4 NOV 2003 REVI SED VERSI ON (19) World Intellectual Property O ganization

I nternational Bureau (43) International Publication Date 12 L1 2001
(12.04.2001) PCT 1112112112121221 111U 212221 Liii 1 11 F“ﬂ Nﬁ‘ifﬁhillll 1]

(112122121212 lidd 2131212 (0 1l 11l (10) International ' i on
Nummber WO OYP3#8% A3 (51) International Patent O assi f"i‘?’é{{g.bdé’ﬁ?‘f’ Gl1B

5/ 40, (74) INUEGRATED SORNBOARDIMICESND METHO) BORKHERROULIIONOFO R 33/ 09

(21) I nternat i NRENEFORESISTIVETHDABOPROMAETE AINUBTATEA DISCEABGE nt er nat i onal
Filing Date: 5 October 2000 (05.10.2000) (25) Filing Language: Engli sh

(26) Publication Language: Engl iﬁg_Mi ority Data: 60/157,898 5

Gct ober 1999 (05.10.1999) US Vel C 8 Par k Avenue, New Ybrk, NY
10166 £US). (&hs fiesinghaleftbnStlates t1abte@ion ) magibloresistive@BYRDRenskR,  SG.
Published; - with international search report (88) Date of publication of

t he interﬁ%&'i onal search report: 7 Novenber 2002 Date of publication of
the revi sgetubithtfy diRhirgGFESDYak lactritad pkdtressq“ERST)IaElpctdO@@ chalge tay Appl i cant :

Di sc. Dr | vESmslAF el pEser Mg Pmbreat, M Tonsaaet e VBB o/ e o
E(Za{' (2)393 . giag&gg l@gk!h&h)ﬁs/&lﬁ{lﬁ&ﬁoxggﬁﬂécﬂﬁstdtib chaz@s) cohtavte art dectricaliRadisTdROM Eri c, -
51 ey A4 Ei s R ol T B BT, o
abbr evi at oA vbjeétaf REsct woliahe AdESDleveatufen Moidss momeSeyeiscticl current of
PCT Gazot gBEgen) vorags 0o i sopieiolfie e B et RO B BREC "
Eggﬁfgg | ONnSIr. MREROsETORES izt Wrentstio RS/ doR@Mnih & GTREBIphy destiicaHandE 1 100
sensors. EOS occurs when a MR sensor is subjected to voltages or currents beyond those
+5  intended for the MR sensor's operation, typically during events considerably longer in
duration than ESD events. An example of EOS is the electrical testing of MR sensors at
~ inappropriate voltages. Similar to ESD, EOS is capable of damaging the MR sensors. Those
practiced in the art often refer to “ESD” when referring either to electrostatic discharge or to
electrical overstress. The term “ESD” will be used in this patent to refer to both.
20 The ESD damage to a MR sensor may render the entire device inoperable, in which
case protection from ESD is a highly desirable goal. For example, the failure of a MR sensor
in a recording head of a hard drive may incapacitate the recording head and cause the hard
drive to fail.
MR sensors in modern recording heads are susceptible to stray electric charges, fields,
25 and currents. To provide increased areal storage densities, head feature sizes are decreasing,
which can exacerbate this problem. Existing MR sensors already display sensitivity to ESD
events as small as 1V in magnitude, with that sensitivity slated to steadily increase in the
future. Protection from ESD events in MR sensors throughout production, drive assembly,
and customer use is therefore a large and growing concern.
30 Prior art systems exist for protection of integrated circuits from ESD events. For
example, conventional diodes may be wired in parallel to a resistive element to offer a shunt
for ESD power. These diodes may be configured back-to-back, depending on the level of
protection desired, as on-wafer protection in the semiconductor industry. Similar efforts

could be made in the MR industry to offer protection to dielectric gaps or to the reader stripe,




(57) Abstract: This invention discloses a circuit including a

magnet oresi stive sensor (101) and a tunnel junction deVJ.de(Nomm coupl ed
to the MR sensor to dissipate the energy associ ated W'Ptcl}/@ﬂ)/ﬁ{ gctrl cal
signal exce®BME3%06 operational vol ages for the sensor Unnel
junction can include 102 1 \,,p~ 105 101 a flrst conductln | ayer (104), a
(12) | NTERsushe diffiegltyApprocesaire ssqipanduqtessiemy Mbrstermigh TI ON
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di schagge EshESEM) Ofte itk @sk[ hocRithe pRY@ isES 8fféréd0S" ) . El ectrostatic charge
may accunul at e,

result of fric or vent can
occur when an 6gﬁogi¢1}g?y, éds desirah @Q&’f“%ﬁ@c"éﬂﬁ%ﬁ&nﬁ C‘E}’fve'gfrg sfzre static
charge CO@FﬁSﬁrﬁte@}n irfplefidntddeabr sarlg s@pesfathntifactate fideg andyet ESRbEVENt is a
transfer el ectrostatic charge froman object of greater voltage to an

obj ect of |esser voltage. An ESD event often yields a nonentary el ectrical
current of significant VO|S_IMA1KEOFHEHEM’EIM di sabling the delicate
circuits contained on . the d gﬂﬁ El ect ost i{; glsgt‘]e% eggvents are

very c#mmon andh ec%??"'ﬁé“‘f’ff‘%‘?ﬂ‘? e rt(b%?eiv%fga? Shs6Ps occurs when
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the MR sensor to dissipate the energy associated with an electrical signal exceeding

operational voltages for the sensor. The tunnel junction can include a first conducting layer,
20  asecond conducting layer, and a barrier material positioned between the first and the second

conducting layer. The barrier material can be positioned so that the first conducting layer and

the second conducting layer do not make contact.
The MR sensor can be connected in parallel to the first and second conducting layer.

The tunnel junction can be made of a material with a resistance more than the MR sensor’s
25  resistance at operational voltages and a resistance below the MR sensor’s resistance at larger
voltages.

The protected circuit can include a magnetoresistive sensor with resistance of
approximately 70Q. The operational voltage range of the sensor can include a range of
approximately 0.2V + 0.1V, operating at up to approximately 1GHz. The tunnel junction

30 further comprises a capacitance of approximately 1pF and a resistance of greater than 1kQQ at
the operational voltages of the MR sensor and 1Q at the higher voltages.

The first conducting layer can include a first metal layer, the second conducting layer

can include a second metal layer, and the barrier material can include an insulating material.



duration than ESD events. An exanple of ECS is the electri Cﬁb\]t gi ng of
MR sensors at inappropriate voltages. Simlar to ESD, E‘O§ cgg bl e of
damagi ng the MR sensors. Those practiced in the art often refer to "ESD'
when ref erriwgoi@sgoner to el ectrostatic discharge or to RCEHUSWORTSH

overstress. The term"ESD' will be used in this patent to refer to both.
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Si ngl e-use ESD praotection o rotects the I C for_ ane. 1qg ESD event. Once
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i npl ement ed, at an r st age. of manuf.act ur st.ro and yet reusable.
SUMMARY opadmﬁaaeméﬁml%ﬂﬂfag%h%e WPHEL o™ tﬁﬁgﬁﬁfﬂpﬁfﬂ“’{h@dd&?‘?%%%%”d“ % a device
and a met hggindsOThit ifveiioatcacintlode cat opmorewdthe falloadigwdivantagés: VR') sensor from

el ectrostatic dis rge or electrical erst.ress. The .circuit includes a
magnet or esi st i \@eggﬁs?g‘?tecé‘ﬁﬂﬁﬁ""teﬁﬁ%gq ca %Xec?qsvgﬁsﬂmgc’gmg%lﬁg’f%’dvo{l%ge the MR
sensor %0 HEPsiditobdiouaRelfychos deimégaedyitchit.aTheshating ofairest gnal
exceeding through the ESD protection device can leave both the ESD protection device and the MR

sensor undamaged, meaning repeated exposures to ESD level voltages can be tolerated, with
the subsequent product repeatedly returning to completely operational conditions. The
energy levels a MR sensor can withstand with the ESD protection device can be greater than
30 twenty times its unprotected levels.
The ESD protection device can be fabricated with the MR sensor during wafer-level
processing. This can ensure that the MR sensor is protected during fabrication of the

integrated circuit, through packaging, and throughout the lifecycle of the integrated circuit.



operational voltages for the sensor. The tunnel junction &@\ m&ude a
first conducting |ayer, 20 a second conducting | ayer, é ga rrer

mat eri al POg) 'tig&g between the first and the second C(}Qq-ﬂf‘sbd,ﬁﬂﬂ ayer.
The barrier al can be positiongd so that the first conducting |ayer
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tunnel | ugghiceHauGambigiaade of a material with a resistance nore than the
MR sensor's 25 resistance at operational voltages and a resistance bel ow
the MR sensor's resistance at |arger voltages. The protected circuit can
i ncl ude a magnet oresi st VQMBTIONUFTHEMINGN approxi mately 7052.

h i f f
appr oxiemat el y. BC>$s 1S 33Be Qincit 85 BRReaS b S ntiegty v,

t unnel iuréﬁt:m@ylto&(}vﬂwéﬁs&er conpri ses a capaC| tance of approxi mately |pF
and a resistan eater than.lk5Z at vol tages of the
MR sensor and ﬁ@?gilﬁ?tﬁa&esmc@%yecg%r} \élavé’gf E@nﬁ? @Ac%g Ji:Jctl ng layer can
i ncl ude a fi r SFIGeh alustmqsarsphehfam sfindepehdemiebboicdan engrgleainghe tugrehjunetionude a
second net Iayegé1 and t bar rﬁ‘f‘ terial can include an insulating
mat eri al . %95 OO0 27517 3 The barrier material can
i ncl ude an ar eElcaﬂb{gpmwxuem,tcbéryat@(opmﬁ‘;peademmlmmes@rms in thepmoli mat el y 35A,
an energet.ic ba(rirlera fgr{ +lggésr ons of approximately 0.35eV between its
conduct i ord“ISHRRAYIG 2HY and a capacitance of. approximtely | pF.
The barrier nRI@3iikbstratasa grapiimdeplasdntatlm éﬁthmmmr\ioéﬁgevfg‘géﬁiaapmmp0§ The

t unnel junﬁtl onlfurth%r .can include an insulating barrier nade of one or
more mat P BPEIUBEHNR °GECSi Nk, Si Ox, CaF2 , A1203, and AIN. The j uncti on
can include an FI(Elslullwdtrauaga grophical wpresmtation of thoveuienteolteged]-¥) relasiprship of

semn conduct. terials Snsiab of the Alnkel finctiod®, Si Ce,
GaAs, C%AI%ﬁwgCo‘??laélsort%gg&u%(iwwmggnﬁekojfunct|%?mgell% exhibit a
process, sdegiee.as tunneling of electrons, thermonic |o em ssion, and

therm oni c field emssion, to achieve a super-linear dependence of
current on voltage during the change of state of the tunnel junction when

the MR sensor is at the convBETASLED DESGRIBFIONNd when the MR sensor is
at the | arger ;ﬁo ! "’\%E‘ifrst td. ?lg‘* 400G el HIQ:QIBIII QQctrl&Me%a@QPﬁbﬁd) ﬁr@te&tfbﬁ MR

sensor during fabr Phe crrcuit. In another aspect  of
i nvent izon, desicenistdonmbcfed by patiel cismitrydo & MR snesr clteguntediopbgerd afS""}‘W@pudl ng
integrati e%g%‘F'}@&g‘%% th fuﬁai&n 9e Rﬁunuau& &ecﬁumehemmrmon to

the MR s 'ssipate an electri c si gnal exceed mg erati onal
vol t ages fibe pathef kiRt seisteue, qugentplowmﬁhre@gh tippparallghaispitry wilk fiseigutg dssice can

be fabricafed, g td t'ﬂg {ertglgﬁ{néegpf t:ng élf%[' s, tIrhEen@r'af Eitteht will A YEBIRRtheCaN

i ncl ude fabrica unne unct on on MR sensor. The jnvention
accor di ngl mputmrhmmsleB bichef thequgh the MR sensard O} erctbmsh the BB fREOBelre 20

el ement s gtg arrangenent of parts that will be exenplified in the

fol l owi'ng tailed disclosure, and the scope of the invention will be
i ndi cated in t HiGc]teshows a @odsesectional viemeaf therfannel junction device. The tunnel

junction device 102 comprises a multilayer thin film, which includes a first conducting layer

U

G

104, a second conducting layer 106, and a thin film barrier material 105. The thin film
barrier material 105 is positioned between the first conducting layer 104 and the second

30  conducting layer 106 so that the first conducting layer 104 and second conducting layer 106
do not make contact. The two confining conducting layers are connected by associated
parallel circuitry to form a path in parallel to the MR sensor. A metal can be used in the first
and second conducting layers 104 and 106. The tunnel junction device 102 can be positioned

on the substrate 100 or in any part of a circuit equivalently connected to the MR sensor 101.



advant ages of the invention will be apparent fromthe degc%im%mthe
drawi ngs, and the <clains. This invention can include one re of the
fol | ow ng advant ages: The ESD protection device can be bé218H
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packagi ng, and rou
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|1 ustrat egefy aag&r@s fufine? unbﬁtsiﬂﬁeﬂa@lmmen&kﬁhé oronateed i wach decretred unnel
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F | lust.r
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junction d?]}(dugfr‘th(e kel Jﬁ‘nchbrl dsvice atmsrt& spumip bithe cureprthowgtt the fuorel of  t he

current-vo rel atiqnship to the
cur r ent v ojunetipa d(ﬁchgzozrl@V%&Wgﬁé?ﬂdﬁh%MRtstéw{ {fﬁ un&a%%g %dc nl;h%%?&? \}ﬁ o
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el ectrical overcharge ("ESD' %Egprot ection 20 device is connected by

paral | el ciopesaiionalygoRdiftions\R sensor. Integrated on-board a circuit 100 are

the MR sensor 1§} c@ﬁk‘ﬁtﬁeﬁﬁnététﬁ[h@&rﬂehﬂiﬁfs; amt prheessiog steB2re Gessataechievect ri cal

current follows the path_ of ast r.esi.stan &s 6y ough the
paral | el cmpnmmateflwflcﬁl agd gFF’i‘agB’PB‘“?‘? %ﬁ%lé)r%yeér?wnd&‘!tﬁ%«a?egl st ances of

the par % 4 PRLDS matefal SRS derity oftslictromit kmﬁdwlmwe! e it¥ nput
term nal's 8 either through the MR sensor 101 or through the tunnel
junction deherpieal potsntig)o. FIG 1 b shows a cross-sectional view of the
tunnel juncti onpRYineEmbsMighehtbias invention, the tunnel junction device 102 can include a

metal-insulator-metal (“MIM”) tunnel junction device. The MIM tunne! junction device can

be fabricated by conventional processes used in MR head fabrication, including among

25  others, thermal evaporation, sputtering, electroplating, and various PVD or CVD thin film
deposition techniques. The MIM tunnel junction device 102 can be made by deposition of a
thin metal film 104 patterned on a substrate 107, followed by a brief thermal oxidation of the

thin metal film 105. This is followed by a subsequent deposition of a patterned metal film
106 on top of the thin metal film 105. FIG. 1b represents the resultant structure of a brief and

s0 controlled application of such a thermal oxidation.
Referring now to FIG. 2a, a schematic of independent electron energies in the first

conducting layer 104, the thin film barrier material 105, the second conducting layer 106, and

the Fermi layer 205 is presented. The non-linear current-voltage characteristics of the tunnel

junction device 102 result from the lack of mobile electrons at equilibrium in the thin film
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sensor 101 operates at larger voltages. Various fundamental models known to those skilled
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accessible to injection filled states 201. Depending upon barrier height and device operating

temperature, thermionic emission, as shown in FIG. 2e, may play a large role. Thermionic
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resistance far in excess of that of the MR sensor at conventional voltages, and a resistance far

below that of the MR sensor at larger ESD transient voltages.

30 For example, if the device to be protected at 1V or greater is a 70Q sensor operated at
0.2V, a transition from a 1000Q off-state at 0.2V toa 1Q) on-state at 1V can be used to
protect the MR sensor from ESD. In one embodiment, this desired transition is achieved if
the tunnel junction device 102 has a thin film barrier 105 with a thickness of 35A providing a

0.35eV barrier between its conduction (valence) band and Fermi level. Various insulators,
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given the limitation in capacitance (i.e., Cmm~ 1pF). Since functional dependence of Rmim

30 ond is exponential, but dependence of Cym on 1/d is linear, d is selected to achieve the
design limitations of Ryiv and Cwmim. A tunnel junction device 102 limited in cross-sectional
area and thickness so as not to have a capacitance greater than 1pF will limit signal

attenuation to approximately 0.2dB (i.e., 2% of input current is non-modulated by changing

magnetic fields due to its storage in MIM capacitor).
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area and thickness so as not to have a capacitance greater than | pF w ||
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W thired he 23, soiRR@cal astiélaibdl, Wavedhethelanctibn tprided)3 10 V\HAT 'S CLAI MED
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25 5. A circuit comprising:
a magnetoresistive sensor; and
a tunnel junction coupled to the sensor, wherein the tunnel junction changes
states to dissipate energy associated with an electrical signal exceeding operational
voltages for the sensor; and
30 wherein the tunnel junction additionally comprises:
a material having a low density of electronic states near its Fermi level
with a resistance in excess of the sensor’s resistance at the operational voltages
and a resistance below the sensor’s resistance at larger voltages which is larger

than the operational voltages;



the tunnel junction conprising a first conducting layer, a barrier
material having a |low density of electronic states near - ﬁsN(WarZﬂ{B | evel
and a second conducting layer 10 arranged to forma bidirectional tunnel
junction across the barrier. 2. The cir liit as in claim1, wherein the
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barrier material is posit o 15 fd conducting l.ayer and
t he second conducting | aydeler g‘ltlﬁlg V&%Eees ogglﬁtsgné flurg’ﬁa’r‘f(r’{][elpnsesracrﬁ‘fl Qs in
claim 2, wherein thepsersetely 2¥ afndG bpaating apa:rtalalbmbxmateltyhé}Hzi gt
conductlng | ayer and the e circuit.as in
C| al m 1 Wher el n t he tunn tﬁ% &R&Q{:U?la%qlf&rh{epg)ng)%&% aca%agltéﬁlC? O agﬁro%u Fellle t h a
resi stdnce in excessthn‘ndtah\@lssmmcdrgr%ter &sn bkQnattbe egerdtional vqlmgesatﬁthma:hsor

vol tages and a resi ensor' s resistance at larger voltages
which is |arger than5?22%6§§%§¥&g§§¥§voltages 25 5. Acircuit conprising:
a magnet oresi stive sensor; and a tunnel junction coupled to the sensor,
wherein the tu I c At L SS] i at ed
with an el ect%r P@%ﬁ“ﬁ%ﬁyf 8&%2@@?‘%% ﬂcl)e;%r?tactg ?%%grfgq h)&g% ges q%{ tﬁ%@glﬁsor
and 30 wher ei n thtigecondrmonduciinglayer oempatieh a seemd fmietal lawrpmdg@sbarrar matedali al
havingia | ow defphites Sl COhERNif LAl Ropdfith ohieer M level with a
resistance in excess o € sensor's re5|gtance at- the operational

vol tages and a resistance bel ow the sensor's resistance at |arger

vol tages whigh t c!irgﬁlgzg IICIL.IW V&Ihg%mqpee(;aﬂ‘tle'r ﬁﬁéhal\fﬁ’ilthef‘gcﬁ'%mses o ardiQY 2003 11
5 the sensor conprises a re§|stance of roxmak0 2; the operational
vol t ages of t heappexinastely 30umn th@btwpwf%@mamtaly@é an engigpticobertieafasl y 0. 2V

0. 1V, operati NHecBbns it agﬁoﬁﬁ%g@.#@@ ‘B!et%eén%zconcﬁl@ﬁjontﬂlﬁd gﬁﬂ%ﬁln lk\’é[‘ Qﬁd on
further conprises a capacitanc approxi mat el y pF and a resistance of
great ef® t han 1 dapzritance oheppepémaily brfal vol t ages of the sensor and 152 at
the larger voltages. 6. The circuit as in claim1, wherein the first
conducti ng Iayer conprises a first netal |ayer, the second conductlng

| ayer conpri $esT l&csr@@bmnﬁ@maﬁ whegpiaythe tpngl JURGHOB dias 4 18sistange greptar thar/00Q
conprises mat erat%{)erammuag%s hASERS %h 880 3t thORREAIRELs VOl tages. 7. The
circuit as in claim2, wherein the barrier material further conprises an
area of apprOX|nater 30n2, a thickness of approximately 35A, an

ener gejg ¢ bawr i Bfe direfit asGh asﬁrr p%e&fn (RPR R ARSI tHriRe 3GRpYisBeiWRaihg S

conduction band and Ferm |evel a 15 C%Pam tance of apé)rom nmat el y
1pF. material selected from the group cons1st1ng of SiN,, S8i0,, CaF,, Al;O;, an

10. The circuit as in claim 2, wherein the barrier material further comprises a semiconductive
material selected from the group consisting of Si, amorphous Si, poly-Si, Ge, SiGe,
25 GaAs, GaAlAs, ZnSe, ZnS, CdSe, and CdS.

11. The circuit as in claim 4, wherein the tunnel junction further exhibits a process selected
from the group consisting of tunneling of electrons, thermionic emission, and thermionic
field emission, to achieve a super-linear dependence of current on voltage during the

30 change of states for the tunnel junction when the sensor is at the operational voltages and

when the sensor is at the large voltages.

12. The circuit as in claim 1, wherein the tunnel junction is coupled to the sensor during

fabrication of the circuit.



8. The circuit as in claim5, wherein the tunnel junction has a resistance
greater than 700Q at operational voltages and | ess than 35§24§§m} rzga

| arger voltages. 20 9. The circuit as in claim1l1, wherein the ri g
material further conprises an insulati n]g? material selected fromthe group
consisting of SiNX Si02, CaF2, A1203, and AIN. 10. The circuit as in
claim?2, wherein the barrier material further conprises a sem conductive
materi al sel ggt OB | Sid i, anmorphous Si, poly-Si,
Ge, SiGe, 25 %a’ﬁsg‘?{h%ﬁ%%??a%‘nsa C%ggs@%%i%g%egrﬁﬁ%ds 11. The circuit as in
clai m4, wherein thenegraRe 2 aghetpicsiplive aenseren teediictit;tasd a process sel ect ed

fromthe group consighjing a%idilfeé{{bﬁﬁ'tﬁdﬁgl jilcibl RGhd BR% ,.&h@Fe{rﬂhQ&L& em ssi on,
d i f epené

and thermonic  field emssion, to achi'eve a super-I’i near ence of

current® on vol tisgsdonchangeg stetee toziissiphia Ay eleesficad signab exchalingtdperatiomahwdltages it i on

when the sensorgd &n@k the operational voltages and when the sensor is at

the large voltages. 12. The circuit as in claim1, wherein the tunnel

junction is coupl ed thotupnebjusetipg spmprisingricfirsticatsuctingtlaysn adhrrichmateiial baning 4
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integrating a nmagnetoresistive sensor on the circuit; and cou g a

bi di rectional tafAREEr tg for  bidireqtiona] funneldwnstien acygsethe barriethe t unnel 5 j uncti on
changegg states to dissipate an electrical signal exceeding operational

vol tages for the sensor the tunnel junction conprising a first conducting
| ayer, a bar 14-ebhemethodiobelaimgl3; wherein thedypngldnrction fustherspmptisesni ¢ st at es near
its Ferm |evel, andhébas@s aaergipasitisiet Beweamas ﬁrs@crog-lgtfé%ﬁ at@ forma

bi directional tunnel junction across the barrjer. 10, 20 25 30 14. The
met hod of cl ai rAnqd & sgfend eanduqting layernwharein thedasrishmaterial fscpositioned 5¢ thatthe  t he

barrier materi arstResdublifNS’r RRAKNEREonkREndubrgllayePRPME lakkOcona¥er and the
secondlﬁconductl ng | ayer, wherein the barrier nmaterial is positioned so
t

t hat e first conducting | ayer and the second conducting | ayer do not

make cont act 15. e mefdd BEEIBA 30Whérbia ¥ ndndel jWREHEAIHRAL dPRles] UNCi ON
additionally conprises: ﬁgwglgt erial with a resistance_ in excess of the

sensor's resistance Jpatr BFesistanssdr eXraishthe SensPrc resifass &t ance bel ow t he

sensor's resi stiRd§Rralibnal 51G8Es aM@h Fedg@fice baldvaRe defisob R Fc@Rfande@ArdeP foltages
oper ati onal vol tages A method of fabricating a circuit conprisSing the

16. (
steps of: inté&gH ‘FFi‘ﬁgeéthﬁ%@ﬁQP‘iS?t@§?1§’PF%S'sensor on the circuit; and
20

16. A method of fabricating a circuit comprising the steps of’:
integrating a magnetoresistive sensor on the circuit; and
coupling a tunnel junction to the sensor, wherein the tunnel junction changes
states to dissipate an electrical signal exceeding operational voltages for the sensor;
25 wherein the tunnel junction further comprises:
a first conducting layer;
a second conducting layer;
a barrier material having a low density of electronic states near its Fermi
level positioned between the first conducting layer and the second conducting
30 layer, wherein the barrier material is positioned so that the first conducting layer
and the second conducting layer do not make contact and is comprised of a
material with a resistance in excess of the sensor’s resistance at the operational
voltages and a resistance below the sensor’s resistance at larger voltages which is

larger than the operational voltages;



coupling a tunnel junction to the sensor, wherein the tunnel junction
changes states to dissipate an electrical signal exceeding fwtp al
vol tages for the sensor; wherein the tunnel junction furthe mg ses: a
first conducting |ayer; a second conduckd ng layer; a barrier material
having a | ow density of electronic states near its Ferm [|evel positioned
bet ween the first coWsirin thagensenfarthepepinprises agenistande ofopprositmiately 70y er
wherein the barrier ¢ tidhal | et i st conducting

l ayer and the secong@%%%dctilg_}éatl ?ﬁg@%;d;fg{egﬂ{ggrn%ﬁhe&rg%p%g%{ Jélg% 0%*‘88‘0."%'1&%”
conprised of a O-PatdrliVappesiting atuipite appsoximasely il GHexawlss of the sensor's

resi stance at the op i : AOEr resi J e
sensor's resistance g%ﬁflﬂée?g@%m\rll\gﬁﬁg es \Rﬁ#gﬁg?agﬁﬁlciéfgagﬁl%fnﬁ%% )\fl\ﬁﬁ)tggnda

oper at iPonal volesgase of greater thay 16O @Rtha gpeyitionad ivoltagesend dRsithe langer heltages.
conprises a resistance of approximately 7052 ; the operational voltages of
the sensor further conprise a range of approximately 0.2V 0.1V,
operating at 'ap'hedreshod obpimatlefugthar capprisingad t he tunnel junction further
conpri ses a capaci t&Q&Qatﬂfgtﬁ@dﬁﬁ&ﬁuﬂ&kﬁ'ﬂﬂﬂgﬁgﬁﬁgﬁ& foe’ €SI stance of greater
than 1k52 at the operational voltages and 152 at the | arger vol tages. 17.
The method of A&¥m 13, further conprising: fabricating the tunnel
junction during fabrication of the circuit. 10 18. The nethod of claim 14,
wherein the first conducting |layer conprises a first nmetal layer, the
second conduéé'iﬂ’ﬁ meEipd of elajh whaein thedisy gondyeting layerspmprises adirst imstablayeri er

material  conprih&RsondRbRIukilg lapdhédhipriss ol sBl flelaMByd !t an BRHHPRaQIt 20€S.
15 19. The nethod of claim fS further conpri siangyfaatrjlri catl r?g ttheAltunneI
junction on th gomprises material, which is insulating at operation volfages.

16 19. The method of claim 13, further comprising fabricating the tunnel junction on the sensor.





