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Force Sensing Device Field of the Invention The present invention rel ates
to a force sensing device, and in particular, though not exchAuGi28ly to a
force sensing device for sensing an oscillating force or for application
as a filter. Background of the Invention Known force sensing apparatus

typically use capacitive based mcro-electro mnmechanical s “\‘ﬂmm“
arrangenents to convert detected mechani dal (for exanple ﬁm\mm
vibrations into electrical signals. These arrangenents detect t.hgChange
I n capaci tance between two pl ates caused by the nechani cal 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 changhnproved ForceiSemsingiDevicali fficult to design
and manufacture high sensitivity devices. Sunmary 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 ternms, the invention proposes a force sensing device
havi ng a maghieldof thedoventiomat eri al and a nmagnetic el enent noveabl e
relative thereto in response to an applied force. The nmagneto el ectric
material is exposed to the magnetic field of the mnagnetic el enent which
has a magnet Thapiesantdnvention oelaieantall fedcetsensihg device cdndan paftictilag theugheisent .

~ ~—~HITKENLTINLTINLTIENL ] e e ~ % ~%*
H~~H 1M I Ie)yc!ldsliv\éw tlo\élI #ol'ce sensfnlg device ?(glrnsensiﬁg éH%ch:lﬁgt%g force or for appiication
as a filter.

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 parallel to the direction of the
movement.
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+ 2 Specifically, in a first aspect the invention proposes a force sensing
device having a magnetised elenment and a nmagneto electric material being
each relatively noveable wth respect to the other in res_ponsl.e_Atlﬁ Eﬂﬁ
applied force, the magnetised el ement having a magnetisation direction
parallel to the direction of said relative noverent; the device being _
arranged such that said material is subject to the nagnetic field of said
el enent and such that an electrical prope&ty of said materi al which is
indicative of said applied force varies dependent said relative nmovenent.
In the context of this application, the term"magneto-electrical material”
includes any material in which an electrical property of the material
changes in rEpgnifinady.tio a firblarspest tha inventigmetdposds & fiatcé eending tevidtehamtesi al

mgner o resi epuaised elemét anBBAREL S SRl i 8leridefi on TR HERTD MQUERRE v
material, a yitmnespeayteethe othersinsespansé GyR)n amihedifaﬂcepfhei'amﬁ%tﬁ?ggcli Mﬁ@ﬁmt i ?al
st stive, (TRl Sh HFLABY L o A SRS B S Sl

i npedance sensor . therdsvisedising atrérgetauch tls&trwlmgac&ral ieesubfRYt fetha magnetnc _
formad from TS 888 G8ineR S BUATfhat BRIEGHCE drest ekl Moleiial Whlendase ©
preferably, mH@ahmgwf@taidsmhedafdnm variesgiepesdent saif e¢latieanbvensghiet ic film

formed on a portion of the substrate and the magneto- electrical materi al
is also inthe formof a thin filmformed on the substrate, such as a

magnet o resi Btthe eontekbyf this| applld'a;tlpn,cﬂmbltgrm tﬁ\&grmtds gleogioal matgnalt intludek mnyay be

obalt al 0 sui.ta a Io s include CoCr,
Copt, ooy pr MReBLI IS B Nk Sea FRNTD P RiotoH cBeferimseterieao: <
for sensing ehangssmaataungudfmid:mwhmhtheanatenm@émmbeme 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 sensi ngrefiwrablye oo pagrets-ekectrical 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



- magneti sed menber nmounted on a substrate, a magneto-electrical materi al
nmount ed AUG 2006 3 on the substrate such that the magnet o-eJ.gcAer b
material is subjected to the magnetic field generated by thHe magnetrTsed
menber, a novabl e nenber nmounted for novenent in response to an applied
force, novement of the novable nenber causing a change in the magnetic
field experienced by the magneto-electrical material, and an el ectri cal
property of the nagneto-electrical mat er il changing in response to
changes in the magnetic field experienced by the nagneto-el ectrical
material due to novenent of the novabl e nenber; wherein the magneti sed
nmenber conprises a hard nmagnetic thin filmthat is nmagnetised
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magnet o- el ectrrcal nmateria nsor structure, and
figure 5b shows a response curve of this 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 AUG 2006 ..4 Figures 6a, 6b, and 6¢c show three types of
magnet o-el ectrical sensor; Figure 7a and 7b show respectyi)r/e;{lm ?ﬂﬂ@l an and
section view of a force sensing device according to the rfnvention; Figure
8a, 8b, and 8c show the effect of novenment of the magnetic filmon the
magnetic field felt by the sensor; Figure 9 is a perspective view of a
magnetic MEMS filter incorporating difsferential detection; Figure 10 is a
section view of the filter simlar to that of figure 9 but incorporating a
CPP GWR sensor; Figures 11 and 12 show how the differential detection

met hod operates; Figure 13 shows sinulation results conparing sensor output
wth and without differential detection; Figures 14, 15, 16-1 and 16-2
show a fabrication nethod for producing the high frequency filter of -
figure 9 biguras G, Bbeansific shomstbree typessof riegnetd-elgclbiesicseinpoi on Figures 1 and 2
show a force sensing device in which changi ng magnetic fields

correspondi ng to nechanical vibration are detected. It has been found that
this. et higireTa ded &b show respehtivelycaplaniand sectiom visw wba dorse Rending/gevidean pri or

art metho "R citive MEMS devices. The device 1 includes a
support pgg?qr@hb%&ﬁﬁg’g’e&ggﬁorts a cantilevered nenber 3. The support

portion 2 is nounted on a base 4 that also has a sensor support 5 nounted

on the ba Nt | er.e 3 r Qr_permanent) 4 AUG 2008
5 magnet i g?q‘%r%-h%}}%G%ﬁ btra}r‘r%‘s?\éo%hogf gﬁegg&%%cog%%%n%ﬁn@oﬁ‘esﬂgﬂ%ﬁq‘?r@mhg ﬂée thin
filmof amagughefield fakhysthewensat erial (MR) 7 and two contact el ectrodes 12
formed on the top

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)



+ surface of the sensor support 5 and connected to the MRthin film7 which
Is adjacent to but separated fromthe nagnetic thin film®6. O her magneto
electrical material could alternatively be used for exanpl e a4HdlG 2086 enent
or an M (Magneto Inductance) elenment. Wien the cantilevered nenber 3
noves in either of the directions indicated by arrow 8, the magnetic field
experienced by the MR thin film7 changes which produces a change in the
resistivity of the MRthin film7. This_change in resistivity can be
detected by a change in a bias current 9 injected 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 novement of the
cantil evered nmenber 3 and so the device 1 generates an electrical output
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respectivel ' ' of figure 3a, the hard nagnetic film6’_has a
| ongi t udi nall dur?g%r?gﬁglbg\%f%n, that is the magnetic fields Mare aligned
along the length of the hard magnetic film6 as shown. The direction of

vibration i sver r, perpendi cul ar to t | ength of th film6 and
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bi as cur r erdetertecibya ghandesin astsias current angected ¢hrough the filrh§ wokleagsdeacr2oss t he
sensor 7. AHI% 31%9& in6resistivity (and therefore in measured voltage across the MR thin film

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 film 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 fiim 6 and
a device 201 using perpendicular hard magnetic film 206 are shown in figures 3 and
4 respectively.

in device 1 of figure 3a, the hard magnetic film 6 has a Iongitudinal 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.



- The. change i.n nmeasured voltage across the sensor 7 is dependent on the

di stance noved by the hard nmagnetic filme6 fromits centre p05|t|on (y=0,
and is shown in the graph of figure 3b. Looking at the resui4 AUSr2086
magnetic thin filmthickness (tm of 200nm it can be seen that the output
vol tage varies from approximately 50nV at zero displacenent (y=0, to a
mni mumof OV for a 2umdispl acement (yg2umor y=- 2um) of the hard
magnetic filme6 fromeither side of the zero displacenent Iine (y=0. The
nmaxi mum change in output voltage therefore is 50nV for this device 1.

Fi gure 4a shows a device 201 simlar to that of figure 3 except that the

t ti IS the
magnet o1 1E GheRpE e MEarla g GRS EIe e NertBor &, S RTHETY o her eSnes o
magnet i ¢ fimaved®g.tha herddnagnﬁtlcdifm 6ffron its abmtoenpositiont (ya0)S wed &esHYwn in the

I { I 206 and hence toth
BT bt on- STaRL e BB o 0% tesl 50 % AReReSEdn R ickfess mbet i <
nmoved traR80mems iloanwbe heeretmmtl'ne botpuheolmesmleﬁﬁrhm tapprokiestslly | 50mM\Y at)f 1 he

ene The ch e in the
Soncor a2 EGRErRE RO B hinimlil & 0V I AR AePlacemeR: SO @rdBt ect ed
in the sam@umayofdise bérd ndagrietie filn eﬂ‘ronfelgwreld3m‘ftHEYZQrdSIJdlsﬁiabémteﬁt Ier (2mt 07
h th he SRSEY m r oss e sensor
Erﬂreogﬁan;eq-lg rreasld'r%ed v@‘?n E&QCYP ?86%16&%;6?%&@ dg¥iseAdent on the

di stance noved by the hard f|Im206 fromlts centre pos:ctlon (y= O)t anflhls

hown in t figure.4b. .Lookjn t the result for a magnetic I n
i m e hi kil 7R dpoB} asistih 2of SimisEfe P affiants Rarcamenas tparc venate
vari es froffira 206 tes medeepgndidvlarimapietisatidbng thad et Magn¥ficdields Mt &e%?én;wrznogf on
+41 nV for cene netic f]
one side of %{;%n%%glagbdﬁgg %R@Wésﬁar%@agb%f"m% Eﬁe% rﬂ yiorationds/ for a
0. 5um di sp|traoemse of perpeadfaum t@thet laagihasftheemm etosCarid h%ﬂ;ﬁZG affdl t% Ef‘e 8: her
side of th ac | maxi mum c
vol t age th(;%rré?tbo e fﬁ%fﬁ%?‘ ?fh{]h§ &’éﬂ‘%@ %‘1 zoﬁheb‘sum?xﬂ@bt%@@ i F‘QV@Q&
i ncreased dnahpvﬂrsdyoMtag&sdean@&hé@éﬁgdrmveﬁetr@s@thﬂy 'of‘fHegéé‘ﬁQ& SFNSdnbd ty of
this devi C%ropzogtjronaﬂmatmﬁls movemen e Icﬁaenge in the s%gsroer reSIétance 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 0V 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 4 AUG 2006 7 device 1 of figuxéﬂﬁ.ﬂﬂ@

di rect conparison, the output voltage change of the device 1 of figure 3
at 0.5umis only 21 nV, or only a quarter that of the device 201 of figure
4. It should also be noted that the direction of displacenent of the film
206 is nore readily discernible with tiie 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 displacenent gives a negative output

vol tage whereas a negative y displacenent gives a positive voltage output.
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figure 3b, the device mght have a rest location at y= -1 um and in use
oper at es abbghoulg)jasopbe thotsd thiak ther dirertiorifiesiispiacerient ivhthe Filn @06 aslvame age of
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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 muiltiplayer 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,AU80006 and
CoCrTa as described in Journal of Mgnetic Society of Japan, Vol . 25,

No. 4- 2, pp539-542, 2001. 4 AUG 2006 8 Co, Fe and N are typical
ferromagnetic materials. To obtain |ongitudinal or perpendicul ar nmagnetic
characteristics, a conbination of these ferronmagnetic materials and ot her
material s, together appropriate seed | ayer and deposition. For exanple,
Cr/CoCrPt (where Cr is underneath) gives a longitudinal film and

Ti / CoCr Nb gi ver a perpendicular film Theoretically these are subject to
the foll ov\ﬁﬂg & @ndt NoRshi typicRly Sermmaspelie rpatedalsul e abiajm dengitudina, or
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constant, and Ms is saturation magnetisation. Figure 5a shows a magneto
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and conpr i ¥¥ere Kindg Bejuniaxigh aniseirenhy Hensteel eoddprie spiuratiopreagngtisation. exanpl e
Ptivh. In antiferromagnetic materials the magnetic nonents of adjacent atons
point in different directions and thus there is no net macroscopic
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207p, a spaced layer 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 PtMn) 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 Mgy, 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, Al;O;. 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 provi des a-ghayg 2006 cui t
bet ween the pinned |ayer 207p and the free layer 207f for electrons _
fl owi ng between the el ectrodes 212 of the sensor 207. The spaced | ayer is
made of a non-magnetic conductive materiad, for exanple Cu, A1203. A
spaced | ayer is enployed as otherwi se the magnetic nonents of the free

| ayer could not rotate freely due to the strong naegnetic coupling of the
pinned layer. The cause of resistance between el ectrodes for spin value or
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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 6¢ 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 material/insulating 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 TIVIR sensor, in which bias current runs
through all four layers. The principle of operation of CPP_GHYIthﬁ &ﬂe
same as CIP. The difference is the current direction for b|a3|ﬁgA R
operation principle of TIVIRis different fromGP GW TIVIR is conposed
of ferromagnetic material/insulating barrier (not netal)/ferromagnetic
material. If the barrier is very thin (udf@ally <2nnm), el ectrons can “tunnel
through the barrier fromone ferronagnetic 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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increasingly parallel but in the opposite direction to the direction of magnetisation

Mao7p Of the pinned layer 207p. This corresponds to the maximum resistance of the
sensor 207.

The device 201 with perpendicular magnetic fiim 206 may be implemented as a
microphone, converting acoustic vibration into electrical signals. It 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.



M207P of the pinned |layer 207p. This corresponds to the maxi mum resistance
of the sensor 207. The device 201 with perpendicul ar magnetic film 206 may
be inplemented as a mcrophone, converting acoustic vibrat ioh Alg 6006_
electrical signals. It may also be inplemented 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 w | depend1bn 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.
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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 cdmponents of the magnetic fields detected Myes, and Magsy respectively

have opposite directions and therefore result in the sensors having different
resistivities.
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fabri cati onafLiAdRrldstigye PLONES. Fil'ﬁﬁrre icaly paRered. I step g, for afras o>
for a CIP GIVII% sensor . %feﬁ 899,80 lithparaphically 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 lifted 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 c), 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



- resonat or base fabrication which utilises a deposition nethod such as
sputtering and a subsequent etching nethod such as plasma etching. In step
b), an insulating filmis deposited to insulate the resonanrA@@szmsf rom
the G VIR sensor. Step c) is GVIRTfilm deposition and sensor pattern
formng. The AVIR stack is deposited by sputtering and a photoresi st

| ayer is coated and lithographically patterned. In step d), for a fine
pattern for the G VIR sensor, dry etchind3is executed. In step e), hard
magnetic filmis deposited and the photoresist is |lifted off. Step f)
makes the shape of the hard nmagnetic filmin the plane, the redundant
portion is etched by dry etching. In step g), to make el ectrodes for the
A VI R sensor afteranakingthef prefarted pdteot. iodtsp e dhdigapCbetwdlen thel resdnatoiepdsi t ed

and then etc frer [ he. preferred pattern.. In step h in.order to
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executed to renove the photoresist. Figure 15 shows a fabrication process

for a CPP G VIR sensor. Step a) shows the resonator base fabrication which
utilises a dEjgossst 160 Tnetchtsl-2usHowes fatpichtier progessnidr a aTMRIgsRsHIam vheihcd)i Ng
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and a protective mask against etching is
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.



- formed.  Finally in step h), dry etching is executed and the photoresi st
renmoved. Figures 16 - 1 and 16 - 2 show a fabrication process for a TIVIR
sensor in which a) show the cross section of the resonator basz J@Wﬁtep
b), the insulator Si02 is etched away to establish the brldg PP

for the resonator. In step c¢) the hard nmagnetic filmis deposited and

phot oresi st is coated and I|thograph|cally patterned. Step d) shows the MR
stack being added and step e) shows the "B t - of f process. In 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 G for the seed layer is deposited before G VIR
deposition. However it can be done vice versa, as also for figures 13 (c,
d, e) and 144 Lguwé)- The invention has been described with reference to a
preferred enbodinent thereof. Alterations and nodifications as would be
obvious to those skilled in the art are intended to be |ncorporated W thin
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wherein the nagnetic easy axis of the magneto el ectric material is

perpendi culap to 33,deBANRS hEHL 80 BIh&Fh P 1 wherein the magnetised element

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

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.

6. 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.



- 4. A force sensing device as clained in any preceding claimwherein the
magneto electric material is in the formof a sensor selected from one of
the following types: QP GQVIR CPP GVIR TIVIR 5. A force sensin
device as clained in any preceding claimwherein two magneto el A6 1L
materials are nounted in different |ocation with respect to said elenent
such that said relative novenent causes different variations in the

el ectrical property of each said materi a5 and wherein the applied force
is determned fromthe difference between the variations in said

el ectrical properties. 6. A force sensing device as clained in any
preceding claimwherein the material and the elenent are nounted on a

substrate, the el eite bendmy HEViBEds Yhifed WP%%P'@WE@H%BG %éfhg ) c@é‘i@ﬁé and

mat eri al being | ocated adjacent each other at rest

force sensi ndVNEEYN de fwo éP'Ql TMRiriAls e AnoHtedihR PPEesiEntiden obsaid Iredgmetised
wherei n the tréveaBletnémbat | al s are nounted on opposite sides of said
magneti sed noveable nenber. 8. A force sensing device as clained in claim
6 wherein the noveabl e nenber conprises a cantilevered nenber. 9. A

frequency filg er Qofftd Sdridthgadelfd &Lciafted ifli mnt@wﬁ&éélrwheqﬁ&)e%me &hBer
wherei n the novabl e nenmb has a resonant frequency. 10. m cr ophone

conpri si ng a “QEPI1EE® %E%’H&%’GFE? MEMBARY one of clains | to 8

9. A frequency filter comprising 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.



