WO 02/ 06845 PCTI EPOL/ 06292 1 Magnetoresistivz angle sensor having several
sensing elenents The invention relates to a nagnetoresistive sensor,
conprising a main sensing elenent with a main reference magneti zati on
axis, for AR ng an angl e between the main ref er ene@I/ERIG06M2 zat i on
axis and a magnetic field direction. Theginvention further relates to a -
met hod of nmanufacturing a magnetoresistive 5 sensor, conprising a nmain
sensi ng elMagagtoresistive anglasgnsor having sewérelrsensing elempntst i zat i on axis, for -
determ ning an angl e between the main reference nmagneti zation axis and a
magnetic.field direction. 10 Such a magnetoresistive sensor and a net hod
of manufacturing are known fromthe paper Eurosensors Xlll, The 13th

Eur opean Conference on Solid State Transducers, Septenber 12-15,1999, The
Hague, The Net herl ands, pages 589-596; "Robust giant magnetoresi stance
sensors', K MH Lenssen et al. Magnetoresistance is the phenonenon whereby
the resistance of cgrtain 15 materials changes when a nagnetic field is

pl aced on these mat S igyentiontelaies e, g magnetoresisiyn sansercenmprising e mainysensingnsor s

are W del yiedeathw fodn whidh By r.S.q h ..
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i nsensi t i wefereace megpetizatign sxinada megnetivfieldVlizevtiomer at ed in a sufficiently
strong, saturating s P2 their su tipility for variations in
the field strength W%FS%T &Sglg‘%% & %&%@%&?P@mm as
t he eabt h'senso gomeprising 4 mbid sensingteleptenty@ghding@ rhdietefiencs Bagndtitin akdz S ki nd
of angle ,sepnsors.very t i}grant a&al nsi variatiqns in the distance between
t he mgnef%r@fmaggﬁ fwveer) the ain 1efrence magnetizatign axls anfka megnetis fields t he
magnet i ¢ diredtidn, Di f f erent ki nds of ferronmagnetic nagnetoresistive sensors
are known: anisotropi c nmagnet oresi stance (AMR) sensors, giant

magnet or esi stance (GWR) sensors and 25 tunneling magnetoresi stance (TMR)
sensors. AMR occurs in ferrous materials. It is a change in resistance when

a magnetic field is applied which is not parallel to a current flowin a
thin 40rip of a ferfushsmageatorpsistive wnsor and g method of manfacturingateknownal ue when
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September 12-15, 1999, The Hague, The Netherlands, pages 589-596; “Robust giant
magnetoresistance sensors”, K.-M.H. Lenssen et al. |

Magnetoresistance is the phenomenon whereby the resistance of certain

15  materials changes when a magnetic field is placed on these materials. Ferromagnetic
magnetoresistance angle sensors are widely used in non-contact angular position sensors in
harsh environments like in antomobilés or industry, In general these sensors are insensitive to
wear and contamination. When operated in a sufficiently strong, saturating magnetic field,
their susceptibility for variations in the feld strength is low, with respect either to stray fields

20  such as the earth’s magnetic field or oi:her magnetic fields. This makes this kind of angle
sensors very tolerant against variations in the distance between the magnetoresistance serisor .
itself and.a bias magnet that gerierates the magnetic field. -

Different kinds of ferromagnetic magnetoresistive sensors are known:;
anisotropic magnetoresistance (AMR) sensots, giant magnetoresistance (GMR) sensors and

25 tunneling magnetoresistance (TMR) sensors.‘

AMR occurs in ferrous materials. It is a change in resistance when a magnetic
field is applied which is not parallel to a curent flow in a thin strip of a ferrous material. The
resistance has a maximum value when the magnetic field applied is perpendicular to the
current flow.
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AMR sensors are typically made of single layer thin filnms of N -Fe
structured |ike a neander. The resistance of these sensors depends on the

angle -S de’ﬁg@B@ current through the strips of the rre%;lﬂgl;og{a%zthe
b + -

magneti zation direction of N -Fe accordijng to R(8)= R ( cos2-9) /
2. 5 GWR and TMR sensors are both nul ti I2ayer configurations with at | east

two |ayers. In spiﬁm%%g @4}2@ e Wﬁsﬁ]ﬁﬁ fﬁﬁ-FE?t?u | ayers
is either pinned by exc arr?ge g%%yng tg)@ghagn | - errom?gnet AF) layer, of
e.g. |r- Mike #meirder. The Nsistancer of thess sepsars dependsrondhe anglec) bétweantd cukrentr onagnet
(AAF) forpged for. instance,CoFe/Ru/ CoFe exchange Lased by ap AF | ayer.
The di rec%ﬂ&##ﬂ@%@?@gﬂ'ﬁ% e&a@ﬁgag%%e%gﬂ@%lag%ﬁgﬂ nes 10
the main ng)&rle((ﬂﬁ.&mga@&gzgyn,on axis. The other layer (the free layer) is
made as soft as possible to follow an external magnetic field direction.
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expl ai ned her eaf t erln GMR oVEMBasansorsshe resistangsrdepands on the angle Sbetvinen the
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A rolatively | ow Tt opeitis ot tedioldpighdueadve Subtt Sl IR/ b 11 €1 O
consi der abiagnetic§ieldstbe olitpus sighalrdeviaites fromAlmit¢ad shrisoislatiowtput signalnthec e s
i St b1 BislgRid 15 dR SRSl oRkfhPioa) LR Rin ARRAGG: BENGAR AR AVR
is to a large extent due to the anisotropy of the soft magnetic material, e.g. Ni-Fe, as will be
explained hereafter.
In AMR sensors the magnetization direction is determined by a balance
between the uniaxial anisotropy of the Ni-Fe material of the strips and the external magnetic
25 field. The uniaxial anisotropy induced during deposition is usually a combination of crystal
anisotropy induced during deposition and shape anisotropy. Without an external magnetic
field being applied, the magnetization direction is in either one of the two directions along the
easy axis set by the anisotropy. In a strong, saturating magnetic field the magnetization
direction approaches the direction of the applied magnetic field. A sinusoidal resistance
30 variation is obtained in rotating magnetic fields. At relatively low fields, the magnetization
direction deviates considerably from the direction of the applied field which induces
distortion in the periodic output signal of an angle sensot based on AMR. Low operation
fields, however, are of interest because cheap ferroxdure bias magnets can be used to



fields, however, are of interest because cheap ferroxdure bias nmagnets can
be used to WD 02/ 06845 PCT/ EPO /06292 3 generate these fields. AMR sensers

only offe ' ngul ar accuracy in strong fields of ab m or )
| ar ger, wﬁ‘."gwc%%‘% only be generated by gxpensi ve SnCo or egasr%gg/nets. In

spin valve GWR and TMR angl e sensors the soft magnetic | ayer usually has a
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able to sense tHe angular direction of a magnetic field accurately in a

wi de r anglemsht. impraetidecit iy iaipgssible todfilly saturatadhesires layers withowtaffastiegitheon, this
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magnet i zatéuracyahat sambelobtaisetinGMR dased angular msition sepseilsenent with a second
reference . magnetization axis, the first and the second reference

magneti zati on axes making correction angles 4 between 50 and 85 of
opposite sign with the main reference axis. During-use, the sinusoidal

out put” signal of the mai.n sepsor includes a distportion which is to | ar ge
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exactly follow the external A magnetic fie i.rect] on. e error t he

out put fWﬁW%%Q%Pfq@a&?FFQE@WWIXHHF e Hagagc; sensi g
el enent s.gplhind, ef erenc e magnetization directions of the first and second
sensing el ements are arranged at a correction angle with respect to the

mai n reference nadeeordingtq e inyention; thispbjsct isigehiged in thatthe meitseasiagt | for -
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bi as 20ur rmesgnetifatiomatis awt 3 secondragrre¢tiomsensingelement with asecond sefegencec onpar ed

magnetization axis, the first and the second reference magnetization axes making correction

angles 9 between 5° and 85° of opposite sign with the main reference axis.
During use, the sinusoidal output signal of the main sensor includes a distortion which is to a
large extent due to the anisotropy in‘the soft magnetic material, of for instance Ni-Fe.

25  Especially at low magnetic fields, the magnetization does not exactly follow the external
magnetic field direction. The error in the output from the main sensor is corrected by adding
two correction-sensing elements. The reference magnetization directions of the first and
second sensing elements are arranged at a correction angle with respect to the main reference
magnetization direction of the main sensing element, for instance at a positive and negative

30 angle thereto on the respective side of the main sensing element. For an AMR sensing
element preferably the bias current of each correcting element is placed at an angie compared
to the bias current of the main sensing element by physically angling the correcting elements
with respect to the main sensing element. For a magnetoresitive GMR or TMR sensing
element preferably the bias magnetization direction of each correcting element is placed at an




to the bias current of the main sensing elenent by physically angling the
correcting elenents W th respect to the main sensing elenent. For a

magnet oresj tiv %R or TMR sensing el enment preferably t '
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02/ 06845 PCTI EPOL/ 06292 4 angle with réspect to the bias magnetization

direction of the main sensjng el Nt ., T LRt roduct j.o correction
sensi ng cERgle M rqsﬁicﬁg’a@%g’af%@%W%&g@gmﬁewgﬁgﬁmggﬁﬁ nal field
di recti on ygAfctn'¥F iR coREddn énsiig SlRRichi8 irdckeabed thd dcemgéynef defeanining thenanbi guous

determ nation of the external magnetic fie] %ﬂcyrrect'on 5 over 180 for AMR
and 360 f extemalfield directinn A¥RS 3atide Bageqfimagnetic fisy} siten nmagnet or esi sti ve

sensors accordi ng tl%rta#ﬁmln%i i 80crRfindtiBE o PRI BxE MR AN BAGERREYn  FOr this
a

reason the invention so relfates to a sensor arrangenent as defined in

claim 3. Twer 1881 for AMR and:36i00 forSR of TMR mosgnaieresistiye $ea%r%, % mai n sensi ng
el enments is tually r t . | ) 61 ut put
i gnal - of TagRetgRr SRR BnEiEln e RHRloh 3F e ik OpSlue BBl RO P
each mai n r&RAETHS thvehtiviiziiko, relates to e atringemént ak defined recldm b Themgimal . The
error signal has tw.,ce the i od of, the. period of the,ou t sjgnal of
the two gﬁ?@%@ﬁ?&?@“@@%ﬁf gtet{lq'w map F?ﬂsmg F[fﬂ’gfmésamu%@l rgggéfi ob'grﬁgl y be
el i mi nat equYer3EAbd S abelibdis butpRGighalST e Hkif Snkiag elefiients Brriérgo careenthat on
each side of each of the main sensing elements. The caor rqirc@teon ang%gs

bet weekd tmm:uteﬁmsmw&?%ﬂfdﬁeﬁﬂm&g%ﬂ‘g%mﬁeﬁ e et ond
sensi ng_elyaitboma etioa e fEeRiod of the btk BipRal R A @fisify laidioThar ©

erl or e

chosen as ch correction sensin el enent. Al nost conpl ete

p !
cancel | at iemor signal ban as teashpastiychetiminated/by adding a fiesd and wseeond porecHogMensingt = t he
correction,sensin | . | Jfgﬁ? gl and is
shifted ofé?“eﬁg?‘fga“g“‘gé;?fo h@ﬁ?h@e@%%fggna'?ﬁ% e (g{d%n%léﬁ?é of the |
senso Ei ar gcnélﬁmﬁé m;gmzaﬁdnlgimmk\ef &mﬂmmﬁdcsncdndfsdshiglwmeints apd ﬂierm? d20f
Second order or higher anqul ar correctiongi s. er vi ded, for
exanmpl @, tfﬁ%’eﬂﬁ"gﬁé&%‘%% ‘°§§W§g‘?se?ﬁs Qgem@atﬁﬁ%ac%g?%ec%f%g%% nment of
theﬁpr ﬁserg;e%éna\mﬂbﬁttw?pﬁte d&ﬁcfmﬁﬁcﬁxibfmerhlnbf ?gndl y<|:o|nf:s, baaasedheoutiprt sié’nﬂ ofct ![ ﬁn
or higher order correctigon elenents, electrica i nterconnecte ei t her
of do of t HBe PRmTeRIGLSeBIRE SIPETRLITE dosHize iRk s Aot Sghs aud B anTeLRer Rgt
el ement's hays .k 6f b 86 gHAD MG cnbBliniRht Piheseidk itghgament acordin@fe thpposi t e

sign with respect to the nain reference magnetization axis of substantially
n.1/ 16 of inventiopisdeBunddnelgimd: signal of the first main sensor, where nis

an intgger. The pregentq e il Hoildr soiebitias prRIGEIPALOHBidSd, fore
Wheat stone bridge t§pe LA e =P i b
example, the magnetoresistive sensor in accordance with an embodiment of the present
invention may comprise a plurality of second order correction or higher order cotrection
elements, electrically interconnected on either side of the main sensing element, The

additional correction sensing elements have reference magnetization axis making angles of

25  opposite sign with respect to the main reference magnetization axis of substantially n.1/16 of
the periodic output signal of the first main sensor, where n is an integer.

The present invention also includes a magnetoresistive Wheatstone bridge type
angular sensor device, which may comprise four magnetoresitive sensing elements provided
with at least first order angular correction elements, as described above. Such an arrangement

30  isdefined in claim 5. The advantage of a Wheatstone bridge angular sensor device is that
temperature effects on the resistance are suppressed.

It is a further object of the present invention to provide a method of
manufacturing a magnetoresistive sensor, being able to sense the angular direction of a



angul ar sensor device, which may conprise four nagnetoresitive sensing

el ements provided wth at |least first order angular correction elenents,

as descriQﬁ?mﬁgg e. Such an arrangenent 30 is defined in claimb5. The
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in cl ai m basinging,saiiciently strongihiasing magneticfieldhaving ajbinsdiroptionatshampglen el ectric

current tiBf-Q4uHTol ﬁlg go%écﬁﬁﬁ gﬁﬁﬁeﬁﬁ?ﬁﬁﬂﬁhﬂn@%@é m eftloli %&?t%iégvﬁl the

| ocal heating can lone by nean aser. ove nag oresistive
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fol |l ow na detail ed description, taken in conjunction with the acconpanyi ng
20 draw @?r which illustrate, by way of exanple, the principles of the

invention. Fig. 1 Thewsovemagiiigtesstive36RersdY sehsoms ﬂeﬁ&iﬁ){%efaﬁfdﬁﬁﬁr based
I e

on the AMR effeqgt as a function of the direction of an app d nmagnetic
field of qwﬂg&lruﬂ%aﬁﬁgewﬁ%wgﬂ%mwmwwﬁmmﬁe ndn thRe
resulss fouipul Bightd) CTHe fBric@HoPR Siy3ind SapOr and the lower curve showi ng the
results for an enbodi nent of thé sensor according to the invention. 25 Fig.

2 shows the error signal of tw AVR Weatstone bridge configurations
nmutual ly rotated over 45 in conparison with the Weat stone bridge
configurations having ' . -

o Other features and advantages of the present invention will become apparent

from the following detailed description, taken in conjunction with the accompanying

20  drawings, which illustrate, by way of example, the principles of the invention.

Fig. 1 shows an angle sensed by a magnetoresistive sensor based on the AMR:
effect as a function of the direction of an applied magnetic field of low magnitude, the upper
curve ~ dotted line - showing the results for an uncorrected angular sensor and the lower
curve showing the results for an embodiment of the sensor according to the invention.

25 Fig. 2 shows the error signal of two AMR Wheatstone bridge configurations
mutually rotated over 45° in comparison with the Wheatstone bridge configurations having
correction means in accordance with the present invention. .

Fig. 3 illustrates an AMR embodiment of the sensor according to the present
invention.

30 Fig. 4 shows an AMR angular sensor arrangement applied in a Wheatstone
bridge configuration in accordance with the present invention.

Fig. 5 shows the error signal of two GMR, Wheatstone bridge configurations
mutuaily rotated over 90° in comparison with the Wheatstone bridge configurations having

correction means in accordance with the present invention.




correction neans in accordance with the present invention. Fig. 3
Illustrates an AVR-enbodi mnent of the sensor according to the present

i nvention. @ ogjoékss4 shows an AMR angul ar sensor arranger’ﬁﬁtmﬁgg hed in a
Wheat stone bridge configuration in accordance with the presen é|2'?1€ention.

Fig. 5 shows the error signal of two GVR6Wheat st one br i dge configurations
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not limte etngtgreto. Fig. | shows the nmeasured angle (the Y axis on the

| eft) of a cofiventional AMR based angul ar sensor (dotted line) as a
function of the angular direction of an applied 15 nagnetic field. The

magnet'a& field may be applied by a magnet which rotates relative to the
sensor:  The applied field is relatively lowand is too low to saturate the

sensor; this effect The prekeat invedtidg will be desolitedwithyeferanceTtol ceftsin dradiigsand Fi 9. 2
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reflected in an observable non-linear curve. |

Fig. 2 shows the degree of non-linearity (i.e. the error signal) measured at two

magnetic field strengths (10 kA/m and 30 kA/m) for two conventional AMR Wheatstone

20  bridge type angular sensor devices with an anisotropy of 3 kJ/m® positioned under 45°
relative to each other. The non-linearity is defined as the difference between the ratio of the
two actual output signals of the AMR Wheatstone bridge type angular sensor devices and the

. best fitting straight line after arctan9 conversion, The error signal is calculated therefore by
subtracting the output from the best-fit straight line. It can be seen that the degree of non-

25  linearity reduces for stronger magnetic fields (dotted line compared to full line). The non-
linearity of the output signal of the two non-corrected Wheatstone bridge type angular sensor
devices mutually rotated over 45 degrees is roughly sinusoidal with a period of 45° degrees
which is a quarter of the periodicity of the output signal of one Wheatstone bridge type
angular sensor device. The correction sensing elements at least partly eliminate the error in

30  the measured angle to below 1°,

In accordance with an embodiment of the sensor according to the present

invention, correcting sensor elements 6, 8 are added on either side of the main sensing

element 2 of an AMR angular sensor 1 as shown schematically in Fig. 3. The main sensing
element 2 is provided with a plurality of elongate ferromagnetic strips 4, e.g. Ni-Fe, in the



subtracting the output fromthe best fit straight line. It can be seen that
the degree of non 25 linearity reduces for stronger hagnetic fields (dotted
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si de ofsetiésaio tisei sensoe elsinent 2 a5l shown in Fig d, Bamhdbfﬁcmigmémt@mﬁay’b& as shown
R e e

02/ 06845amr s g@i@hﬁﬁ%ﬁ%%@&wﬁma&ﬁﬁﬁﬁﬁoﬁaﬁl&&&d%ﬁf‘ﬂ@eé%‘&%&&'ﬂo back

meander i ng an el ement resistance of- Ro. out put of "t he sensi ng
AVR el W§Wm@t2mswh@maémqomemwmmbbformﬂ on efenents |
6, 8, (ﬁ?{h el s lEg%ﬁa gﬁg ctrically -
connecte Sgl’gl %&?ﬂgﬁgensor e %e&ﬂ tggF& Sho % cﬁl)§ Each

corr ectelengpnwenpm s16¢ (f&ﬂmmdn’eor&ﬁhnmhngm@ of the mhxgre@lem 2Errbtatrﬂg netic

I t 7 t d d f I t
2. o et PRl -4 e 5 e iR plerBte ot RS ARLRR 1 1 1 Sspect (o

the fi rrﬁéuubmcrthsha&ngﬁdejﬁmﬁéd&vdran omwmge&sraamweﬁm at | east

partly for nqn arity in _the output. Si sensi ng el ement
2. For SE%9& ?q ﬁefm ‘E’ﬁgﬁﬂh“gs%rﬁ] &»ggar(t% 8% nent i oned

t he tr&inkﬁl&ﬂseﬁ&di‘@hsﬁaté&ﬂlaﬁ%‘ﬁiﬂa%ﬁ@'ﬁél&,tﬁeb&rdbﬁéﬁél&ﬁeﬂt@l%ihean angl e of

-22.5 degrees and _the correction enment on the other side (further
mantloﬁé@%@%al%ﬂ?ﬂﬂgj’c@gek&e&?@ﬁmﬁver an angle of 22.5 degrees

relgtive to the TR bupdt Wﬂ&%&a&mﬂ&lﬁ% 'ﬁ@%ﬂ&i&s}eg

-trailing side relate to fact that.asthe angular sensor 'S rotated
* rel at i \nenodoftheamersigngl of the mainisausingniement 2oFhesummation of gulan&r sensij ng

o 1 oo AR sl GRE ER AP ot BRI sl bt 2 o @Yl 972 DU
error gsagrellatior ofthesnondineatiyris tth)umﬂémﬁsnnSOerIileies tnmwﬁheahplithm .
roaul ¢ abd st RPat B SoudipR it b Wt 206 SR BB R e
outgut oftheanait 6¢nsibg elementﬁer to correct the- arrpl it ude of t he_ error signal,
the correction e&,ﬁnglﬁrgveglen?m ave, t?lsr gvlms}n IS 1 é{)llilcg gm{riseosni stance Ro
~ the right mde of the figure) and in Fig. 2 (round dotted and square dotted lmes) Some loss of
overall output magnitude is obtained, e.g. the output signal magnitude reduces to about 80 %
of the output signal magnitude before coirection. -
25 An embodiment of a full AMR Wheatstone bridge 11 is shown in Fig. 4~
having four magnetoresistive sensors 12; 13; 14; 15, with main sensing elements 22; 25;28; = —
31, respectively, similar to the sensing element 2 described above. Each main sensor element
22; 25; 28; 31, has two correction elements 21, 23; 24, 26; 27, 29; 30, 32, one placed on each
side of 2 main sensing element at an angle thereto, e.g. +/- 22.5% The correction elements 21,
30  23;24, 26; 27, 29; 30, 32 may be designed in a similar way to that described for the
correction elements 6, 8 described above. Each sensor 12; 13; 14; 15 is made up of three
elements, 21, 22, 23; 24, 25, 26; 27, 28, 29; 30, 31, 32, respectively. The connections to the
‘Wheatstone bridge are made via conductive pads 16, 17, 18, 19. B




20 of the main sensing element 2. The inprovenent in linearity is shown in
Fig..1(solid line, refer to Y -aids on the right side of the figure) and

in Fig. 2 ( tted and square dotted |ines). Somelo rall
out put magnitu gsxfig obt ai ned, e.g. the output signal nagnlé{fg%mrog%gces to

about 80 % of the out put si gnal magni tud® before correctlon 25 An

enbodi nent of a full 0 brid e 11 1s sho I n havi ng
f our magnet or esi stlvé é\h @"éﬂ &f %”‘H&T‘W Ll enment s
22; 25; 28; co&&cnnge&aﬁﬁﬁslat;e‘dmexaﬁplmdlmentmmﬁ Slws;-rlnzslﬂdremﬁs?deéﬁs&rl bed
above Each %ﬁn sensor elenent - - 5, 28; 31, h two carrection

el enent s 2{wilbrgspegt to rga;nsaz@ngg!gme@ qerr 8’&@'&“‘5‘4 Rinjgedof 5 i n

sensing el geRAinca%o &Qttﬁékﬂ' &dx‘hbﬁ‘dl@é&cﬁ&x&eméﬂsooﬁ&bﬁﬁto@ﬁel%fﬂﬁ%ﬁﬁn
el ements 21, 30 23; 24,26; 27,29; 30, 32 may be designed in a si mlar way

to that 5de§®ﬂ1il§e%§‘1%r the correctlon elenents 6, 8 described above. Each

sensor 12; 13; 14; 1 : , . X 6;
27,28, 29: 30, 31, 32, ﬁ%sp@%{%ﬁﬁﬁgﬁ@gﬁr@tﬁ ongéteg%{l%é&ﬁ@eeag%éone bri dge
are nmade vi mﬁddmma&ommmdﬂowwfmm@donvmonﬂ\ﬁmweaﬂﬂﬁ

PCT/ EPO / 06292 . 8 A secaond a hi der be, obt ai ned by
addi ng f ur tTeF® W@SP’F%@E %Mg‘%ﬁ?&qﬁgﬁ #&Cg%o?ﬁﬁﬂ@ﬁ?ih%’? 833. 75,

1|1 25, - 1% laﬁmh iﬁﬂeﬁﬁ&laﬁh@ﬁﬁ&ﬁ?& r?ewéeﬂﬂfeeﬁibﬁiﬁhdd@oaaﬁﬁ dﬂpwt sxgﬁlﬁdtﬂrﬁ .

el enen ac tion ment has an o ze ance so .t ha ese
addi ti difal tE’quig%t ﬁ@&ﬁ %W@Pa%”"&%ﬁ‘%ﬂ‘e igeng 5
non- | i near i jefictakd Qonvérsﬁyﬂ.ol’ﬁe%?mgﬂ Glﬁteﬂﬁﬁréfbx'%gr ﬁﬁécﬁﬂgtﬁ o&tﬁﬁ error

signal) neasured at two netic el d strengths Almand 40 kA/m for
two conventfrapntbe bast mﬂus}mgdtscanbp sebgdhat thodegregof mn-lmm redycasifore s

P01 L1 1S ARt i Bokl (b 110, S SR o g 1Y,
10 two GVRMMMnbmcdg&téWRMﬂsﬂma a:kmgutaesenmdmm best
RO Y PRI EET A R XTI T AT R
line. It cahiélfissqbitter bothe pbroditity o€ the @hitpifiignal stae IGMR WibdtRse bidge type

angular sensor device. In accordance with an embodiment of the sensor according to the

present invention, a first order correction is obtained by using a main sensing element and

two correction elements in series therewith, where the pinned layer or the pinned AAF of the

20  correction elements has a bias magnetization direction at an angle 3 to that of the main
cotrection element. For example, the bias angle is substantially half that of the periodicity of
the error signal, that is -45 and 45 degrees with respect to the main sensing element. The
resistance of each correction element is optimized, e.g. a resistance vatue equal to 1/V2 of the
resistance value of the main sensing element. The principle of operation of this sensor is

25  similar o that shown in Fig. 3, i.e. the contribution to the output of the total sensor 1
provided by the correction elements is such as to cancel at least a portion of the non-linearity
in the signal. In fig. 5 the reduction of the non-linearity by this correction method is shown
for two different magnetic fields. The correction sensing elements at least partly eliminate the
error in the measured angle to below +- 1°,

30 Fig. 6 shows a GMR angular sensor 40 being an embodiment of the sensor
according to the present invention comprising a single GMR main sensing element 34
together with two correction elements 36, 38 placed on each side thereof. The atrows shown
in Fig, 6 indicate the bias directions of the three elements 34, 36, 38, induced by the AF
layers or AAF. Bach element 34, 36, 38 comprises elongate multilayer strips 35 formed as a



stronger magnetic fields (dotted line conpared to full line). The non

linearity of the output signal of the two non-corrected GVR \Weat st one .
bridge typ gfﬁg yd ar sensor devices 15 positioned under iLve to each
other is rou y sinusoidal with a period of 90 degr eesgggﬁ?@hﬁ% a quarter
of the peri od| city of the output signal?of one GVR Wheat stone bridge type
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by usi ngaﬁgler&lbatv&emmem@sehagmmmmm of dierrain element A madloSthen series

therew th, wher ped | ayer or th |nne F of the 20 correction
el enent s ffRCUOR ‘ﬁg‘g#e'tefg?’ﬁ?’l Y Rlacing QoRgetions ¢ he

Mai N COkdSérs pRysiALIP BBl an F@?&W&&sm Bﬂm@h@ﬁnmlsﬁngS an;fstémtially hal f

that of the peri od| C|ty o] he error srgnal, that d 45 degrees
wi th § espegeetizationirestions of the spmiestien elemeets torasbieve theisgma affectar each
correcti Qi GhaRE bf thsse! opt| m zed, e.g. a resistance value equal to I/12 of
the resistance val ue of the main sensing elenment. The principle of
operation of this Abigheroriler coBectionicinshe dbtrinddzty asltiimgrfinther fortecti®ny i .e. the

correct 1 Sl Y bas HolaRllzafil 5Bl o iy EPAR hetefe@MERL ST 1N o
linearity in the Eggtﬂbwshlﬁxﬂiegemﬁodhhmtbﬁﬂheenmgmmrdlﬁmri ty by
cor r 4t BiPeet FbpHpaRUrRIR ol i s m MR Whiarane PR ith B et etogion ¢ e
neasur ed Taé 8évice tas Bk Sfisork11§ 12; 1§Q4Fw3hnﬁ:nsdeﬁsiﬁgae@&@%1m 3gensor 40

bei ng an enbodlnent of the sensor accordln to the present i nventi on

conpri si FREPestivelypimilaginthesensingcleament 34 abgve. Egehumnin senging;elament
correcti o5 2t SEE! RasIho c&%eabﬁaeﬂeﬂ@z?e@hzf '2@327‘ b@fﬁpﬁz oI@@ dﬁv%%ﬁ hown

in Fig. 6 indicate the bias directions of three el émen

i nduced Bigle pfemain sepsing-alement, wbymma%nmhmen dlremon oBthe smmcng
e e i e g AR R, ©
strai ght H-i448 'lﬂiaeorrenmghelemmﬂw;l% r%; 31, 28; 30292 etay batonstructed inct | ons of .the
T, S B e et 2
angl e -t 0 1112; 131i14 ismads umoﬁhmereleﬂneﬂtsgalalz a3£24t 28,i26027,128, 29, ae, 34, 32,
T e bl R Bl R 3 T Rt ™
obt agoed 19 ynd1d] The advahiaBe 6f £ WheAtstbnebridge b&ﬂﬂgﬂfﬂmwistthatlﬂh@@tﬂmﬁ@ﬁﬂ ligation
directi OTBI thanl}nee(;urirp}euqlsiagnﬁ ?ngl s%isor? agd that the 31gnal to noise ratio is improved.
For AMR sensors, it is relatively simple to add additional correction elements
with reference directions rotated over any suitable angle. Only the mask design used for
deposition of the ferromagnetic layers has to be changed to incorporate this correction. .
25 For GMR or TMR sensors with pinned layers it is more difficult to define

different bias directions on one sensor chip. In sensors biased by Ir-Mn, the bias direction can

be defined during deposition. However, it is difficult to impose six different magnetic field

directions to a small sensor chip simultaneously. After deposition, the bias direction can be

changed if the elements are heated above the blocking temperature of the exchange biasing.

30 By selective heating of single elements in a sufficiently strong magnetic field the bias

direction of each element can be set in any direction. Selective heating can be done by

sending a large current through selected elements, by laser heating or by other ways of

selectively heating localized spots on a wafer using light.




Fig. 7 shows a further enbodi nent of the sensor arrangenent according to
10 present invention suitable for use as a GWR Weatstone bridge with first
order corregld@Resss 1NE device has four sensors 11; 12; 13 | mai n
sensing el enents 23; 25; 28; 31, respecmvely, simlar tsl(’)cﬁ%o@%zhgi ng

el ement 34 described above. Each main sefsing el enent 22; 25; 28; 31, has

two correction el em?ﬁia‘iteﬁ%%%?éth 1 Wﬁs&%ion%ﬂatéﬁgfseﬁ{ﬁs&hgced on each

side of a main sensing e ereby the“bias . I zation direction of
t he cor r ecfinomagmetic layersrwhehithey are deposited b an antt fawofingnstingANdayeriney directi on
of . the mai i . +{ - N 1, 23;
24, 26; 27,29 glfi@%z&kn%g%ﬁe&ang%%ec‘?{é%ltﬁ%fegIWf’%’S&val/g% that” descri bed
for the coavesageibias dirbation of the@ayeis itethe dirdntidn abthe maghetic fickldbusthe 11; 12;
13; 14 Ls de.up of three elepents, 21, 22 23 24, 2 26; 27,28, 29; 30,
3 32, 5° HaEuDR obpes theies GHsAEE of bASCPHOPH S SISO U B PREHAT JE° e
vi a conducthayi@crefrs with ddcfeasig tHickna@Gf I ferfdifagheticlaye 0 dispersioweR bedrone

bri dge confi ggrati on is that the output signal is, l|arger _than the output

si gnal of ®néS degreesnasa srdlar effet asthe comgefian schemegising addifipral GMR plsetted.  For
AVR Sensor g igfscleft tidd| didetatRk ¥s &h'ﬂ@k&nﬁﬁ’ﬁ@%dmiﬁg%erMem&:fh@% I ement s

with reference directions rotated over any sul e angle. Only the mask
desi gn usetMBeffectieposi tion of the ferromagnetic |layers has to be changed

to incesporate this I I.On: r i ! d

| ayer S?élst is nore di |ect§€#h%°3£%%ﬁgﬂétfof%§WW@?&%%?&%#}@ﬁﬂgﬁe
sensor chi gmbddimerss)$towill bl uaderstodsl byl theskiskillediin the artthdli vagions changeaor be defi ned
during depositi on. However, . it.is diffjcult to inpose six differe

manet ¢ § ek RS A gl e made itipd drplRE i mabs A pPef o
deposi ti onthidiheenkibms di rection can be changed if the elenents are heated
above the bl ocking tenperature of the exchange biasing. 30 By selective
heating of single elenments in a sufficiently strong magnetic field the bias
direction of each element can be set in any direction. Selective heating
can be done by sending a large current through selected el enents, by |aser
heating or by other ways of selectively heating |localized spots on a wafer
using light. I$ i W 02/06845 PCT/EP01/ 06292 10 An alternative nethod is
to use the dispersion that is present in sone ferromagnetic |ayers when hi
y ar-e deposited on an anti Ferro etic (AF) layer in a magnetic field,
which is especially large when the ferromagnetic layer is thin (<2-3 nn).
The




average bias direction of these layers is in the direction of the magnetic
field but the 5 dispersion causes the bias directions on a m croscopic

scal e t0 wobBGEsPLVEr an angul ar range that I ncreases si ng

t hi ckness of the ferromagnetic |ayer. A dispersion wel }Mpéver %iﬁg

degrees has a simlar effect as the cottection schene usi ng addltlonal GWR
el ement sop XN di screte bias directions as can be seen in fig. S. The

di spersion reduces the maxi num GWR effect. 10 Wile the invention has been
shown and described with reference to preferred Il be
understood by those skilled i.n the art that vari (Lﬂmmulmm I:ll"ﬂllw

modi fications in formand detail may be made wit hdut ‘departifg fromthe

scope and spirit of this invention. WO 02/ 06845 PCT/ EP01/06292 11
CLAIMS: 1YLttty et rverr efitt 1 rrrr bon 1. Amagnetoresi stive

sensor 13 conpri si NHagh Iﬁ[ﬁﬁﬂ#ﬂ%ﬂﬂlﬁkélﬂﬂg

rragnetlzléatlon axi 9 Fﬁés&b&?ﬁﬁbﬁg eéa angl e betwe n[a?te mai n 4reTer ence

magnet i zraﬁmemg@ugatmmhﬁgrdete ng@h@ndﬁbmmlwmmeﬁmmm zed in that

t he mai i I correction
! ng%a[‘&g% a@mkﬁﬁqﬁé‘k F?agjx{u ? dofiH, L¥arSRNES e g

sensing ‘e erenée magnet |za on. ax! d a
second oeiemezttﬂilmlem:vnﬂyngnmbtedmaﬁ&tmnehnmsasmgldememﬁemdtmﬁrstmgnet i zation

axi s he first .9 and t econd .10 [ & ference tion axes making
Cor ¢ St iEteRR R Eiey PR s el g somfi AR eeBHaES Wil et

r ef er encrefeionics magnetikftion axiy 10¢the Girst 9rand tgasmnd 10 AeftrasdeiBaghetiZatioh aegnsor and
a second sensor both of the typg as glainmed in’'claim1l, characterjzed in
that thenakang:corecto &d@ﬁ%@qnziaﬁ%% 2% pepositeyign with theanain telereppsaxisi
rotated fpver a quarter period of a periodic output signal of the main
sensi'ng €l ement of the first sensor and the correction angles being 1/8
period for each . is correction sensing elenent. 15 3. A sensor

arrapjgengnt accor ﬁ@ﬁé E!§§ and the
secoitlt’éi (;r%rrectlong‘s%ﬂstisl ng eé!!e]n'em%fml gﬁ&\?/e a %éﬁsllgs% ﬁ%gé vall{?hﬂ‘?)f;the '
subst ant type asycldimé@ irt clainsl, chdmctmdm&mhemmnu‘d‘eremmagmuzatmgamhemﬁnt S.

the second sensor is rotated over aquarterpenod of a periodic output signal of the main

sensing element of the first sensor -‘and the correction angles being 1/8 period for each

correction sensing element.

15
3. A sensor arrangement according to claim 2, characterized in that the first and
the second correction sensing elements 6,8 have a resistance value of substantially 1/42 times
the resistance of the main sensing elements.

20 4. A sensor as claimed in claim 1, or a sensor arrangement as claimed in claim 2

or 3, comprising additional sensing elements of the same type as the first and second
correction sensing elements 6,8, the additional sensing elements having a reference
magnetization axis making angles of opposite sign with respect to the main reference
magnetization axis of substantially n.1/16 of the periodic output signal of the first main

25  sensor 1, n being an integer.

5. A sensor arrangement comprising four magnetoresistive sensors of the type
defined in claim 1, incorporated in 2 Wheatstone bridge configuration.




' 20 4. A sensor as clained in cla] m“”'"t” gﬂﬂﬂtmarrangemnt as clained in

claim2 or 3 corrprl si ng additiohal¢ sen nts of the sanme type as

the fi rst @g @&gﬁg correction sensing el ements 6, 8, tﬁ&q@gg&égzonal
sensi ng elenen aving a.reference etization axi s making angl es of

opposite sign with respect to the main ference nmagnetization axis of

substant gl Iy n- 1/ Womdhod BemARHcRTng adikhles mﬁé@@%m@ﬁof‘éﬁ@tyéé&e‘ﬁnsf?ﬂon 25

sensor 1, n bei ng an I nt eger.. . A sensor arrangenent onprisin

magnet or eglpint 1,ecosding terwhi mtethed aly pkthe senging ¢ 256&9&# mu!terdepwﬁém ated in

T/ Erot | DAY Hipg e e Mt Breie g bbb etk el BeRE MBI oo

of the tyraﬂhdﬁfumﬁhegbwﬁmﬂonm%@dhmg@mmmmhfﬁmﬁwb of the 4 h
sensing elenments, 2,6,8 arg sputter ep05|te 0 a.single substrate and the
COI’I’EC?I oﬁ“‘&%‘i‘@ngﬂﬁ t%’e’gﬁn?#@ ?d;‘!‘f‘ on axes 9,10 of the

first and the second correction sensing elenents 6,8 and the main reference
5 magnetization axis 3 are forned by patterning the sputtered material. 7.

Ahrret hod %s ?l ai medh method ag ¢laimed inrnlaimcs, eharactesizedninithnd thetangle Srietweenilizet ween
bxrs o 10mBh pheEpars pRRiof Bk S An ik forteRRthah Sk R O FEM AR ' O,
B et i s e e s g
oo a0 o FRLEA the o) tohsioe, it b S1ie L MAFAE FIBBRHG S00 AR B 58261 on o o 3
and the Hﬁécﬁﬁf%eﬁ@%ﬁ&d&@d@&ﬁ&n&h@m&ﬁréﬁ%n&éﬁa bﬁ&ﬁo&ﬁﬁi?ﬁﬁdtﬁ@ sensi ng

el ement 6 and the second correction sensing element S. . A nethod as
cl ai med |refmmam1a@m%wzfemhe first mcﬂmens;mlemmﬁuangthegemde by

passi ng a : through the first correction sensing el enent 6
or the se§°<§‘ﬁ68ﬁ8“ fé%%ll on senS| ng elenent 8. 9. A nethod as clained in

claim8, characterized in that the heating is done by 20 neans of a | aser.
15 8. A method as claimed in claim 7, characterized in that the local heating is done
by passing an eleciric current through the first correction sensing element 6 or the second

Qpy—

S
-

correction sensing element 8.

9. A method as claimed in claim 8, characterized in that the heating is done by

20 means of a laser.



