TUNNELI NG MAGNETORES! STANCE ELEMENT,: - AND MAGNETI C SENSOR, .

~ MAGNETI C HEAD AND MAGNETI C MEMORY USI NG THE EUEMEN SHEET 3
BACKGROUND OF THE | NVENTI ON Field of the Invention _;g:;ggggiggﬁiiﬁi_ '
invention relates generally to tunneling nagnetore3|stancé

nore particularly to a tunneling magnetoresistance elgyeptsavigg 1y gh
sensitivity, and to a magnetic sensor, nagnetisghead. ang JEERId ﬂmnnry
usi ng.the tunneling nmagnet oresi stance el enent . Descri ption of t

Rel ated Art A magnetic sensor having a tunneling nagnetore3|stance
(TMR) effect element is disclosed in Physics Letters, Vol. 54Ar P?%gé 225
(1975). A TMR el enent i 18c MAGNETORESTIIENCE cELENENT S ef f ect n that
exhi bited by other nmagND MAGNBrEOCIENIGD), NACKETEC HEARNt |y known. Thus,
the TMR elenment is ORNDNMAGHNETICOMENMORYY USINGhEHE: EEEMENENt Of

repr oduci ng magneti c heads. " Referring to Fig. 1, the TMR el enent has
a structure into which a dielectric insulating layer 310 i s sandwi ched
between a magnetic layer 110 and a magnetic |ayer 210. Wen the two

magnetic |ayers 110, 210 have different coercive forces, the respective
dlrectlons of nagnetlzatlo&ASEEB@EEDa@E&;éE&&QEEﬂEEEﬂE

Field of the Invention

The present invention relates generally to tunneling
magnetoresistance elements, and more particularly to a
tunneling magnetoresistance element having high sensitivity,
and to a magnetic sensor, magnetic head, and magnetic memory

using the tunneling magnetoresistance element.

Description of the Related Arﬁ

A magnetic sensor having a tunneling magnetoresistance
(TMR) effect element is disclosed in Physics Letters, Vol.
543, No. 3, 225 (1975). A TMR element exhibits a better
magnetoresistance effect than that exhibited by other
magnetoresistance (MR) elements currently known. Thus, the
TMR element is of interest for study in_tﬁe development of
reproducing wmagnetic heads.

Referring to Figl 1, the TMR element has a structure into
which a dielectric insulating layer 310 is sandwiched between
a magnetic layer 110 and a magnetic layer 210. When the two
magnetic layers 110, 210 have different coercive forces, the

respective directions of magnetization of the individual
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-2- .magnetic |layers change between a parallel'and an ”5§ﬂﬁ§
tic

R

relation in dependence on the'change In the external magn
Additionally, when a bias voltage V is applied between t
| ayers 110, 210, a tunnel current. flows through the insulating |ayer 310,
and a tunnel resistance R for the device can be defingdrbyeR.= ¥.¥39The
tunnel resistance R changes in dependence uponvghietRef .t helsdoseestons of
magneti zati on of the nagnetic |ayers 110, 210 are parallel or
antiparallel. A TMR elenment that exhibits the change in tunnel resistance.
R wi th changi ng external magnetic field 800 can be used as a nmagnetic
sensor. magnQQ¢ccdﬁmmwna|QMan®ﬁtheFWQENRaepenahlebfanﬂeaprantlparalhel
circuit construction has been used in which an_electric current bias is

ef f ect ed ﬁ&%ﬁ&%?QI%QIﬁﬁﬂﬁﬁ@%@§eopntﬁéeeFBﬁEﬁﬁ inotBensstereal oragret thange

across the, el nt. caysed hy t the external magnetic field.
However , ﬁ%{%Q "CO Hﬂ%%IEMR W 8 §sr%5f%%%ﬁ Yyla anRLEE@nent

there is ,a.lar |fference bet ween.the i an of the term nals. For
exanpl e, % EYES q@%fe i o BngﬁhygveﬁﬁrgggQ Sﬁé 3 tunsel E4BERYC a TMWR

ol orent has g R HRCdaRee 0kaseyaral kbl oghges wiiLe an MR el emen

has a term nal ce of ohirs’ f eason for the

differ enC%esrl%%Ia%% g FRe chaneeh kabikit Meoaekbﬁeﬁ%i?oﬂ Ofyjpr M pgea

tunnel barrier |ayer.
tunnel resistance R changes in dependence upon whether the

dire;tions of magnetization of the magnetic layers 110, 210

are parallel or antiparallel. A TMR element that exhibits the .
change in tunnel resistance R with changing external magnetic °
field 800 can be used as a magnetic sensor.

In conjunction with the MR element of the prior art, a
circuit constructioﬁ has been used in which an electric
current bias is effected between the terminals of the element
to sense the voltage changé across the element caused by the
change in the external magnetic field. However, when the
conventional MR element is replaced by a TMR element, there is
a large difference between the iwmpedances of the terminals.
For example, as described in J. Appl. Phys. Vol. 79, No. 8,
4524"(l2?6), a TMR element has a terminal impedance of several
kiloohms, while an MR element has a terminal impedance of
about tens of ohms. The main reason for the difference
resides in the controllability of the method of forming a

tunnel barrier layer.
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As described in the above J. Appl. Phys. article, a tunnel
about 1 to 2 nanoneters, as necessary, is created by oxidi
filmof A or the like having a simlar thickness. A suffi

. thickness is required to forma tunnel barrier |ayer which has gEfiscen

barrier of
zyng a_net al
CiBS SHBNE HASBEEN

| eakage current due to pin holes. As a result, the tuyprelRdESTHATFE =
cannot be | owered bel ow a certain val ue. YoMy eer , 3@y7@§7@gusflthe
“tunnel resistance of the elenents which are thus fabricated is |arge,
because the tunnel resistance depends exponentially on the thickness of

the tunnel barrier |ayer, whereby a snmall variation in the
| ayer thickness agzearibess im Ithregabeare @l Gmwpin tBhys .t @l

dielectric
clreasiasst ance.

This tunnel resistance variation is especially noted anmong plural elenents
f or med otenngilf bererier sfbsbaatted, tion 2c aramies@rsni @ Hesasmamt,i ors of

tunnel resistance of plural elenments fornmed over a conmon

substrat e,

because CHeatesy Soue¥idiaipcard vesatly dilabiaf AL o the lgkal i onPracess
is insufficient. SUWARY OF THE | NVENTI ON The

present ﬁm&ﬁroﬁf@&éq@% sé \ﬁélftfﬁ-é'éeené:n&"(ﬁq?&e tHsHna s

oS tARIBFTH art

oxt or hal Ll RO & BHTHE) HAAGHG SR It (e St AR T among

nass-progyc

f%%néﬂéagﬂko 'pin holes. As a result, the tunnel resistance

cannot be lowered below a certain value.

Moreover, variation in the tunnel resistance of the
elements which are thus fabricated is large, because the
tunnel resistance depends exponentially on the thickness of
the tunnel barrier layer, whereby a small variation in the
dielectric layer thickness appears as a large variation in the
tunnel resistance. This tunnel resistance variation is
especially noted among plural elements formed over different
substrates, in comparison with the variation of tunnel
resistance of plural elements formed over a common substrate,
because the reproducibility and controllability of the

oxidation process is insufficient.

SUMMARY OF THE INVENTION
The present invention seeks to solve these and other
problems of the prior.art by improving the impedance matching
between the TMR'eleﬁent and the external circuit, and by

reducing the characteristic variation among mass-produced

elements.

—_—
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-4 - ' To solve these and other problens of the prior art, fhe

I nvention enploys certain features of the known MOSFET const | 088 SHEET HAS BEEN
i ncluding a substrate overlaid by a source region, a drain rggi on RERDACED
gate oxide film which is overlaid by a nmagnetic gate el ectrode. A
tunneling oxide film is formed over the entire upper 5faceaf. the gate, and
a magnetic layer and a nonmagnetic |ayer arevi@rmedan Re7dWywriging
oxide film A tunnel junction is thus forned through a part of the
tunneling oxide filmin the region where the magnetic gate el ectrode and
the magnetic |ayer overlap. A simlar tunnel junction is also forned:

bet ween t he mignebilee galeseclatdd caterapdoblemzomfaghet prilayerct, the The
features of the invention can be applied in a field- effect transistor, a
magnet i cisgraaiona empdogts cardadnvwficaturesacdt dhea kmeymetMOSERThory cel |,

all as outlined in the detailed description that foll ows.

BRI EF DESCRSPTLONiOR, THEDRAMNINGS substrmitg ovendad dlibygraraass ng a

rel ati onship between a tunneling magnetoresistance el ement of the prior
art and &RJiewweensradiy @@aion, and g gate joxigle &iddpt W1t dgf am showi ng
a tunnelin magnet or esi st ance el enent, according to the present, | nventi on.
Fig. 3( a)’vgﬁ'&\ﬂé-%all?ye@umn@rﬁlcciﬁa&ﬁ FJ@Ftﬁ?@q'un@quWe%%‘%’sifﬁ%ce

g! ?gﬁm (J).fs %g%n{e V%rx];éro%hear]e%tﬁfz% u%(pb r a.ré:oewsofe ft:fheectgsa.toef, tar}led eagw val ent

magnetic layer and a nonmagnetic layer are formed on the
tunneling oxide film. A tunnel junction is thus formed

through a part of the tunneling oxide film in the region where -
the magnetic gate electrode and the magnetic layer overlap. A
similar tunnel junction is also formed between the magnetic
gate electrode and the nonmagnetic layer.

The features of the invention can be applied in a field-
effect transistor, a magnetic sensor, a magnetic read/write
head, or a magnetic memory cell, all as ocutlined in the
detailed description that follows.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a diagram showing a relationship between a
tunneling magnetoresistance element of the prior art and an
exterﬂél-circuit.

Fig. 2 is a conceptual diagram showing a tunneling
magnetoresistance element according to the present invention.

Fig. 3(a) shows an equivalent circuit of the tunneling
magnetoresistance element of the invention, and Fig. 3(b)

shows effects of the equivalent circuit.

N

-
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-5 - Figs. 4(a) - 4(f) show a manufacturing procegss—e+—ofi
“enbodi ment of the invention. Figs. 5(a) - 5(h)_show aﬂﬂ%ﬁﬁ@%&iﬁ REN
process according to another enbodi nent of the invention. ; 6(&,
- 6(h) show a manufacturing process for-a nagnetic nenory accordlng to an
enbodi nent of the invention. . Fig. 7 is a conceppuad rdiFagr ¢inshow ng a
tunnel i ng magnet or esi stance el enment accordi ngohe Ree . NwaRriigayoused in a
yoke-type read/wite head. - Fig. 8is a conceptual di agram showi ng a
tunnel i ng- magnetoresi stance el enent according to the invention used in a
shiel d-type read/wite head. Fig. 9 is a cross section show ng the
construction @fidgshe 4 (aynneldi(fy whowebomatushanae iage procassec i priehe
shield-type read/wite head of Fig. 8. Figs. 10(a) - 10(d) are
sect i ons epbodiimgnd e irfhec tiomviemg iopr.ocess for a read/wite head, in which a
tunneling nagnetoresistance el enent according to the invention is used in
a shi el d-type Figsd/ ir(i@e -h&d$) show appgnufactaringoprasess afieapdimg
showi ng anot her . enbodi nent of a magnet oresi stance el ement according to. the
i nvent i ofC anothey embpglimeng, ofgEh@ai&yensito®uit enpl oying the

magnet or esi st a ce eI nt of Fi
g n P% - 6(h) %how a manufacturlng process for a

magnetic memory according to an embodiment of the invention.

Fig. 7 is a conceptual diagram showing a tunneling
magnetoresistance element according to the invention used in a
yoke-type read/write head.

Fig. 8 is a conceptual diagram showing a tunneling
magnetoresistance element according to the invention used in a
shield-type read/write head.

Fig. 9 is a cross section showing the construction of the
tunneling magnetoresistance element used in the shield-type
read/write head of. Fig. 8..

Figs. 10(a) - 10(d) are sections showing a manufacturing
process for a read/write head, in which a tunneling
magnetoresistance element according to the invention is used
in a shield-type read/write head.

Eig. 11 is a conceptual diagram showing another
embodiment of a magnetoresistance element according to the
invention.

Fig. 12 is an equivalent circuit employing the

magnetoresistance element of Fig. 11.
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- 6- Fig. 13 is é conceptual diagram of anot her nagn e Luﬂ
el enent according an enbodi nent of the present invention. THIS ﬁﬂ%?‘HASBE“N
DETAI LED DESCRI PTI ON OF THE PREFERRED EMBCODI MENTS The r,.ecm&ﬁ ACED

i nvention uses a netal -oxi de sem conductor field-effect transistor
(MOSFET) as shown in Fig. 2. The elenment shown in Figy,2gR3s ceytaian
features of the known MOSFET construction, | RghdirRE .a Btoye3dygaon
substrate 700 overlaid by an N-doped source region 710, a drain region
720, and a gate oxide film500, which is overlaid by a magnetic gate

el ectrode 100. The device shown in Fig. 2 differs from the conventional
MOSFET i n t haFighelgatie &ascoadepthad dageetinc ofmeineitihalr, a tunnel ing oxide
film300 is forned over the entire wupper face of the gate, and a magnetic
| ayer 20@agndtaresdstageet edeheytr adtordiag emehbodimentt windllieng oxi de
film 300. In this state, a tunnel junction is formed through a part of

t he tunnbrﬁﬁgnﬁxnayehtn@ﬂSOO in the region where the nmagnetic gate

el ectrode 100 and the magnetic |ayer 200 overlap. A simlar tunnel
junction is also forned between the mnmagnetic gate electrode 100 and the

hi I '
gg?g?g?ﬁghcb;ayer 430 : {B%Tglgggg:no|ttons_to( . Ls e_eneg?aﬁaereglon
720 with respggt to the, magnetic |a 200 pot tlal di fference
t her ebet ween, %gﬁdp§eﬁe§§ Vi Ve&&éOB-éf& ﬁbﬂ%§ RUHY it Bl RS

field-effect transistor (MOSFET) as shown in Fig. 2. The
element shown in Fig. 2 haé certain features of the knoWn
MOSFET consﬁructicn, including a P-type silicon substrate 700
overlaid by an N-doped source region 710, a drain region 720,
and a gate oxide film 500, which is overlaid by a magnetic
gate electrode 100. The device shown in Fig. 2 differs from
the conventional MOSFET in that the gate is made of a maénetic
material, a tunneling oxide £ilm 300 is formed over the entire
upper face of the gate, and a magnetic layer 200 and a
nonmagnetic layer 400 are formed on the tunneling oxide film
300. In this state, a tunnel junction is formed through a

- part of the tunneling oxide f£film 300 in the region where the
magnetic gate electrode 100 and the magnetic layer 200 .
overléﬁl“ A similar tunnel junction is also formed between the
magnetic gate electrode 100 and the nonmagnetic layer 400.

The bias conditions for this element are determined by

the potentials of the source region 710 and the drain region
720 with respect to the magnetic layer 200, the potential

difference therebetween, and a bias voltage U 620 applied
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_7- bet ween the magnetic |ayer 200 and the nonnmagnetic |ayer 400. Here,

'the voltage 150 generated between the magnetic gate electnﬁﬂgsﬁ O-ant—t-he
magnetic | ayer 200 is designated by V. “Fig. 3(a) sh?ms a I@@ '_§ﬁgﬁﬁ
circuit of the element shown in Fig. 2. In Fig. 3(a), a 3 . ce

550 of the tunnel junction forned between the nagnetioutayef: 200-apd t he
magnetic gate el ectrode 100 is designated by Ricuangesfi:t usbeto3joscsion
capaci tance 560 thereof is designated by CI. The tunnel phenonenon between
t he magnetic |ayer 200 and the nmagnetic gate electrode 100 is the source
of the tunneling magnetoresistance effect, simlar to that occurring in a
tunnel | ufEiwRerbdthe aranggist Llayait éPParBdnbbe ngoanigeeeht 12¥2Ees?0tn

Fig. 3(a),.therefore, the tunnel resistance 550 is a variable resistance
whose r esiB@ZEhc & HRjdashi AR 0agenexaErRaPeRugRR: FRePRERCREG. J2te A

t | ISt 570 of t t | ] ' f d t t

nonmagnet RLACHHASI 00 G FeenTBRBEFL CqLEEor o Rl FBARC THRREACEY gt ed by
R2, d t Ny ' it 0.t £, is-des] C2.

thi s unct | on Pidoraid)s SRS CuaRe FERG TRRGRE: OF BSPAF anbetaprappRenty = 1"
Consi deri { h ext | t tLCas 2 t th
Cunnel | ng ePas o ASha and Pt R0 nagRali o Sarare| EeTroas 100 T rom (hes

Ooggggnet ey 4R it AMtell bRewhhascHel hagBethibs1apeti gdo Lhe vaktage
magnetic gate electrode 100 is designated by R1, and a tunnel
junction capacitance 560 thereof is designated by Cl. The
tunnel phenoménon bétween the magnetic layer 200 and the
magnetic gate electrode 100 is the source of the tunneling
magnetoresistance effect, similar to that occurring in a
tunnel junction between magnetic materials having different
forces. 1In Fig. 3(a), therefore, the tunnel resistance 550 is
a variable resistance whose resistance changes with an
external magnetic f£ield 800.

A tunnel resistance 570 of the tunnel junction foxmed
between the nonmagnetic layer 400 and the magnetic gate
electrode 100 is designated by R2, and a tunnel junction
capacitance 580 thereof is designated by C2. 1In this
junctqu, there is no tunneling magnetoresistance effect.

Considering a current path extending to the magnetic
layer 200 through the tunneling oxide f£ilm 300 and the
magnetic gate electrode 100 f£rom the nonmagnetic layer 400 to
which the bias voltage U is applied, the voltage V 150

generated between the magnetic gate electrode 100 and the

-

7 .
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RL 550 and R2 570. As the external magnetic field 800 changes, the tunnel
resistance R1 550 is changed in accordance with the towmnedmg H-729

magnet or esi stance effect to change the vol tagauy¥ B¢ : Hawsvar37Usle t he
magneti c gate electrode 100 is capacitively coupled through the gate oxide

film500 to the channel formed between the source and drain, the change in
the voltage V 150 causes a change in a drain current 680. If the change in
t he drai magmetdnt 168@xd 200hsedefdnedher 6f or e[ 1/d IHRIFE )i I’ heviedaleriml
-magnetic field 800 can be detected and observed accordingly. The

cor r espopaedue e thye ahi wildh eV heu i@y drditragsult @0 ahdhexttarn diunngyhet i ¢
field is shown in Fig. 3(b). The abscissa in the upper graph of Fig._ 3(b)

i ndi cat eFesHe tamgas iﬁé{;md R%¥ 560 8f¢ R sRt9 s gEetiatfeld

magnetic field strong%enough to saturate both the nagnetic |ayer 200 and
t he magndtifc GAEeS e o dIPT iXe P TRRES Rt 33k 3%f angfé%ﬂduénd of the

Tmgnot | ¢ SOEUATES OHE RS §E D AT ST 1R 21 50 her as
Lhe MeanShed Al AR P 07, Hoh B! SR BRI sace T
electrode 100 is capacitively coupled through the gate oxide
film 500 to the channel formed between the source and drain,
the change in the voltage V 150 causes a change in a drain
current 680. If the change in the drain current 680 is
observed, therefore, a change in the external magnetic field
800 can be detected and observed accordingly.

The correspondence between the TMR output/drain current
and external magnetic field is shown in Fig. 3(b). The
abscissa in the upper graph of Fig. 3(b) indicates the
external magnetic field 800, and it is assumed that a magnetic
field strong enough to saturate bofh the magnetic layer 200
and the magnetic gate electrode-loo_is produced at the left-
hand end of the graph. It is also assumed, for the
conﬁe&iénce of description, that the magnetic gate electrode
100 is made of a hard magnetic material, whereas the magnetic
material 200 is made of a soft magnetic material.

In Fig. 3(b), blank arrows indicate the direction of
magnetization of the hard magnetic material in a saturated

state, and solid arrows indicate the direction of
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-magneti zation of the hard magnetic material in a saturated sf —a

solid arrows indicate the direction of ' _ -_%%§5§§§§FEXE3§£5?]
-O- magneti zati on of a saturated soft magnetic material. FLg HHPL-ACED f
shows that, even if the magnitude of the conponent of the external

magnetic field 800 that is in parallel with the direcfionRef:nalnékPzation

of the two magnetic materials is reduced to z&pugzb}edi:t hat3@RAAGPHGLt he
direction of the external magnetic field 800 or by reducing the nagnitude

of the external magnetic field, the directions of magnetization of the

i ndividual magnetic materjals do not change. ~ Congequently,  the tunnel

resi st ancFEREGRARPHPLh & SaTtGEed §FCsB2BRELHIR BEEFAR vol Fige V 150
does not ge, . However, when the magni.tud the parallel
conponent o&’rs RO R %é\t,g] eé"‘l"f’el &a@néﬁb‘dﬁaggeggfe%mgﬁﬂe afgeSPPt s
tendency, _§ | i, the dir i etization .pf the soft
magnetic rma ee?{%#f fré%ﬁ%éll{ e 3 sy 2{%th %%?%r-t%s? WEGRCERE tiela |
800, but the-didfel ion Rladdits Ay BOREH €.MRhethak 10063 A0k a5 0a0ge
because of its coercive orce. By the tunneling gnetoresi stance effect,
t her ef or e,reddtted WHelerd Ut RENAPG NS ehelangBdLRBnUBENLhRE )
difference in the magnetization directions of the two magnetic materials.
The TMR outxudrnAll sisdgrets o iSNiad.d @9 0skawbyi reldaeingpphe gagphitaoBeFog. 3(Db).
When the magnitude of the external magnetic field 800 is Increased (i.e.,
in the rigiite lewtteraik evaigrnmt i diigeliche thles diisesar ibnenofhmageeateattibe

of the individual magnetic materials do not change.
Cdnsequently, the tunnel resistances R1 and R2 do not change,
and so the TMR cutput valtage V 150 does not change.

However, when the magnitude of the parallel component of
the external magnetic field 800 passes zero and changes its
tendency, sc as to rise again, the direction of magnetization
of the soft wmagnetic material follows the direction of the
external wagnetic f£ield 800, but the direction of the hard

- magnetic material does not change because of its coercive
force. By the tunneling magnetoresistance effect, therefore,
the tunnel resistance Rl 550 rises depending upon the
difference in the magnetization directiocns of the two magnetic
materials. The TMR output V 150 thus rises, as shown in the
upper graph of Fig. 3(b). When the magnitude of the external
magnetic f£ield 800 is increased (i.e., in the right hand
direction along the abscissa) from this state, the
magnetization of the hard magnetic material is gradually

inverted, so that the directions of the two magnetic layers
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magneti zation of the hard magnetic material is gradually inverted, so that
the directions of the two nagnetic |ayers : S '
- 10 - are once again parallel. As a result, the tunnel |rd85 SHERT &iaSRIEEN
550 is lowered to return to its substantially initial valu¢. = REPLFAQED
MOSFET shown in Fig. 2 is biased under the foll ow ng Oa@ngefi:on¥-729
Specifically, the potential of the magnetic gdbter 8eéctr 3de70060 0&USA
respect to the source potential of the MOSFET, when the nagnetization
directions of the two magnetic nmaterials are parallel and the TMR out put V
150 is low, is less than that of the drain with reference to the source
potent|a@reaoggﬁfﬁgﬁéﬁtpaﬁaélgl@n Rayar resuASY thensynpetwEes 1stRacsour ce
and the drain, and_thus no channel is forned. Moreaqgver, the potential of
the magn@ti 25Qate &PEEEPEEC1BELURAt ROr dsSesibasantdaddyr d@itd@dnti al of

t he MOSFET, when the magnetization directions of the two nmagnetic

mat eri al ¥¥4PE8- closer to antiparallel and the TMR output V 150 is high, is

h f f, d b d
b T R R e

State | nCaRCGHEPHe " cRRSRF LERLE, L pEEeRE A1 RE e atEle ﬁﬁ@%%%?ré?,
and theostatecha whioohsea chgamel b5 Lecmaduand Che mRANI e e Lhe

drain current 1s negligi IS Ca the F stat
MOSFET, when the magnetization dlrectlons of the two magnetic

materials are parallel and the TMR output V 150 is low, is
less than that of the drain with reference to the source
potential, a sufficient inversion layer is not formed between
" the source and the drain, and thus no channel is formed. |
Moreover, the potential of the magnetic gate electrode 100
with respect to the source potential of the MOSFET, when the
magnetization directions of the two magnetic materials are
closer to antiparallel and the TMR output V 150 is high, is
set so that a sufficient inversion layer is formed between the
source and the drain, such that a channel is formed.
As described in Physics of Semiconductor Devices, Chapter
8, John Wiley & Soné, New York (1981), the state in which the
channéi'is formed is called the ON state of the MOSFET, and
the state in which no channel is formed and the magnitude of
the drain current is negligibly small is called the OFF state
of the MOSFET. The potential of the magnetic gate electrode
at the time of transition from the OFF state to the ON state

is the gate threshold Vpy. As illustrated in Fig. 3(b), when

10 —_—
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of the MOSFET. The potential -of the nagnetic gate el ectrode—at_the tine of
transition fromthe OFF state to the ON state is the gate tﬁHBMEd%SI-bEEN
As illustrated in Fig:. 3(b), when - the TMR outdut V' RBO ACED
changes, the drain current I[err] 680 of the MOSFET changes. Spectfitatty
when the TMR output V 150 rises to a voltage that exc@e8sRefie gét§29 -
threshold V[err], the MOSFET changes from t heYerF Befite $497R378RUSEat €,

so that the drain current I[err] 680 abruptly rises. Wile the :
magneti zation directions of the two magnetic |ayers are antiparallel and

hords t ne S S S €I e NIRRT ERRELE, (ke Ep S8Rl COFET
ds > ORETHEE mig | -
20ai - appr SRt ey ¢ Sty KBRS TR pubiRRRORSY) S15RKT S

the OFF Stqﬂ:% eaa‘;?%‘ w eéﬁ%ﬁé *E%eTthQUEH%s]XoiéovP?F%Eé K&S§Set han

the gate thresho I's abrupt change of the dtain current [[err]

680 i s duecHgngdder £ adle Ure kS ikGat bansehckhesehande ehet BeallR

out put -V 150. The gate threshold V[err] can be changed by setting the
bi as condiuiesse of ; tden MBIt 19PRESREI at ®hleFBhe exagméei zAyiohri ngi ng t he
MOSFET into a state in which the nagnetization directions of the two
magnet i ¢ | @ymezct bores paf dtiee | tvanchagne tivRlayerguaryY 480ipsrhdbwelanddbyhe

adjusting the potential of the nmagnetic gate electrode 100 with respect to
t he sourcefMR cutput V 150 is higher than the gate threshold Voy, the

MOSFET holds the ON state. When the external magnetic field
800 grows sufficiently and the magnetization directions of the.
two magnetic layers again approach the parallel state, the
operation of the MOSFET changes to the OFF state at the moment
that the TMR output V 150 becomes less than the gate threshold
Viy. This abrupt change of the drain current Ip 680 is due to
the effect of the.amplification of the change of the TMR
output V 150.

The gate threshold Voy can be changed by setting the bias
conditions of the MOSFET appropriately. For example, by
bringing the MOSFET into a state in which the magnetization
dirxections of the two magnetic layers are parallel and the TMR
oﬁtput:v 150 is low, and by adjusting the potentiai of the
magnetic gate electrode 100 with respect to the source
potential by setting the bias wvoltage U 620 to form an
inversion layer previously to some extent, the MOSFET can be
changed to the ON state when the magnetization direction of

the magnetic layer 200 (the soft magmetic layer) is slightly
11 - —
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potential by setting the bias voltage U 620 to forman inversion layer
previously to sone extent, the MOSFET can be changed to thd Iy

t he magneti zation direction of the nmagnetic |ayer 200 (theT;§%§
layer) is slightly _ : 12 et UEAFEPO
change the TWMR output V 150 slightly. On the other hang Rae.briggigy the
MOSFET into a state in which the TVMR output ¥ol30 ReT:| owilyydy7asiugl t he
bi as voltage U 620 negatively so as not to forman inversion |ayer, the
"MOSFET does not change to the ON state so |ong as the magnetic |ayer 200
Is sufficiently turned to prevent the TMR output V 150 from i ncreasing
suf fi ci ebtikyed! foslvhrehget hegdMR towtestoMd 1\0ersxl]ighdtdry .be rhanigedther
setting the nagnitude of the bias voltage U 620 and the potential with
respect hentihebyr baidigigqgp dhenMOIFET [imtet l3erstadradsin e alalthe #MR he TWVR
output V 150 (or, the external field 800) at which the MOSFET is inverted
can be aprtprEdVdéséndisnd wp&y tHesdings the fisgs voltage thi&2G eature is
quite different from conventional MR elenents,, in which a ferromagnetic
filmis PEEREGVEdYadOhES SOt HE MRS &fedlVEtd ke &%t it pHIFRET s set

by th ti bias. A ' the t hi f_.th nt ti
Che 1 or BN GBI S 1 PR WIAE AU TG S e SRR L ARNAR | onal
' ti ' ' bl.e. th t
mventi 000 Yo AP TS LY. RS h i, P i R 0B RIS RS S ot abl o

range bstndSaRadn RGN L 0EANOT Ule MG Qlnd N R ANRLR F1e

bi as conditions. e range 1S Wi
can be changed by setting the magnitude of the bias voltage U

620 and the potential with respect to the grounding potential.
In other words, the value of the TMR output V 150 (or, the
external field 800) at which the MOSFET is inverted can be
altered depending upon the bias settings.

This feature is quite different from conventional MR
elements, in which a ferromagnetic f£ilm is formed adjacent to
the MR element and the operating point is set by the magnetic
bias. According to the teachings of the present invention,
the ferromagnetic f£ilm that provides the magnetic bias of the
conventional magnetic sensor is dispensabie.

Another advantage of the present invention is that the
outpug impedance of the device has a wide selectable range
that depends upon the design of the width of the channel and
the bias conditions. The output impedance range is wide
because the drain bias terminal is connected to the external

circuit, and the drain current is used as the output signal of

the element. As a result, the output impedance of the element
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because the drain bias termnal is connected to the external ~circuit, and
the drain current is used as the output signal of the el eng
result, the output inpedance of the el enent THIS SHEET HAS BEEN
-13 - i s determined by the inpedance between the sourceland tRFELACGE®RI n.
Because the output inpedance of the elenent has a w deyurselsact allf ey xANgE
the prior art problemof inpedance matching Behmesr.he 3T =gl and
the external circuit is solved. Further, the gate of the MOSFET

which is conventionally nmade of polysilicon, is instead constituted by the
magnetic gate el ectrode 100, which has a potential that fluctuates

accor di nd st deitremiMeceifiyedtthe Tmpedante betsmaronthes sifrfaer emtd dhreom t he
(apparently) simlar device that m ght be constructed by connecting the
out put ofdrielia .seFercauesley Hiree partgu tTNRp eelagrEntoft dhehe lpled lHapm getde of a
conventional MOSFET by a netallic wring or the like. The invention is

di f f er entSelgstaldle teangsoudhiengrion e tmpgedtlian gft dmplesianagianatoing  the
channel accordlnqqto the invention is sinply a capacitiyve . coupusgg t hr ough
the gateb&H he SHR odemend: and hihe RFteeml FAEHE dedch

connection of _the el ectrode and n arison with the
apparently, bt’ft urthen, fhe gaézlemqfar%c?e Q:gé?}%f'hé” e SPHERMIRRG KD v

Tk P A
the curr el P IR IS AN J%H?&[@Iélc érf’é(:erfﬂpcocuate_s

according to the TMR effect. Thus, the invention is different

from the (apparently) similar device that might be constructed
by connecting the output of the separately-prepared TMR
element to the polysilicon gate of a conventional MOSFET by . a
metallic wiring or the like. The invention is different
because the coupling of the magnetic gate electrode 100 and
the channel according to the invention is simply a capacitive
coupling through the gate oxide £ilm 500, so that no wiring
realizes the electrical connection of the electrode and
channel. By comparison with the apparently, but not truly,
similar device, the invention has remarkably reduced noise
that might otherwise enter due to the presence of the wiring.

fﬁ'the device of Fig. 2, there are two tunnel barriers in
the current path that extends from the nonmagnetic'layer 400
fed with the bias voltage U to the magnetic layer 200 through
the tunneling oxide film 300 and the magnetic gate electrode
100. The voltage division ratio 1/(1+R2/R1l) of the bias

voltage U is determined by the ratio R2/R1 of the two
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fed with the bias voltage Uto the magnetic |ayer 200 through the
tunneling oxide film 300 and the magnetic gate el ectrode -
division ratio 1/ (1+R2/R1) of the bias voltage U is determ Eﬁfﬁ

ratio R2/ Rl of the two : b

resi stances but not by the absolute values of the resigirangss. @HhedWo —
tunnel barriers are created by the comon tunnefirmgefoxi da didIam@Eassf or ned
over the magnetic gate electrode 100. |If the tunneling oxide film 300 has
a uni formthickness over the two junctions, therefore, the tunnel

resi stances of the tunnel barriers are substantially determ ned by the
degrees afesietanags (Hute.nod ey dire aifsdlvtg weadhiean off edje ofediecaragaret i C
gate el ectrode 100 and the nagnetic |ayer 200, and of the nmagnetic gate

el ect r od&he0@wand urinee Indramgirests auteaymreaAt® byn the lnammesr dyynneleingl t age
division ratio 1/ (1+R2/Rl) of the bias voltage U is determ ned exclusively
by the r&wigeoffithie 34U faimed geer ithe madnatfis gabe @ladereds Akdess of
the tunneling oxide film 300 is_ ensured. The junctjon area can be
suf fi ci el Fhs dMnn@Aing kds | a3 U ibfF R MO JdE<IRFES XK que
based on__lithography., Hence,. even t hough the reproducibility of the

aver age (RECIESS IS AR 4 SIS RS % | HHARSd0 For i aged (Fe $i%re of

el enment fabrication.s |ow _a_ division.rati 1/ ((1+R2/.R1). .t hat has an

ext T emel RS RARAS R AR SR AR Lo RS 2T e o R T TR OF

uni for m iy, Qf SN 3 Id M ithe size of the junction area) of the magnetic

gate electrode 100 and the magnetic layer 200, and of the
ﬁagnetic gate electrode 100 and the nonmagnetic layer 400. 1In
other words, the voltage division ratio 1/(1+R2/R1l) of the
bias voltage U is determined exclusively by the ratio of the
junction area if the uniformity of the thickness of the
tunneling oxide f£ilm 300 is ensured.

The junction area can be sufficiently precisely
controlled by using a micro processing technigque based on
lithography. Hence, even though the reproducibility of the
average thickness of the tunneling oxide f£ilm 300 formed at
the time of element fabrication is low, a division ratio
1/(1+R2/R1) that has an extremely small variation among the
elemeﬂéé-can be achieved if the uniformity of the f£ilm is
ensured. By this feature, the invention accomplishes the goal
of reducing the characteristic variation among elements in
mass production.

Specific examples of preferred embodiments of the

invention follow.
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ensured. By this feature, the invention acconplishes the goal of reducing
the characteristic variation among el ements in mass produdt+@R sureT HAS BEEN
Speci fic exanples of preferred enbodinents of the inventidn Fol keM.acep

- 15- Enbodi ment 1 Figs. 4(a) - 4(f) show a process—fot

manuf acturing a MOSFET tunneling nagnetoresi stance elgremefaccygdigyg to
the invention. Figs. 4(a), 4(c), and 4(e) ar&cuhOReFSeCtl1@¥ 30f09idre

el enent during the manufacturing process, and Figs. 4(b), 4(d), and 4(f)
are top plan views fromwhich the cross sections are taken. Fi gs.
4(a) and 4(b) show the state of an ordinary MOSFET manufacturing process,

i n which a P-type silicon substrate 700 is partially oxidized to forma
thick oxide filmregion 510, heavily-doped regions (i.e., a source region
710 and Zmbpdimented on 720) are fornmed by conventional |ithography
patterning, and a thin gate oxide film&500 is grown and patterned to form
~contact hol esFiigst-hé (aeavi Kyfdosbdwr egpsrcess forNmanuigsctaiyswe i Fi gs.
4(c) and 4&%& a nagnetlc gate electrode 10Q is fornmed over the oxide film
regi on 5YMOSFERd tannedime Megnekiode ShisltRAnTe0 SlemeRtheE i nchE gt i ¢

ate electrode 100. I.n this enmbodi nent, fhe terial of the
g . gnvent?on Figs. 4(a3 4(c), and 4(4Taare cross sectlons of

the element during the manufacturing process, and Figs. 4(b),
4(d), and 4(f) are top plan views from which the cross
sections are taken.

Figs. 4(a) and 4(b) show the state of an ordinary MOSFET
manufacturing process, in which a P-type silicon substrate 700"
is partially oxidized to form a thick oxide film region 510,
heavily-doped regions (i.e., a source region 710 and a drain
region 720) are formed by conventional lithography patterning,
and a thin gate oxide film 500 is grown and patterned to form
contact holes in the heavily-doped region.

Next, as shown in Figs. 4(c) and 4(d), a magnetic gate
electrode 100 is formed over the oxide film region.Slo, and a
tunneling oxide film 300 is formed over the magnetic gate
electrode 100. 1In this embodiment, the material of the
magneéic-gate electrode 100 is Co-17at%Pt. Alternatively, a
hard magnetic material of a Co élloy such as Co-Cr-Ta alloy
can be employed as the material of the magnetic gate electrode
100. A multilayered structure of, for example, Ni-Fe/Mn-
20at%Ir/Cu/HE/Si0,/Si (substrate) can also be used as the

magnetic gate electrode 100, to take advantage of the property
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magnetic gate el ectrode 100 i s Co-17at %t . _Alternatively,_a hard hagnetic

material of a Co alloy such as Co-Cr-Ta allo can be e
y y mpl g% §Qﬁ§N
he

for exanple, N -Fe/NMh- 20at%r/Cu/H/SiQlerr]/Si (substrate) L Aﬂu’

material of the magnetic gate electrode 100. A multil ayefe
used as- the magnetic gate electrode 100,’'to take advaageeHt tHe7pgoperty

-16 - that an antiferromagnetic material fi ¥esrtRef naghbPVeada0svate of
a ferromagnetic nmaterial. In this exanple, the Cu/Hf |ayers are introduced
to control the preferred orientation of the crystal of the
antiferromagnetic layer Mh-20at%r. -~ . Atunneling oxi de film 300 is

~pref er abl yehasy sy w:aﬁenmme&mr maltﬁeﬁga& FeKgF ERenpagnarbAeAustaset hin
as about 1 to 2 nanoneters, and then OX|d|§&ng t he tal, filLmeither in
an oxygen %ft rosTRTErMAgnef it mat e >h?§en pla& HemB ‘Fdet’P?IFﬁ*/Eﬁn al so be

a net al §_de of The

forned ha %¥§ﬁﬁxﬁéﬁu*?ﬁq€aﬂﬁ##5FHF°FﬁF8é 5%? 85gFer n%gﬁég#%ggg%ggg
el ectrode t:jhooacziyet'T ﬁ She a’nﬂlf@:% &E. feld%en 1200 ﬁﬂdz@aﬂi?“&?ﬂg“et ic layer

400 are forie L unné un ons over ‘the nagnefic gate
el ectrode 100 (figs fr) 43 (f’e(ff):)lm Bhe ﬁr%ga%ferhazerfozﬂ@dcao ge made of
a soft magnetic naterl suc as Ni- 20at%-e, N -16at%-e-18at %o, or
Co- 10at Y-apetidl |G #arild N0 mdFRANSEQRE DS banaeneff 86t heAnabeabetiteved by
using the hard nagnetic naterlals di scussed above with respect to the .

to 2 nanometers, and then oxidizing the metal £ilm either in

an oxygen atmosphere or with an oxygen plasma. The oxide film
can also be a metal oxide of Si, Ge, 2r, or Hf. The tunneling
oxide film 300 thus formed has a substantially uniform
thickness over the magnetic gate electrode 100.

Moreover, a magnetic layer 200 and a nonmagnetié layer
400 are formed to form two tunnel junctions over the magnetic
gate electrode 100 (Figs., 4(e) and 4(f)). The magnetic layer
200 can be made of.a soft magnetic material such as Ni-
20at%Fe, Ni-l6at%Fe-1B8at%¥Co, or Co-l0at%Fe., Similar tunneling
magnetoresistance effects can be achieved by using the hard
magnetic materials discussed above with respect to the
magnetic gate electrode 100 for the magnetic layer 200
instead, and the above-mentioned soft magnetic materials for
the magnetic gate electrode 100. That is, the magnetic gate
electrode 100 and the magnetic layer 200 can be of hard and
soft magnetic materials, respectively, or of soft and hard

magnetic materials, respectively.
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above-nentioned soft magnetic materials for the nmagnetic 'fﬁﬁ&ﬂ@ﬁﬂﬁbﬁ@EEN
100. That is, the magnetic gate electrode 100 and the magheti c RERGUAEEDR OO
can be of hard and. soft nagnetic materials, respectively, or of soft and

nagnetic'gafe el ectrode 100 for the magnetic |ayer 200 inELead, and the
i

hard magnetic materials, respectively. ' our Ref: H-729
- 17 - , A nonmagnetic netallic wWringveakere®. (21870300041 O
Cu) can be enployed for the nonnagnetic |ayer 400, as is typical in
conventi onal sem conductor manufacture. - Fol I owi ng the formation of

the |layers 200, 400, an elenent. having five termnals (neglecting the
substrate bi ag nommign@t)id metalliicatvddihy fratemalcort.act, 2dl,es 66 and

642 (Fig. 4(f)), by wiring the source region 710 and the drain region 720
with a neual caandebyempilioyeg tfee ithenatnnalgmedi 20@yeand tthe asorirmgnet i ¢ '
| ayer 400. The resulting structure is that shown in Fig. 2, discussed
above. typicefe impgeanvientionsdr sepnsonducsdrageswdiasfure + he teachi ngs of

t hi s enbodi nent _has a nuch hi gher signal-to-noise ratio, by 100 or nore

ti mes, conpar E@MigHnchEmviicsarEdenort the Jraversark00.B¢dthe aMR effect, a

change o IERETGGHANE: Tate watrPIde HO91 T B fHmGRAlt S Riffhge | n
(Do 91t DR M SR B WA s PR Ve O

(Fig. 4(£f)), by wiring the source region 710 and the drain
region 720 with a metal, and by wiring the magnetic layer 200
and the nonmagnetic layer 400. The resulting structure is
that shown in Fig. 2, discussed above.

The magnetic sensor constructed according to the
teachings of this embodiment has a much higher signal-to-noise
ratio, by 100 or more times, compared with the TMR sensor of
the prior art. By the TMR effect, a change in the external
magnetic field generates a signal or a potential change of the
magnetic gate electrode 100. This change.causes a change in
the drain current, thereby generating a detection signal
representative of the change in the external magnetic field.
Since this signal generating portion is incorporated in the
MOSFET;structure, according to the invention, the generated
signal is instantly amplified in the element without being
mixed with noise. Thus, the signal-to-noise ratio is
improved.

An equivalent circuit that is apparently similar to that

of Fig. 3(a) can be produced by connecting one end of the

17 -
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Since this signal generating portion is incorporated in th
structure, according to the invention, the generated sign
anplified in the el ement without being mxed with noise.

g
hu S, R‘Eh@A CED

signal-to-noise ratio is inproved. An equivalent circuit
apparently simlar to that of Fig. 3(a) can be produogd lmemonmgcﬁzg\g one
end of the Your R&f-: 31lomaaldausmire

(i.e., not through the gate oxi de film500) to the magnetic gate el ectrode
100 and by connecting the magnetic material-magnetic material tunnel
junction and the magnetic material-nonmagnetic material tunnel junction in
par al | el mevalflhe otiver (éne.,Howtvehrouigh ey gaiee cxdider diidg 50 Vhdo
present enbodinent is different, as is apparent fromthe foregoing

descri pt Fbe Gﬁml@mmﬁﬁg%é@@s and &y aensleqidneeitied MEIET | ve
in that the magnetic material -magnetic material, and ma%fetlc

mat er i al PASAFEGReMATTRLST MRt Stdde L UTnEc DURRE AR BTk Wy MA@t ifirs. In

_ 52”;5%% 8}rh restrl cti Onﬂ%mdliaif t he el}‘fect of s#ﬂﬁressa(#%l H"e‘?errents
the pr obSBE CEReGT a% &wa’ve&“f “C%gtﬁfaﬁet %ﬂﬁ%& o &g 0f 1he”®®
S'gna!'tﬁfggkiﬁh %Hdﬁlmed@ﬂ¥¥jdyygéfént as éx%pﬁgfgnt éggﬁ éﬂnga.second

enbodi me
foregoing description of the manufacturing process, from this

perceived altermnative in that the magnetic material-magnetic
material and magnetic material-nonmagnetic material tunnel
junctions must be formed in pairs. 1In particular, this
restriction produces the effect of suppressing the variation
of the voltage division ratio 1/(1+R2/R1l) among plural
elements in mass production. Morebver, the presence of the
metallic wiring raises the probability of adding noise to the

signal, which deteriorates the signal-to-noise ratio.

Embodiment 2

Figs. 5(a) ~ 5(f) show a second embodiment of the
invention, based on a different manufacturing process from
that SE'Embodiment 1. In Embodiment 1, there are four
independent electrical wirings to the source region 710, the
drain region 720, the magnetic layer 200, and the nonmagnetic
layer 400. 1In the present embodiment, the source region 710

and a nonmagnetic layer 410 are connected inside the element,
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i nvention, based on a different manufacturing process from . that of

Enbodi ment 1. In Enbodinent 1, there are four independent el &tll$ SEBET HAS BEEN
wirings to the source region 710, the drain region 720, thejnmagneRHEPLACBYEr
200, and the nonnmagnetic |ayer 400. In the present enbodi nent, the Source
region 710 and a nonmagnetic |ayer 410 are connected owsi gdeft hegetegent,
-19- and the drain region 720 and a magnet¥eut ayer: 2191ave3706909¢ct ed

i nside the el enent. Figs. 5(a) - 5(b) and 5(c) - 5(d) show process
steps that are simlar to those of Figs: 4(a) - 4(b) and 4(c) - 4(d),
respectively. In Figs. 5(e) and 5(f), the magnetic layer 210 and the
nonmagnet3®d | HyRrduadn g¥egiemi V2 ¢uand ya forgmet by lépeni aj0aarent act hol e
663 |l eading to the source region 710 and a contact hole 643 leading to the
drain regqu'me&‘ae,d RF g ht AP ee ementxi de fil m 500 and the tunneling oxide
film 300. The_ pagnetic |layer 210 and the nonmagnetic |ayer 410 are

i ndi vi dual |y H%Hﬁgctéﬁa}o‘asﬁ?hiﬁn%n%(%buTc%(%]a%hﬂ@ RRPGeHal stepscthat The

[ 21 d ' 410 ( [ db h
macer al SIS TEER T ofo Do RRRE RS | o B 0ot B E8a RhRhmpnblat Yatye?h
400 in E ' h di t,._the_bi bet t
source and RETHYShE  ni o It 0o PHE AR ST Bhen RS R PR e FAESENELt w0
tunnel | ued iR x@é&ni%‘i%tgiﬁglt CHICTIAL FAELY buatfPy drotfisl by the

magni tude of the gate e nmagnetic ga
forming a contact hole 663 leading to the source region 710

and a contact hole 643 leading to the drain region 720,
through the gate oxide film 500 and the tunneling oxide film
300. The magnetic layer 210 and the nonmagnetic layer 410 are
individually connected to a drain and source biasing external
circuit. The magnetic layer 210 and the nonmagnetic layer 410
are constituted by the materials employed for the magnetic
layer 200 and the nonmagnetic layer 400 in Embodiment 1.

In the présent embodiment, the bias between the sour&e
and drain and the bias of the TMR element section having the
two tunnel junctions are fed from one external circuit. As-a
result, the magnitude of the gate bias by the magnetic gate
elec;rpde 100 is determined directly by the voltage division
ratio$i7(1+R2/R1). Therefore, it is necessary to set the

| ratio R2/R1 of the tunnel resistances so as to provide a
satisfactory gate bias. This ratio R2/R1 is determined by the
ratio of the junction areas (i.e., the ratio of the overlap
between the magnetic gate electrode 100 and the magnetic layer

210 or the nonmagnetic layer 410, as described above with
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el ectrode 100 is deternined'diréctly by the vol tage division -ratio
1/ (1+R2/ R1). Therefore, it is necessary to set the ratio R2fRi—ei-the

tunnel resistances so as to provide a satisfactory gate bias?}W%ﬁBFEEHASBEEN
R2/R1 is determined by the ratio of the junction areas (i. el h&EPRACED Of

the overlap between the nagnetic gate el ectrode 100 amgytiherraggetbs | ayer

210 or the nonnegnetic |ayer 410, as describedvabevRei t h319703709Us1

- 20- respect to Enbodinent 1). In the present enbodi ment, therefore,
the magnetic |ayer 210 and the nonnagnetic |ayer 410 have different

wi dt hs, such that their nagnitude ratiois the desired ratio R2/Rl, as

shown i n F9speclh(ty Embgdiment 1) . ByIn etheiprpesdmt fenbodimemy, t er mi nal s of

Embodiment, 1 to the two wiring termnals of the present enbodiment; the

el enent dEGIRRF anEMAMAFRLEHF PR DRSS and thephotnagnet iEnbagdenent 3

The present_ enbodi Is directed to an application of the inventive TMR
o Hmet ot

el ement - t g
- ' I h t | i etp | an vi ews
Shown th B gs 26 (it Tl £00 e R lrmditls S dFatiieft ;T tae
magnet i ¢ dy &w? W5 A% 1€ minals of the present embodiment, the

element designed and manufacturing process are simplified.

Embodiment 3

The present embodiment is directed to an application of
the inventive TMR element to a magnetic memory.

Figs. 6(a) -_6(f) show the construction of a MOSFET
tunneling magnetoresistance element fabricated by the process
shown in Figs. 4(a) - 4(f) and Figs. 5(a) - 5(h). Figs. 6(a),
6(c), 6(e), and 6(g) are sections taken along the center lines
of the top plan.views shown in Figs. 6(b), 6(d), 6(f), and
6(h). In Figs. 6(e) and 6(f), the magnetic layer 210 and the
source region 710 are connected through the contact hole 663
extending through the gate oxide film 500. A nonmagnetic
layerwzzo, however, is not connected to.the drain region 720
via a contact hole beneath it, but independently through a
contact hole 642.

In this émbbdiment, moreover, a metal wiring is provided
over the two tunnel junctions. The metal wiring is buried in

the insulator layer 510, and is a writing line 900. Over this

20
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source region 710 are connected through the contact hole 663 extending
through the gate oxide film 500. A nonnmagnetic -layer 420, 'hﬂ@% :§é§n
connected to the drain region 720 via a contact hole bengath |§U£h_ EN
i ndependently through a contact hole 642. In this e T

noreover, a netal wiring is provided over the two tuonQIRbgncthwgg The
metal wiring is buried in the insulator |ayenogiOrRe&nd B3 ogowryotoiysy | i ne
900. Over this -21- witing line
900 is formed a netal wiring which is perpendicular to the witing line
900 and which is a witing bias Iine 902. These two wiring lines are

ar r angedwas tdhgs é ineo S00e isadoeted bametallﬁlandgth@lnhnaagnetlc | ayer 420
as possible, within a range capable of ensuring insulation. ’ The

Wi ting pPenpegddcudafoteethebordting dunkads Oondhehighgist iac Wt ng

el ectrode ;100_by about 30 nanoneters and the witing bias line 902 is
formed abdes dASaWdOR- nnghleﬁé Svo erﬁﬁo&tln% A&foReTrangedras: K 9s&sul at or

layer 510 eover provided ‘a net wWirin throu cont act hol e
645, Thi £0 HBEAMARHSEIE LEYETuGid PR & fo RS JGYRTH A0 55 ( ne
nonmagneti c r 4%% .and |sn%aralle % t he WWItIn I| % 900.
Through PRES &%ﬁ@hct gﬁ@ 842 3 FSECRR ePfuﬁFgﬂ Jfﬁ% drain
\r/\/reglt?297i2?heTgJ6‘% %_1?1&"%% 31 “‘%o?:?n%d Pdve THRERGEILUIY &l the

magnetic gate electrode 100 by about 30 nanometers and the
writing bias line 902 is formed above the writing line 900 by
about 20 nanometers. To the insulator layer 510, moreover, is -
provided a metal wiring through a contact hole 645. This

metal wiring is a word line 910, for applying a bias to the
nonmagnetic layer 420, and is parallel with the writing line
200.

Through the contact hole 642, a metal wiring is provided
to the drain region 720. This wiring is a data. line 912, and
is perpendicular.to the writing line 900 and the word line
910, and parallel with the writing bias line 902. Moreover,
the magnetic layer 210 and the source region 710 are biased
and connected by a metal wiring through a contact hole 665.
This éetal wiring is a grounding line and is parallel with the
data line 912. All of the metal Qirings (i.e., the writing
line 900, the writing bias line 902, the word line 910, the
data line 912, and the grounding line 914) are buried at

different levels in the insulator layer 510.
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910, and parallel with the witing bias |ine 902. Mreover, the magnetic -
| ayer 210 and the source region 710 are biased - and conneciég ot 3
‘Wiring through a contact hole 665. This netal wiring is a grd HASIBEEN
and is parallel with the data line 912. Al of the netal Wi ACED
the witing line 900, the witing bias |line 902, thegywr gdd.ne@iBg the -
data line 912, and the grounding |line 914) aredH irR@& .at 31di7foheroenrisi evel s

in the insulator |ayer 510. -22
The resulting structure is a magnetic nmenory cell. In this magnetic nmenory
cell, information of a single bit is 'stored in a manner to correspond to’

the state of whgnekiszatiog setuchersadseti magmesiel asmoaye 10 . TH:
magnetic gate electrode 100 is nmagneti zed by a magnetic field which is

i nduced blial hagnegian memectr iceldyr iefbrma tilomvathrowdmdidet ittt Hes writing
line 900 and the witing bias line 902. In order to change the magnetic
gate el estpued 100 af memnarpiict icorrgspomdget ithed ssadee afp magnetag@eial |y
inverted state, an electric current of the opposite polarity nmay be nmade
to flow ofhEbggRagEeEt ichgaks elegtrose 300 -andhenh@agmnatyy 9IRS [ine 902.
If the COﬁrCIve force of the ma netlg gat e el ect,rode %Oﬂﬂlls sufficiently

strong, ERECKEGHE P ileh MRS Zey ¥t &g MRENSTHE Bk 3% only one
o 1 kL L0 00,0 L 00 S 1 Fh enronds! 196
the writing line 900 and the writing bias line 902. In orderxr
to change the magnetic gate electrode 100 from a particular
magnetized state to the ﬁagnetically inverted state, an
electric current of the opposite polarity may be made to flow
through both the writing line 900 and the writing bias line
902. If the coercive force of the magnetic gate electrode 100
is sufficiently strong, the magnetization is not inverted by
the current bias of only one of the writing line 900 and the
writing bias line 902.
In the present embodiment, cobalt is preferably employed
in the magnetic gate electrode 100.
By the tunneling magnetoresistance effect, the change in
the magnetization state of the magnetic gate electrode 100
changéé'the tunnel resistance R2 between the magnetic layer
200 and the magnetic gate electrode 100, thereby changing the
voltage division ratio 1/(1+R2/R1). This change leads to a
change in the potential, established when the word line 910

leading to the nonmagnetic layer 420 is biased, of the

magnetic gate electrode 100, which acts as the gate electrode
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in the nagnetic gate el ectrode 100. - By the tunneling

magnet or esi stance effect, the change in the magnetization hangsgggﬁﬁgSBEEN
magnetic gate el ectrode 100 changes the tunnel resistance R2 betpweackhe

magnetic layer 200 and the magnetic gate el ectrode 100, thereby Changrmy
the voltage division ratio 1/(1+R2/Rl). This change Igadspdp. a yChagge in

the potential, established when the word Iine €40 geadi N1 §poiP®usi
nonmagneti c | ayer 420 is biased, of the magnetic gate electrode 100, which

acts as the gate el ectrode -23-

of the MOSFET. As a result, the change in the magnetization state of the
nmagnet i ¢ gfatthe MeSFETe 109 a srebskr verthasclanghangeche ddgnelt brat Lonr ent
which is achieved by biasing the data line 912 |eading to the drain region
720. |f tHetelehgehe diagredic rgate eecieddl W0Gels cbmedvadasuar ent
changes between two values, fromzero to a sufficiently large finite

val ue i n RAFUAFR LHR tEraie FrgrrRt Mhidn k3 achigveddy rekpeing ghee

el ectrode, 100._ Hence e change in the drain current functions as a

current SarfalliRer %%%t PG BNt | DR IBA IR bT20 whi Eh tRe steleagas
mmanet | ¢ AT ACEEELS rfoT S AR S Ean Hie (GrHkY BYTGHT AERHESEN arr ay
TR R R TR A T R I
one writign e an accordance with the magnetization state of the
magnetic gate electrode 100. Hence, the change in the drain
current functions as a current signal representing the
information of a bit which is stored as the state of
magnetization of the magnetic 'gate electrode 100.
A magnetic random access memory (MRAM) can be formed by
arranging an array of the memory cells shown and described,
and by providing one writing line 900 and one word line 910 to
each column of memory cells in the array, and one writing bias
line 902, one data line 912, and one grounding line 914 for
each row of memory cells in the array. In order to write to a
specific cell of the array, the writing bias line 902, shared
by the row to which the cell belongs, is energized first to
estabiiéh an induction field. |
In this state, the intensity of the induction field is so
strong that the magnetization of the magnetic gate electrode
100 is not inverted. Subsequent to this state, the writing
line 900, shared by the column to which the cell belongs, is

energized. As a result, a magnetic field is generated that is
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line 902, one data line 912, and one grounding line 914 for A h—-ow-of
menory cells in the array. In order to wite to a specific cplHHPHERRHAS BEEN
array, the witing bias line 902, shared by the rowto which the RHFLACED

bel ongs, is energized first to establish an induction field. In this
state, the intensity of the induction field is so st rRdEt twherao
magneti zation of the nagnetic gate el ectrode viR@F igefmot 31veriambusl

Subsequent to this state, the witing |ine 900, shared by the colum to
which the cell belongs, is energized. As a result, a magnetic field is
generated that is -24 - strong
enough t etirower endugghmgndinvaatt eaheomadne tipgeidre afattde elagptatode gz i n
the selected cell, to conplete the witing operation. To read the

i nf or mat edrcitrodes pd® fiinc tdel Iselectes aeldy, ta wowdetd itie eoitigigred by
the colum to which the cell belongs, is biased, the word |lines of the

ot her coPpe#atdo®. grounded, and only the data line 912 shared by the row

to which the cell belongs is biased, while the other data lines are
grounded. TQN?Qﬁﬁniﬂ%x}qﬁqmeQ%QQNiﬂuﬂnﬁRﬁﬁ%f%ﬂ%ﬂ@l%r+4MﬁQﬁ1arraYl'

magnet | o SRBSEF ChEtS  hate s B EHA AL KT S B nent has
:Eg ngﬁlé[eﬁ.gtn%%i, etihse }:)iinafsoercﬁ151 ttihoen m;osrd rl({[nelso%f lhee toock{ehn? é;ooﬁ{n%él ea}é) rce of
grounded, and only the data line 912 shared by the row to
which the cell belongs is biased, while the other data lines
are grounded.

As compared with the conventional DRAM, in which
information is stored in the form of a charge stored in a
capacitor, the magnetic memory element that forms the basis of
the present embodiment has the feature that the information is
not lost due to the coercive force of the magnetic gate
electrode 100, even if the power supply from the external
circuit is interrupted. 1In this sense, the MRAM constructed
of the present magnetic memory cells is a nonvolatile RAM.

By applying current pulses of about 1 nanosecond to the
writing line 900, the state of magnetization of the magnetic
gate éiéctrode 100 is inverted. Thus, the writing operation
can be performed at a speed equal to or higher than that of
the DRAM of the prior art. The MRAM of the present invention

is superior to a nonvolatile flash memory with respect to this

high speed writing operation.
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el ectrode 100, even if the power supply fromthe external «circuit is

interrupted. In this sense, the MRAM constructed of the present—ra CL.BEEN
menory cells is a nonvolatile RAM By applying current %ﬂ$%§§i¥§£€
about 1 nanosecond to the witing line 900, the state of gnet | of

the magnetic gate electrode 100 is inverted. Thus, tf@hfwméfpg Bpesation
can be perforned at a speed equal to or hi gheryduramrdhat of 976 3reo SIM of
the prior art. The MRAM of the present invention s superior to a

nonvol atile flash memory with respect to this high speed witing

~ operation. - 25- It is noted
that the presérft 1mmﬂ¢<b¢lmbvum$mesemngVentmrgr@¢MtaV\/m chis
different in construction fromthe device disclosed in U S. Patent No.

5, 654, 5652IRRE 1 AeRAL % Hovement thichy, is Qﬁaﬁfeevtemﬁkm mbfutstgl?rrl] .
conservatjon of current carriers flow ng between the source an e drain,
wher eas térifé’%rté?e e‘f%ﬂﬁerﬁ-‘f%ﬁﬂ-‘?%e%d%dj(ﬁ] tBRLeny iNei pf «854i5¢6e tThmel i ng

magnet or e |stanc effect. .In the construction of the el epent according to

the preséfit’ *THvERTDMR tq*bl%llb’r%ETHfé??é? “&]“%’Z %%tqhwd?rr ggt :j;ssglrrglsggl Ieg
is e ed i e dev

?Jng ng g?f’ég uc(?'nn an aﬁbﬁﬁrﬂ%aqarr&%e&sf ?‘f?ﬂ?%tﬁkﬁ%nﬁl‘ﬁ%‘? ovenent

' ' I e varia

char act oo o Al WAL e SRR boventior e diidd' Hohes on

the cont gdildiglidy ¥ tH¥ tunneling magnetoresistance effect. In the

construction of the element according to the present
invention, the signal generated by the TMR effect is amplified
and output. However, although a FET is employed in the device
disclosed in U.S. 5,654,566, such an émplification effect and
the resultant improvement in signal-to-noise ratio cannot be
expected.

The variation of characteristics of elements adopting the
TMR effect generally depends on the controllability of the
tunneling oxide film 300. However, the present invention is
greatly improved with respect to varying characteristics
because of the manufacturing method disclosed above. The
device disclosed in the aforementioned U.S. patent employs
spin ébhservation, and has an essentially indefinite
controllabiiity of variation of characteristics; moreover, the
patent fails to describe or suggest the method disclosed

above. Reduction in the variations of characteristics in the

prior art is an important objective of the present invention
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tunnel i ng oxi de film 300. Fbmever,'the present invention is greatly
i mproved with respect to varying characteristics because of _the

manuf acturing net hod di scl osed above. The device disclosed || MHIS"SHEET HAS BEEN
af orenmentioned- U. S. patent enploys spin conservation, and has anREPLACED

essentially indefinite controllability of varlatlon cguf gcteé LLTS;

noreover, the patent fails to describe or suggest g+§ §fed
above. Reduction in the variations of characterlstlcs |n prior art is
an inportant objective of the present invention _ _ -
- 26 - and an inportant inprovenent in the art, particularly for

i nt egr at iargl amidp@ttant yimdr SegR@id CiiBihs | £6t, patbodiaey for The
present enbodinent is directed to an appllcatlon of the present invention
to a magnettiegteaiheployltnipbidMy «f andnietic memdtfes/ shows a _
conceptual diagram of an embodinent according to the invention, in which a
TMR el enent is enployed in a read/wite head used for reading and witing
information fromand. to a magnetic recording nmedium Fig. 7 shows only

t he najoéﬂﬁﬁgﬁéﬁﬂh_pbles and the el ectrode structure. The reading
head conprises netic sensor that uses a tunnel junction-type

magnet or esi st a"m,ee FRME APRPETRKe-tg fiirertrd o am @rrlicakiercofdi ng

- | ane_as
nEdlunll%ﬂé1t£§%ent nvention to a magnetic head employing a TMR

element.

Fig. 7 shows a conceptual diagram of an embodiment
according to the invention, in which a TMR element is employed '
in a read/write head used for reading and writing information
from and to a magnetic recording medium. Fig. 7 shows only
the major magnetic poles and the electrode structure.

The reading head comprises a magnetic sensor that uses a
tunnel junction-type magnetoresistance element and a yoke-type
head. 1In Fig. 7, the recording medium is in the Z-X plane as
defined in the figure, and the head makes access to the medium
surface in a direction parallel to the Y-axis, which is
perpendicular.to the recording medium. The reading head has a
readipg gap 230 which is formed by a lower yoke structure 220
and aﬂ upper yoke structure 221, and the writing head has a
writing gap which is positioned over the reading gap and
formed by a magnetic pole 222 and the upper yoke structure
221. A writing coil 850 is interposed between the magnetic

pole 222 and the upper yoke structure 221.
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defined in the figure, and the head nmakes access to the mediym surface in

a direction parallel to the Y-axis, which is perpendicul ar rﬁEEEQE .
recordi ng medi um The readi ng head has a reading gap 230 ich igg FAS BEEN
by a | ower yoke structure 220 and an upper yoke structure 22]

witing head has. a witing gap which is positioned oyrir tHer + eaglityp gap
and forned by a magnetic pole 222 and the uppeury ®eE St raucdweroAsh A
witing coil 850 is interposed between the magnetic pole 222 and the upper
yoke structure 221. " -27- The

| ower yoke structure 220 is in partial contact with the tunneling oxide
film 300, to fllvemlmwamnelkg wichiamree2ledrs time daowealy clantsctuciiele 220
and the magnetic gate electrode 100. Sinmilarly, a nonmagnetic el ectrode
401 i s i rheconmastling axisted fodm i3090 .t ey dofriwiat Kunime gwedtiigp oxide film
300, to forma tunnel_ junction between the nonmagnetic electrode 401 and

t he magn®etyegn &ha éaméfqém.smu%@%@gh‘gtme FREnel e tg¥eR 100,
there is, .a gate oxide film500,. under which is faornmed a_channe]
sandw_ch@&eﬁgﬁi&ﬁ@n 1 sctitelaghiy & APFIRSFE MBSSErdRL testFtithg in a

construction tha

st ruct ur &R Eﬁtnigai} SFfS‘ %ﬁﬁgﬁ%%ﬂbﬁ%g@ﬁ Z%J %sihfflld
e b eruding. o al .
o e 11 T, A, A £ ARRAT (AN, TG Mhd MU 2"

preferably AR 401 and the magnetic gate electrode 100. Under the

magnetic gate electrode 100, there is a gate oxide £ilm 500,
under which is formed a channel sandwiched between the source
and drain of the MOSFET, thus resulting in a construction that
is somewhat similar to that shown in Fig. 2. 'The head
structure, including the yoke structure described above, can
be easily made by combining suitable planarizing and
metalizing techniques for an oxide film in semiconductor
manufacture. This entire head structure is preferably applied
to a strength reinforcing layer 540 of Al,03TiC, and used as a
combination read/write head.

For a tunnel resistance R1 of the tunnel junction formed
betweep the lower yoke structure 220 and the magnetic gate
electéﬁde 100, and a tunnel resistance R2 of the tunnel
junction formed between the end portion of the nommagnetic
electrode 401 and the magnetic gate electrode 100, an
equivalent circuit like that shown in Fig. 3(a) can also be
devised for the present embodiment. The lower yoke structure

220 is preferably made of a soft magnetic material such as
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to a strength reinforcing layer 540 of Alferr](Jerr]TiC, and ySes 888 Hag BEEN
conmbi nation read/wite head. For a tunnel resistance Rljof tsEpiupps! 7
junction formed between the |ower yoke structure 220 and the nmagnettcgate

el ectrode 100, and a tunnel resistance R2 of the tunnel junction forned
between the end portion of the nonmagnetic el ectrode O3] Rafk t le-12Egneti c

gate electrode 100, an equivalent circuit |i Keuh®&efshowldTWIAGPRUSa) can

al so be devised for the present enbodinment. The | ower yoke structure 220

is preferably made of a soft magnetic material such as

- 28- Permal | oy the | ower yoke structure 220 and corresponds to the

nmagnet i c PEapad 1200 tdie Eewedi vioke BLraskungy?el 204 SPri@isRdotoftige

yoke structure 220 chan%tes with a change in the magnetic field generated

as a resBPANStis dev@r 00 QlotERaSRment the dhSe MWHINETIEREI® di sk) of

the recordi ng .nedium. The gnetic gate el ectrode 100 s preferably nade
of a hard&rﬁ%g}ﬂré’ﬂ Otmdths iYéﬁrP%fStéﬁlcltg%%/ﬁtzq FRARgeS r*FErﬁ%ange ¥n The
input/ou% ut _char ctezﬁ'.sti s_of tkl_% ead heaed ftthrjsa errbeodi nt are
det er m n&dCadFH Erico ]ﬁelré I R 56t éntils = St hdTHRE Pt ent i al

di fferen ' t:he .sour ' he drai i ith
respect 'tc(go?%té:%gpv(/erlmy(}ﬁ% cgatesréuﬁu% “%%fetg"% %135‘?;[)“ iq:z%{s?e\g/&lo%{%%%' 620
appl i ed R@Hﬁ%ﬂ..%'n@(ﬁi{ i d Wilddi&oerd @i 4t ﬂf&%&e}i&a@y@f
el ectrode 401. The outp est?&%%&lts the drain cur rlenfbf oW ng

a hard magnetic material of Co-17at%Pt in this embodiment.

The input/output characteristics of the read head of this
embodiment are determined as in Embodiment 1 by the potentials
of and the potential difference between the source region 710
and the drain region 720 with respect to the lower yoke
structure 220, and by the bias voltage U 620 applied between.
the lower yoke structure 220 and the nonmagnetic layer
electrode 401. The output signal is the drain current flowing
through the drain region 720.

By comparison with the yoke-type MR head described in
Mallinson, "Magnetoresistant Head -- Fundamentals and
Applications", translated by Hayashi, Maruzen (1996), pages
74-75, the present invention has a much higher junction
effic{ehcy between the yoke structure and the magnetoresistive
element, because the Mallinson MR element is extremely thin.
Since the MR element and the yoke structure must be
electrically isolated, moreover, they are required to have
sufficient gaps, which further lowers the junction efficiency

of the magnetic flux in the Mallinson device. The combined
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t hrough the drain region 720. By conparison with the Jgk -
head described in Mllinson, "Magnetoresistant Head -- Fundair and
Applications", translated by Hayashi, Maruzen (1996), page '5?L4¢yb
present invention has.a much higher junction efficiency between theé yoeke
structure and the nmagnetoresistive elenent, because tAszMREE::NSBN7RR
element is extrenmely thin. Since the MR el emefpPuznBefhe $&REC3TLGEEEr e
must be electrically isolated, noreover, they are required to have
sufficient gaps, which further lowers the junction efficiency of the

magnetic flux in the Mallinson device. The conbi ned . .
M08 e Triiie S MR e | CPREPERSRe. RAgs 3l TREBRELEC

111 ancyF AT IR AT (4 R Ay SREdE TS, 109eRaBd S0 1o 1 he

t . , t | ! ! . ! |
Doke st ructgie ooy, e JFERS Yien RRURE b REQVELER o lneditg, |
the magnetic rﬁééﬁgﬁﬂg&; cﬁée ﬂ%% Fide® RERDAT NSt UG *BBOLENRSG Mandhe

present invention c: ta lowlevel to avoid the problens of the
prior art.pg g@bgéilf@cguiﬁed in tHd Mdeieroieampacehirappby, nghike BVEo
el enent of the presenl invention to a magnetic head foll ows.

reduces the thickness of the device. Thus, the magnetic

reluctance of the entire head structure accerding to the
present invention can be held at a low level to aveoid the

problems of the prior art.

Embodiment 5

A further example of applying the TMR element of the
present invention to a magnetic head follows.

Fig. B shows a conceptual diagram of another embodiment
according to the'present invention, as applied in a read/write
head for reading information from and writing information to a
magnetic recotding medium.

Fig. 8 shows only the major magnetic poles in the
electrode structufe. The read head includes a magnetic sensor
that ‘ises a tunnel junction-type MR element and a shield-type
head. 1In Fig. 8, the recording medium is placed in the zZ-X
plane as defined in the figure, and the head makes access to
the medium surface in a direction parallel to the Y-axis,
which is perpendicular to the recording medium. The read head

has a reading gap 260 which is formed by a lower shield 250
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Fig. 8 shows a conceptual diagram of another enbodi nent according to.t
present invention, as applied in a read/wite head for reqdimngSHREEDHARBESH
‘fromand witing information to a nmagnetic recordi ng nedi um REPLAEER. 8
shows only the major magnetic poles in the electrode structure._The read
‘head includes a magnetic sensor that uses a tynnel 'gﬂ%¥£§ggé ﬂ%‘é@i

el ement and a shield-type head. In Fig. 8, th OPEC%% F ng® hd % ?¥5h1 aced
in the Z-X plane as defined in the figure, and the head nakes access to
the nediumsurface in a direction parallel to the Y-axis, which is

per pendi culpf Lo &{ygbgeﬁr ShRdng ARdLUm chbe.Leed HEdd nhasa teathgaggP 260 |

which is forne ower s

- 30- Al ' d ht e haSo h §

formed by ‘an uppgﬁpﬁgb§§¥%%ppogée§%% gﬁggtﬁghugggregﬁie1U@5§%#£ég§m???fng
coi | 850 iz wtermosad belsweqrs _time&?aeédrraeea&eﬁ thel epge? aagnéBecupper
shield 251. A soft magnetic gate electrode 101 is disposed at a

gener al | y golierasdiaie ymsivppar ketetdn2she upper shield 251 and the | ower
shield 250. The tunneling oxide film300 is forned over the soft magnetic
gate el ectrode A GG amkgreticigateckelpetrode 301t he HOSpEIedsadi @posed
under the gate electrode with the gate oxide film 500 therebetween. A hard
magnet i ¢ deardldy’ 25 9mngdi atenPast tapnakesWaepoEhe oWPPREr 8Bieldi BALlt he
tunneling oxide film 300 to forma tunnel junction between the hard

magnet i ¢ LRI DET Sidalck 258rt FB§néppReling oxide film 300 1is

formed over the soft magnetic gate electrode 101, and the

channel portion of the MOSFET is disposed under the gate
electrode with the gate oxide £ilm 500 therebetween. A hard
magnetic electrode 255 is in contact at an end portion therfeaf
with the tunneling oxide film 300 to form a tunnel junctioen
between the hard magnetic electrode 255 and the soft magnetic
gate electrode 101, Similarly, a nonmagnetic electrode 402 is
in contact at an end portion thereof with the tunneliﬁg oxide
film 300 to form a tunnel junction between the nonmagnetic
electrode 402 and the soft magnetic gate electrode 101.

As illustrated in Fig. 8, the souzxce region 710 of the
MOSFET is in fromt of the soft magnetic gate electxode 101.
Contact holes extend through the tunneling oxide film 300 and
the gate oxide film 500 to a part of the source region 710.
The drain region 720 is located, but not illustrated, on the
opposite side of the soft magnetic gate electrode 101 from the
source region 710. As for the source region 710, contact

holes extend to the drain region 720. Fig. 9, which
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gate el ectrode 101. Simlarly, a nonnmagnetic el ectrode 402! itgys 5BEEOAhEBEEN
at an end portion thereof with the tunneling oxide film 3D0 to;ﬁgqﬂtgp
tunnel junction between the nonmagnetic el ectrode 402 and*the—soft
magnetic gate el ectrode 101. . As illustrated in Fig. 8, the source
region 710 of the MOSFET is in front of the soft magnetrcRgéte Bleeprode
101. Contact holes extend through the tunneli ¥guoxRdé:fi Bbp3097a8US1it he
gate oxide filmb500 to a part of the source region 710. The drain region
720 is located, but not illustrated, on the opposite side of the soft
nmagnet.ic gate el ectrode 101 fron1the source region 710. As for the source
regi on 7161llustraces HolwsssxtEesdirs takenr appalégiohe7pbe Erg. ndanghi ch
-31 - illustrates a cross section taken _parallel to the Z-X plane

t hr ough h&FEF OREn & q@<9@Sﬂﬁﬁ%§eeéGEtrﬁ§§e§5§hem65ﬁ§tFBEtFBﬁStﬁBF ifPear.
The channegagprtlon f or_red etme n the,source Leg ion 710 ﬁed the drain

regi on 728 HEINOSFERS § deartﬁﬁﬂp£P£WFé| BEWESR FRS: fBYFCR pl ane)
th th | t th di Fi g.
5 e el A s S, CBE SR ML woseme SRR R 0
VLl S aN e SIRIRS! bcchghﬁﬁe) a2 AuELedph Dagnchater f ayer
|nsulat|ngrﬁaye i'nterl-ayer ating layer 5 1, ang

i nterl ayerndiRsdAHHY Jeidi 2 mebBUMOVEr the magnetic pol es and t he
shields are fabricated by conmbi'ning a planarizing technique

As shown in Fig. 9, the metallic portion such as the soft

magnetic gate electrode 101, the individual shields, and the
magnetic poles, are buried in an interlayer insulating layer
520, an interlayer insulating layer 521, and an interlayer
insulating layexr 522. Moxeover, the magnetic poles and the
shields are fabricated by cowbining a planarizing technigque
and a metallization technique ﬁsed for manufactﬁring oxide
films in the semiconductor industry. The entire head
structure is preferably attached to a strength reinforcing
layer 540 of Al;03-TiC ox the like, to complete the read/write
head.

Figs. 10(a) - 10(4) schematically illustrate important
steps of the manufacturing process. Figs. 10(a) - 10(d) are
sectibas taken perpendicular to the recording medium, parallel
to the z-Y plane, throuéh the soft magnetic gate electrode
101l.

Fig. 10(a) illustrates the device during manufacture,
immediately after the magnetic sensor unit according to the

present invention has been manufactured over the MOSFET. The
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and a netal lization technique used for manufacturing oxi fe T
sem conduct or industry. The entire head structure is preferal
to a strength reinforcing |ayer 540 of Al[err]Jerr]-Ti
conplete the read/wite head. Figs. 10(a) - 10(d) schematically
illustrate inportant steps of the manufacturing processr Regs. #0¢ap - 10
(d) are sections taken perpendicular to the r&eordRef: negipnmipasabhel to
the Z-Y plane, through the soft magnetic gate el ectrode 101. Fig.
10(a) illustrates the device during manufacture, immediately after the
magnetic sensor unit according to the present invention has been

manuf act urNGEEREBris erafimmbily Maaufactured over a Silicon-On-Insulator 32 .
MOSFET i s Preferably manuf act ured over _a SiIicon-Ch-InsuLgtor (saA)
substrat e. (S¥Fk BIPSHHAR 1 RS SHTeFPEbrRpts 15 preferably a '

i1 | ayorSTRATOrHEN 1By IR G RSP (S TMany SBbethBEBquaR “ReGE =
...Ih q b i.ncl ud ' ide.l 702 f d
tmst Egtsewéf%%ﬁ%ﬁgﬁieia'e%%&sé%:%gg;%‘#%8_%:%‘?%3@%%%#@%&052%—as_ | y
. ulchy g |
that a pﬁp(éuai%ﬁiﬁygéﬁ;%%t?%%ﬁ%%?E' &h%hgbgu%ﬁg%kﬁaggggagggpkkygoo S
formed, angieqhakdie MBEAAE 102! fitkiedd @225 23N €1 N80BBEREEEC 78h6C hhedg 02

are
upper Si layer 701 formed cver the oxide layer 702. The upper

Si layer 701 should be of sufficiently high quality Si so that
a proper MOSFET can be formed.

The tunneling oxide £ilm 300 is formed, and the hard
magnetic electrdde 255 and nonmagnetic electrode 402 are
formed on the tunneling oxide £ilm 300. These electrode
structures are then buried in the interlayer insulating layer
520 and planarized at their upper portions by a Chemical-
Mechanical Polishing (CMP) method or the like. By similar
metallizations and planarizing techniques, the upper shield
251, the upper magnetic poles 252, the recording coil 850, and
so on'are formed and are buried in the interlayer insulating

| layers 521, 522. The strength reinforcing layer 540 is formed
thereover, as shown in Fig. 10b.

Next, the Si substrate 703 and the buried oxide layer 702
are removed from the back face, For this removal, a wet
etching of the Si substrate 703 with hydrazine oxr a wet

etching of the buried oxide layer 702 with hydrofluoric acid
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TaXS

formed on the tunneling oxide film 300. These el ectrode g
then buried in the interlayer insulating layer 520 and p} anar ipggf
upper portions by a Chem cal - Mechanical Polishing (CVP)
like. By simlar netallizations and planarizing technlques t he upper
shield 251, the upper negnetic poles 252, the recordi pgrcRElf:858~7a8d so
on are formed and are buried in the |nterlayeern&uRaflngalbapenssﬁgl 522.
The strength reinforcing layer 540 is forned thereover, as shown in Fig.
10b. Next, the Si substrate 703 and the buried OXIde | ayer 702 are
removed from the back face. For this renoval, a wet etching of the Si
subst r at e T3 be temeedi n&he sa:nmethetr@:mgr@rmshéawsm 840ogRgdebRayer
702 with hydrofluoric acid be enpl oyed. The strength

rei nf or ci MpFegéragainsate aheiieg ag§eﬁ5tlﬁh|§°éﬁﬁhlng See Fig. 10(c).

Thereafter, the_process is conpleted by, form shleld 250 on t he back
face (Fig. 10(b5 ereafter o\ fhs) RELSSH 1S ﬂﬂmﬁr%tﬁgk? n Fig.

3(a), can for_.this di_ ment. as by deflnlng t he tunnel
resi st ance Ry %? ?%g PhnThe ?ﬁﬁk: Fﬁ%dlgﬁ én the hard magnetic

el ectrode 255 g r 1 Hhetu

resi stance R2 81%@ %‘g%funnerf Ju%‘%‘r{ orrre tte%%gé"r? q%’eF% mgﬁgtlgﬁl

el ectrode Y02 anged NS i s NRMULIMer326R ¥/e2ql " 89e ab@inifibe t3Qf uRgnetic

gate el ectrode
resistance R1 of the tumnel junction formed between the hard

magnetic electrode 255 and the soft magnetic gate electrode
101, and the tunnel resistance R2 of the tunnei junction
formed between the nonmagnetic electrode 402 and the soft
magnetic gate electrode 101. The soft magnetic gate electrode
101 is preferably made of a soft magnetic mateiial such as
Permalloy, so that the direction of magnetization changes with
the change in wagnetic field generated as a result of the
movement (rotation, for a magnetic disk) of the recording
wmedium, The hard magnetic electrode 255 is preferably made of
a hard magnetic material of Co-17at%Pt in this embodiment.

The input/output characteristics of the read head
laccording to this embodiment are determined in the same manner
as in Embodiment 1 by the potentials of and the potential
difference between the source region 710 and the dxain region
720 with respect to.the hard magnetic electrode 255, and by
the bias veoltage U 620 applied between the hard magnetic

electrode 255 and the nonmagnetic electrode 402. The output

—

3 T
This Sheet HasB

| _ T



101 is preferably made of a soft magnetic material such as__Pernmall oy, so
that the direction of magnetization changes with the chgnueisi sheERGE BEey
field generated as a result of the novenent (rotation, flor a ReSNRIES

di sk) of the recording nedium The hard nagnetic el ect r ode " 255Ts
preferably made of a hard nagnetic material of Co-17a0Rt Refthi ¥-729
enbodi nent . The i nput/ out put characteri stiotg Befthe3r@dQ3AERYSL

according to this enbodiment are deternmned in the same nanner as in
Enbodi rent 1 by the potentials of and the potential difference between the
source region 710, and the drain region. 720 with respect to_the hard
oot | o CFEERAbALS 88 SRR LHOUIaE SOECUSRoGIEpPFRLd BEGREEN ( he
har d nagne%%g el ectrode 255 and the nonnagnetic el ectrode 402. The out put
signal is “drain current flow ng through the drain region 720.

Enbodi nent 6 An MR el ement having a structure substantially simlar
to that shown in Fig. 2 was manufactured, as shown in Fig. 11. However,
in this enpodldBhinet € nonmagnetic | ayer 400 of Fig. 2 is replaced by a
magneti c |layer , as shown in Fig. 11. An equivalent circuit, as shown
in Fig. 12, is sabgkodidmédy héd'irﬁc? Y druldtabreOtubk8andiallyl Bivhilgh the
tunnel resistance R2 570 is fixed, but the tunnel resistance R2 571 in
Fig. 12 that shown in Fig. 2 was manufactured, as shown in Fig. 11.

However, in this embodiment, the nonmagnetic layer 400 of Fig.
2 is replaced by a magnetic layer 201, as shown in Fig. 1l.

An equivalent circuit, as shown in Fig. 12, is substantially
similar to that of Fig. 3(a), in which the tunnel resistance
R2 570 is fixed, but the tunnel resistance R2 571 in Fig. 12
is made variable because of the different structure.

In the MR element shown in Fig. 11, the tunnel resistance
Rl 550 and the tunnel resistance R2 571 change with a change
in the magnetic field, such that the vdltage V 150 changes.
Like the MR element of Fig, 2, therefore, the magnitude of the
magnetic field can be detected in texrms of the change in the
drain current 680.

Moreover, an MR element shown in Fig. 13 was also
manufactured. In this element, a magnetic layer 202 is
laminated over a portion of the magnetic gate electrode 100.
If the magnetic layar 202 has a thickness of about 1 wm, its
intrinsic coercive force does not exert any influence upon the
coercive force of tne magnetic gate electrode 100. Since the

magnetic gate electrode 100 and the magnetic layer 202 are in
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I s made vari abl e because of the different structure. &4 t+he—MR _
el ement shown i-n Fig. 11, the tunnel resistance Rl 550 and tHeSHERIH&AS BEEN
resi stance R2 571 change with a change in the magnetic fiv. — SERYAGHED
the voltage V 150 changes. Like the MR elenent of Fig. 2, therefore, the
magni tude of the magnetic field can be detected in teuw &efi:he Bei¥a&¥ge in

the drain current 680. Moreover, an MR élane®efshowd 978 FAPUSL3 was
al so manufactured. In this elefrent, a magnetic layer 202 is |am nated
over a portion of the nagnetic gate eIectrode 100. If the magnetic |ayer
202 has a thi ckness of abou i nt.rinsic coer,cive force does not
exert any PRFRGENEERHAGH Vhéh %%%?c?%&?#mw?ﬁ?%ﬁ RaER qﬁﬂiﬁﬁﬁ H&F el ectrode
100. Since,the gnetic gate electrodeéﬁggyﬁnd 1J1 net i Iayer 202 are
in inverted’ ig.p CONPIRt "APTT- 1 er e’ﬁer i H&Ths are

nverted | g1g eomuRn FROVEt hoali sy ndiediin) TRARSI G 98, Elselipde 100

I s made of aving a high coercive

di rectlonsfeiceage%kzeaen Qﬁetéﬁné@ﬂ&%'&ﬁ Q@g%@dl%&ﬁ%? dGnd the

magnetic layer 202 do not change in a small magnetic field, regardless of
the val ue mhgnthecceatei éetore€e 0f00 hendragnetmaydetyier 12Axr 202 dd mddhe MR

el ement shown in Fig. 13, noreover, a magnetic |layer 203 is also forned
under the ghgngei ¢nl ayemal2limaFheticufieldc tegardl2od afd e vegretdt
| ayer 203 are preferably

the coercive force of the magnetic layer 202.

In the MR element shown in Fig. 13, moreovex, a magnetic
layer 203 is also formed under the magnetic iayer 201. The
magnetic layer 202 and the magnetic layer 203 are preferably
made of the same material. As shown in Fig. 13, the magnetic
layer 202 and the magnetic layer 203 coppose each other,
separated by the tunneling oxide film 300. If the magnetic
layers 202, 203 are made of a Fe-V alloy, a negative
magnetoresistance effect is established in the tunnel current
between themi In the equivalent circuit shown in Fig. 12,
therefore, the change in the tunnel resistances R1 550 and R2
S71 are in opposite directions at all times. Specifically,
when the tunnel resistance R1 550 iﬁcreases, the tunnel
resig;ance R2 571 decreases. When the tunnel resistance R1
550 deeieases, conversely, the tunnel resistance R2 571
increases. By this effect, the change in the voltage V 150 is

larger than that in the voltage V 150 or the magnetoresistance

element of Fig. 2. This indicates that the magnetoresistance
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made of the sanme material. As shown in Fig. 13, the magnett
and the magnetic | ayer 203 oppose each other, separated]|b
oxide film300. If the nmagnetic |ayers 202, 203 are nadé-c
a negative nagnetoresistance effect is establlshed in the t unnel A
between them 'In the equivalent circuit shown in Fig. Ouy Ref hergraPé t he
change in the tunnel resistances Rl 550 and. R¥OUE7REL ;o Pﬁ93853§PP§1
directions at all times. Specifically, when the tunnel resistance RlL 550

i ncreases, the tunnel resistance R2 571 decr€ases. Wen the tunnel

resi stance 50, decy convear, e a 571

I ncr eases. Fgm %Tsn% f qﬁﬁﬁﬁﬁe C §ﬁézgh%yi%%%§%aﬁﬁg eb ﬁggg gggﬁgﬁﬁer t han
that in th&m&&h{ V 150 or the nmagnetoresistance elenent of Fig. 2. This
i ndi cates that the magnetoresistance

- 36- el enenicB@sdend)i & & he eitsd dhitids) o¥FC ¢hledi E&@shﬁtt hhseBEe3ENt &

enbodi nment . According to the teachings of the present invention, a
magneti ¢ seagnet Aods@nseg neid G nerlarid echeidrdae headpradubed, which can
~match the inpedance of an external circuit, and which can have a

remar kabl yphodliced grehi¢io-crn seatatatthe, impedascer ¢dr aof exernaies as high
as that of the prior _art. Mreover, the present invention, when applied to
Mass  pr odGEEFGHE of 2B nvlsbrh gAY hasiee e memaTkaklyr &3 gbx sianally t@rr@mse
variations |n characteristics amng the el enents produ ed. By | Qi ting

this feat (F2iQ nFRVER PFRLBRE | QﬁmQ§ as\gigh as t hat of’ the prior

art. Moreover, the present invention, when applied to mass

production of semiconductor elements, features extremely small.
variations in characteristics among the elements produced. By
exploitiﬁg this feature, a nonvolatile and fast (i.e., 10
nanoseconds writing/reading time) memory cell and memory array
having integrated memory cells can be manufactured.

Various embodiments of the present invention have been
disclosed. However, the person of ordinmary skill will readily
recognize modifications to the disclosed embodiments upon
reading and understanding the diselosure. all such
modifications that basically rely upon the advancements by
which the present invention has advanced the state of the art
are prqperly considered within the spirit and scope of the

invention.
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nanoseconds witing/reading tinme) nenory cell and nmenory Arpm Lnhg
I ntegrated nenory cells can be manufact ured. vari ous{ enbo %%mﬂgs
the present invention have been disclosed. However, the p€ A@ai
skill wll readily recognize nodifications to the disclosed enbod
upon reading and understanding the disclosure.” All suotir Red:ifiEat2ens
that basically rely upon the advancenents by %buehrRébBe paE3®08708USDti ONn
has advanced the state of the art are properly considered within the

spirit and scope of the -“invention. - 37 -.
VE CLAI M 1. Afield-effect transistor, conprising: a substrate
on whi ch 3B QIAX¥d a source region, a drain region, and a gate insulating
| ayer; a gate el ectrode over said gate insulating layer, said gate

el ectrode bei ng-a & rigielf@fdiecE SRRSighar. COMWPELFIRHe! i ng
magnet or esi stance_el ement, including_a tunnel. _junction filn1di$pased over

said gate el ectt ooRS S Tt F WHhEdh TFchFWﬁgf8{ﬁ83r89eFe§i?Prs b5ftPon of
id fi j co flil i t. id. ' ' fil h b , d
sai irst_ eﬂé %né(égééf{hﬁgya%léggggge&gnct|on il mtherebetween, an

a third magmetic f1 _ _ poértion of said first magnetic
et o s 48 UGN URRebseEce saptbene! Batell ki
current flgi¥e electrode being a first magnetic film; and

a tunneling magnetoresistance element, including a tunnel
juncticn f£film disposed over said gate electrode, a second
magnetic film formed over a first portion of said first
magnetic f£ilm with said tunnel junction film therebetween, and
a third magnetic film formed over a second portion of said
first maghetic £ilm with said tunnel junction therebetween;

wherein a f£irst tunneling magnetoresistance
charxacteristic is exhibited when an electric current flows
between said first magnetic £ilm and said second magnetic
film, and a second tunneling magnetoresistance characteristic
having a different magnitude than said first tumnneling
magnetoresistance charactexistic is exhibited when an electric
current flows between said first magnetic film and said third

_magnetig £ilm.

2. ‘A field-effect transistor as claimed in claim i,
wherein said tunnel junction film between said first magnetic
film and said second magnetic £ilm and between said first
magnetic film and said third magnetic film is arranged to be

connected to a constant voltage bias circuit.

S
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between said first magnetic filmand said second magnetic g si@EEr BAS BEEN °
second tunnel i ng magnet oresi stance characteristic having aj di ff eEePnACED
magni tude than said first tunneling nagnetoresistance charaCttertstic 1s
exhi bited when an electric current flows between said first nmagnetic film
and said third magnetic film 2. Afield-effectohxanskstog-ass
claimed in claim1, wherein said tunnel junctivenarfReg:bestneenigabdsthirst
magnetic filmand said second nagnetic filmand between said first
magnetic filmand said third magnetic filmis arranged to be connected to
a constant voltage bias circuit. ' -38 -
3. Afield-effedt tiahetli-wfiestcltaiomsdsitorchs slainedhdnechaam dut put
signal is generated when an electric current flows through said drain
region, arFSFR¥R| #1 sehEPWutshEmalc disr SenerRERGe YhRPt AlapBFERLCaCUERERge of
said first_ netic filmwth respect, to any, of said se¢cqnd magnetic film
and said ﬁ£$$%i?ﬁiﬁﬁﬁhc§?¥qrﬁra1n region, ARE) yherpdp: Sgt n§P§PgF as
claimed in_claim3,, wherein.a gate threshold is selected_through a gate
potent: al |CHTERT AehEREE SHLE AORSLERt ia CHGBOR BE SRrRuFLT SN daRHeLaC,
the respo f ' ' G ' . X a I C
el d can po-BerEfhresbet Sy e 4913 BeT0R Wlollr 18 ET AR ndit
conpri si NGehird magnétdst#ale, on which are forned a source region, a drain

4. A field-effect transistor as claimed in claim 3,
wherein a gate threshold is selected through a gate potential
adjustment by said constant voltage bias circuit, and wherein
the response of sald output signal ko the change in an
external magnetic £ield can be selected. “

5. A field-effect transistor element, comprising:

a substrate on which are formed a source region, a drain
region, and a gate insuldting layer;

a gate electrode over said gate insulating layer, said
gate electrode being a first magnetic film; and

a tunneling magnetoresistancé element, including a tunnel
junction film disposed over said gate electrode, a second
magnetic f£ilm formed over a first portion of said first
magnet§¢.film_with sald tunnel junction £ilm therebetween, and
a nonmagnetic film formed over a second portion of said first
magnetic film with said tunnel junction therebetween;

wherein & tunﬁeling magnetoresistance characteristic is
exhibited when an elecﬁric current flows between said first

magnetic £ilm and said second magnetic £ilm, but no tunneling
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region, and a gate insulating layer; . a gate el ectrode D\mﬁg SBERT GRS @EEN
insulating |layer, said gate electrode being a first magnetip lﬂbpgﬂdED

a tunneling nagnetoresi stance el enment, including a tunnel jomctiromfitmn

di sposed over said gate electrode, a second magnetic filmfornmed over a
first portion of said first magnetic filmwith said t{HeR§unctiolédilm

t her ebet ween, and a nonmagnetic filmforned @ﬂﬁuﬁi%ﬁﬁon@ MG sai d
first nagnetic_filn1mnth said tunnel junction therebetween,; wherein a
tunnel i ng magnet oresi stance characteristic is exhibited when an el ectric

current ! RUSpREkYRE 2Ll LhskaclBIDGELS [1' SANK o0 LRSS SRR S
Tagnet or eSLALAAGE @ALACHELlaLhCehtaeXLLE Rtk LBl ofid I gasdurrent

fl ows between said rst 'l mand sa nonmagneti c
A fiel d- efhgﬁhagggegbsgg as claimed in claim5, wherein said tunnel
junction film bé&tween sal§ first magnetic filmand said second nmagnetic

filmand betweeg sandrhielgletfREBCELENEL LEOANGS SEL A BgNELdImfs) Mis
arranged to be connected to a constant voltage bias circuit. 7. A

field-effeeherednsisatidr cagnellaijurdeionckalm Betwadrersaid st i madneminet i c

filmis one of a hard magnetic filmand a soft magnetic film and said

second magfedinc ahid weids sekendt megnetisaf ilhaarnd Negfwedn $aidn Bhossai d sof t

magnetic magnetic £ilm and said nonmagnetic film is arranged to be
connected to a constant voltage bias circuit. |

7. A field-effect transistor as claimed in claim 6,
wherein said first magnetic f£ilm is one of a hard magnetic
film and a soft magnetic £ilm, and said second magnetic film
is the other of said hard magnetic £ilm and said soft magnetic
film.

8. A field-effect transistor as claimed in claim 7,
characterized in that said'hard magnetic f£film is any one
selected from a Co-17at%Pt film, a Co-Cr-Ta allby film and an
Ni-Fe/Mn-20at%Ir/Cu/HE/Si0;/51 (substrate) multilayer £ilm;
and in that said soft magmetic film is anyone selected from an
Ni-20at%Fe film, an Ni-l6at%Fe-18at%Co £ilm and a Co-l0at%Fe
film: .

9. A field-effect transgistor as claimed in claim 5,
wherein said ﬁunnel junction £ilm between said first magnetic
film and éaid second mﬁgnetic film and between said first

magnetic f£film and said nonmagnetic £ilm is arranged to be

connected to a constant voltage bias circuit.
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film 8. Afield-effect transistor as clained in claim?7, .
characterized in that said hard nmagnetic filmis any one §geteCtEdf Tl
Co-17at%t film a Co-Cr-Ta alloy filmand an %Tééf&fgggﬁm
Ni - Fe/ Mn-20at%r/Cu/H /SiJerr]/Si (substrate) nultilayer\444n-;4y#i44+—————
that said soft magnetic filmis anyone sel ected from &ur Ref20at4%429i | m

an Ni - 16at %-e-18at% o fil mand a Co-10at %e fYidun Ref: 3397AfI0GUE%ffect
transistor as clainmed in claim5, wherein said tunnel junction film

between said first magnetic filmand said second nmagnetic filmand between
said first magnetic filmand said nonmagnetic filmis arranged to be
connected to &0ondt diehdiaffesthitaans i as claimed in claim 9,

- 40- 10. Afield-effect transistor as clainmed_in claim9,

wher ei n #RESRIFURS IYGHALY $igRdr dfe FoRPFREEY MRER A FETEHC FHRRRE
ot ent alt KGR ala 4R AR bRt AN LS L EH of sai d
rans ot SRERETH GHARETH ‘BU A ROC e AR iR PSS
and wher &5 Gt Hedier U SHTRE < S RLARNHAReO, oh Aaf Slgu T

exter nal JREORI&L fd e difan be sel ected.

11. A field-effect transistor as claimed in claim 10,

wherein a gate threshold is selected through a gate potential
adjustment by said constant voltage bias circuit, and wherein
the response of said output signal to the change in an
external magnetic field can be selected.

12. A field-effect transistor as claimed in claim 11,
wherein said tunnel junction film between said first magnetic
film and said second magnetic film and between said first
magnetic f£ilm and said nonmagnetic film.is arranged to be

'connectéd_to a constant voltage bias circuit.

13. A field-effect transistoi as claimed in claim 10,
wherein said tunnel junction £ilm between said first magnetic
film and said second magnetic film and between said first
magneéié-film and said nonmagnetic film is arranged to be
connected to a constant voltage bias circuit.

14. A field-effect transistor as claimed in claim 9,
wherein said tunnel juﬁction film between said first magnetic

film and said second magnetic film and between said first
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12. Afield-effect transistor as clained in claim1l, wherein said tunnel

junction filmbetween said first magnetic filmand said s ?&& FﬁﬁA§BEE4
filmand between said first magnetic filmand said nonnag%?tlc EPIACED
13

arranged to be connected to a constant voltage bias circu
field-effect transistor as clainmed in claim10, where@utr SRift t WwElo
junction filmbetween said first magnetic filvouandesai d 39ecsd omigletic
filmand between said first magnetic filmand said nonmagnetic filmis
arranged to be connected to a constant voltage bias circuit. 14. A
field-effect transistor as clained in claim9, wherein said tunnel

j unct i onmbighmtihiet iddm saidl fdird maomaggnetdc fiillm dsd agxdadigsst diad breagnet i ¢
filmand between said first , -41-
nagneticcbﬂnﬂqmﬁﬁsﬁﬂtﬁrﬂnﬂﬂﬁyﬂﬁi%@kﬁagﬂihiaﬁwQ%ﬁﬂ&}QC)be connected to a
constant voltage bias circuit. 15. A magnetic sensor, conprising the
field-effect lr-andt Stagmefig rﬁﬁilﬁ%rclcél“}ﬁrﬂ-ﬂng the) 1eddngfif®@G% sensor,
conprising the field- effec nsistor claimed in claimb5. 17. A
magnet i ¢ @&ﬁl S iwe tﬁ?fq P difect transistor claimed in claimil
as a readlng

netic "ead COnmr i d-effect
transi stor d 3 ﬁ“%qféﬁ]trﬁ% saesn TedH™Y FiRing e Sfle%é éﬁa‘gﬁet i ¢ head
as clai ﬂ%l éafné¥§lﬂgﬁ”fﬂrhf§iﬁjsﬁunnel'ng magnet or esi st ance el enment
a silicon

is forne

A

17. A magnetic head, comprising the field-effect
transistor claimed in claim 1 as a reading head.

18. A mégnetic head, comprising the field-effect
transistor claimed in claim 5 as a reading head.

19. A magnetic head as claimed in claim 18, wherein said
tunneling magnetoresistance element is formed in a silicon
layer over an SOI substrate.

20. A magnetic memory cell, comprising ﬁhe field-effect
transistor claimed in claim 1, wherein the magnetized state of
the gate electrode is changed by the tunneling
magnetoresistance effect, the magnetized state of the gate

electrode thus representing the stored value of the magnetic
memory cell.

Eil" A magnetic memory celi, comprising the field-effect
transistor claimed in claim 5, wherein the magnetized state of
the gate electrode is changed by the tunneling
magnetoresistance effect, the magnetized state of the gate

electrode thus representing the stored value of the magnetic

memory cell.
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| ayer over an SO substrate. 20. A magnetic menory c’IH TS
the field-effect transistor clainmed in claim1, wherein the naoj 'TﬂedBEEN :
state of the gate electrode is changed by the tunneling Ifagn =ACEP ance
effect, the nagnetized state of the gate .electrode thus representlng t s
stored val ue of the magnetic nenory cell. t|c
cell, conprising the field-effect ‘transistor fgi% ;Eﬁ%f reln
the magneti zed state of the gate electrode is"T anged b
magnet or esi stance effect, the magnetized state of the gate electrode thus
representing the stored value of the magnetic nenory cel
-42 - 222. A ndgesel ¢ GndiRImyf YolLrl | 1, wherein
sai d magnetized state is changed by a nagﬁgfﬁ%féfm§@dnaﬁfc |s |nduced by
al | owi ng wirerdactsatd andgeed i ted fdtte 11 Qtgdnged dyecat rm@ﬂéii@%ﬁéianged
inthe vicinity of the gate electrode made of said first” magnetic fil
23. A nmagistdit ienmduosd Ibyasalleiiref dm eladtr 20, cuftedtheto cOI®E i Si ng a
word line, a data line, a witing line, and a witing bias line connected

to said rﬁg’i@tglc amrm]:qctz:weid: wiming faattangsdli g/ vhe tvnglmltt}h sestiest to the

magnetic nenory cel
gate electrode made of said first magnetic f£ilm.

23. A magnetic memory cell as claimed in claim 20,
further comprising a word line, a data line, a writing line,
and a writing bias line connected to said magnetic memory cell

to effect reading/writing with respect to the magnetic memory

cell.
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