, (not netal)/ferronmagnetic
material. If the barrier is very thin (usually <2nm, electrons can tunnel
t hrough the barrier fromone ferromagnetic material to another, or vice
versa. Mre detailed information on these sensor types is readily
available to those skilled in the art. Referring to figures 7a and 7b, the
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| ayer 207f of the sensor 207. It can be seen that the direction of the
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opposi te di r With | @ ndqwnwasds cﬁ'?@%ﬁeﬂ'@fﬁ‘t fhenﬁ’{jﬁ@tqnsﬁ |"6?9“et'° field M becomes
increasingly parallel but in the opposite direction to the direction of magnetisation

Mzo7, of the pinned layer 207p. This corresponds to the maximum resistance of the
sensor 207.

The device 201 with perpendicular magnetic film 206 may be implemented as a
microphone, converting acoustic vibration into electrical signals. 1t may also be
implemented as a filter as shown in figure 9. The filter 290 has a frequency response
which includes a resonant frequency band, over which the device may be used as a
filter. The resonant frequency band will depend on the mechanical design of the
resonator 290. '

The filter 290 uses a hard perpendicular magnetic film 297 on a central moveable
member 295, to which is applied an input signal 242. When the frequency of the input
signal is around the resonant frequency of device 295, vibration of the hard magnetic
film 206 occurs. Next to the magnetic film 297 on fixed supports 291 and 292, are
mounted a pair of CIP GMR sensors 293 on either side of the film 297. Other sensor
types could alternatively be used. The output voltage across the electrodes 294 of
each sensor will vary proportionally to the perpendicular or vertical displacement of
the hard magnetic film 297.



M2O7P of the pinned |ayer 207p. This corresponds to the maxi mum resistance
of the sensor 207. The device 201 with perpendi cul ar magnetic film 206 may
be inplenmented as a m crophone, converting acoustic vibration into
el ectrical signals. It nmay also be inplenented as a filter as shown in
figure 9. The filter 290 has a frequency response which includes a
resonant frequency band, over which the gevice may be used as a filter.
The resonant frequency band w || depend1 n the mechani cal design of the
resonator 290. The filter 290 uses a hard perpendicul ar magnetic film 297
on a central noveable nmenber 295, to which is applied an input signal 242.
When the frequency of the input signal is around the resonant frequency of
devi ce 295, T4 incegasethesignaktomneise eee reé the output Af thesdeyiceu?e0. andifferantiak he
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romthe eVégcge Thus the signal-to-noise ratio of the device 290 is greatly enhanced.

Figure 10 shows a section view of a filter device 290’ similar to that of figure 9, but in
which TMR sensors 93 are used. Generally the resistivity ratio of these devices is
higher than GMR devices.

Figures 11 and 12 illustrate the differential detection methods principle of operation.
The two sensors 293x and 293y have pinned layers 293p with the same direction of
magnetisation. It can be seen that the magnetic field M of the magnetic thin film 297
is only perpendicular to the sensors 293 when the thin film 297 is not displaced
vertically (y=0). As the thin film 297 is displaced vertically, it can be seen that the
magnetic field M from the thin film 297 varies in different ways for the two sensors
293x and 293y. As the magnetic thin film 297 is displaced downwardly as shown in
figure 11, the magnetic field M at both sensors angles inward towards the thin film
297. As the free layer of the sensor has a high permeability in the plane, it feels the
horizontal component of the magnetic filed M from the hard magnetic film. However
as the two sensors 293x and 293y are located on either side of the thin film 297, the
horizontal components of the magnetic fields detected Magsx and Mgy respectively
have opposite directions and therefore result in the sensors having different
resistivities.



290 is also reduced due to cancelling of noise comon to both sensors 293x
and 293y due to the differential conbination of the sensor signals by
differential anplifier 299. Thus the signal-to-noise ratio of the device
290 is greatly enhanced. Figure 10 shows a section view of a filter device
290" simlar to that of figure 9, but in which TMR sensors 93 are used.
Cenerally the resistivity ratio of these,devices is higher than GWR
devices. Figures 11 and 12 illustrate th¥ differential detection methods
principle of operation. The two sensors 293x and 293y have pinned | ayers
293p with the sane direction of magnetisation. It can be seen that the
magnetic field Mof the magnetic thin film297 is only (Perpendlcular to
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to be enpl oyéﬁd a photoresist layer is coated and lithographically patterned In step d), for a fine
pattern for the GMR sensor, dry etching is executed. In step e), hard magnetic film is
deposited and the photoresist is lited off. Step f) makes the shape of the hard
magnetic film in the plane, the redundant portion is etched by dry etching. In step g),
to make electrodes for the GMR sensor, material for the electrodes (eg Ti, Cr, Al, Cu)
is deposited and then etched after making the preferred pattern. In step h), in order to
make two gaps between the resonator and sensors, photoresist is coated and a
protective mask against etching is formed. In step i), dry etching is executed to
remove the photoresist.

Figure 15 shows a fabrication process for a CPP GMR sensor. Step a) shows the
resonator base fabrication which utilises a deposition method such as sputtering and
a subsequent etching method such as plasma etching. In step b), the TMR or GMR
stack is deposited by sputtering and photoresist is coated and lithographically
patterned. Dry etching is then executed. In step ¢), hard magnetic film is deposited
and the photoresist lifted off. Step d) makes the shape of the hard magnetic film in
the plane, the redundant portion being etched by dry etching. In step e), the
insulation material such as SiO2 for isolating the electrodes of TMR or GMR from the
resonator base is deposited. Then dry etching is executed after making the pattern
by a photo-lithography process. In step f), the electrodes for the GMR sensor are
made using for example Ti, Cr, Al, Cu material which is deposited and then etched



Figure 14 shows a fabrication process for a CIP GWR sensor. Step a) shows
the resonator base fabrication which utilises a deposition nethod such as
sputtering and a subsequent etching nmethod such as plasna etching. In step
b), an insulating filmis deposited to insulate the resonator base from
the GWR sensor. Step c) is GWR film deposition and sensor pattern form.ng.
The GWR stack is deposited by sputterinq and a photoresist |layer is coated
and lithographically patterned. In step 3) for a fine pattern for the GWR
sensor, dry etching is executed. In step e), hard magnetic filmis
deposited and the photoresist is lifted off. Step f) makes the shape of the
hard nagnetic filmin the plane, the redundant portion is etched by dry
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remove the photoresist. gure 15 shows a fabrication process for a CPP GWR
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The invention has been described with reference to a preferred embodiment thereof.
Alterations and modifications as would be obvious to those skilled in the art are
intended to be incorporated within the scope hereof.



sensors are nade, photoresist is coated and a protective mask agai nst
etching is fornmed. Finally in step h), dry etching is executed and the
photoresi st removed. Figures 16 - | and 16 - 2 show.a fabrication process
for a TMR sensor in which a) show the cross section of the resonat or “base.
In step b), the insulator Si02 is etched away to esumm W

structure for the resonator. In step c) qu hard mag ﬁ lt" m Tﬂr
deposited and photoresist is coated and t hogr aphi cally patLten ne

shows the MR stack being added and step e) shows the lift-off process.

step f), a photoresist mask is formed and in step g) dry etching is
executed to separate the hard magnetic filmand sensors. In this process,
hard magnetic filmwith Cr for the seed |layer is deposited before GWR
deposi tion. ﬁm r it can be done vice versa, as also for figures 13 (c,
d, e) and 14 The invention has been described with reference to a
preferred enbodi nent thereof. Alterations and nodifications as woul d be
obvi ous to those | L : | thin
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wherein the nmagneti sed ment conpri sed hin magnetic filmhaving a
magneti sation direction perpendicular to the pl ane of said film
2. A force sensing device as claimed in claim 1 wherein the magnetised element

comprised a thin magnetic film having a magnetisation direction perpendicular to the
plane of said film.

3. A force sensing device as claimed in claim 1 or 2 wherein the magnetic easy
axis of the magneto electric material is perpendicular to said magnetisation direction.

4, A force sensing device as claimed in any preceding claim wherein the
magneto electric material is in the form of a sensor selected from one of the following
types: CIP GMR; CPP GMR; TMR.

5. A force sensing device as claimed in any preceding claim wherein two
magneto electric materials are mounted in different location with respect to said
element such that said relative movement causes different variations in the electrical
property of each said material; and wherein the applied force is determined from the
difference between the variations in said electrical properties.

8. A force sensing device as claimed in any preceding claim wherein the
material and the element are mounted on a substrate, the element being formed on a
moveable member, the element and material being located adjacent each other at
rest.



3. Aforce sensing device as clainmed in claim1l or 2 wherein the magnetic
easy axis of the nmagneto electric material is perpendicular to said
magnetisation direction. 4. A force sensing devicce as clai med in any
precedi ng clai mwherein the nmagneto electric mat ormof a
sensor selected fromone of the follow ng types: D ﬂ J’ ; TVMR 5.
A force sensing device as clained in any recedin al m wher ¢l n*t wo
magneto el ectric materials are nounted i d| fferent |ocation with respect
to said elenent such that said relative novenent causes different
variations in the electrical property of each said material; and wherein
the applied force is determned fromthe difference between the variations
in said el ect/ri caP foragpesnsingsdevice as tlgimed ine¢lairm§ whan dependent en glimisy any
preceding cl Wh@éM‘ﬁ'{eQMb 418 mé?@ﬁéﬂ gﬁe' mid0Akeli Y W@Eld@g of nltng é?i@e@
substrate, the el enent being fornmed on a noveable enent and
materi al bei MPvPARIaMEMkEdj acent each other at rest. 15 ~ ~ M S 7 A force
sensing device as clainmed in claim®6 when dependent on claim5, wherein
the two said materials are nounted on opposite sides of said nmagnetised
noveabl e menfSer. & fopcersansing slevise @ crived in elging B ayhesein the moweahle membesi n
the noveabl e cHRBhsEs a EMRVERBMMémBENt | | evered menmber. 9. A frequency filter
conprising a device according to any preceding claim wherein the novable
menber has a resonant frequency. 10. A mcrophone conprising a device

accordi ng togany @Anfedieney 3iltsp combfisify a device according to any preceding claim,
wherein the movable member has a resonant frequency.

10. A microphone comprising a device according to any one of claims 1 to 8.



