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sensor. Electrostatic discharge events are very common and can be highly destructive to MR

sensors. EOS occurs when a MR sensor is subjected to voltages or currents beyond those
J +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,
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Protection from ESD events in MR sensors throughout production, drive
assenbly, and customer use is therefore a |arge and growi ng concern. 30
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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.
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claims. This invention can include one or more of the following advantages:

The ESD protection device can be capable of withstanding multiple, high-voltage
25 ESD events throughout the lifecycle of the integrated circuit. The shunting of current
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.
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according to the resistances of the parallel paths. In general, current will flow between the

input terminals 108 either through the MR sensor 101 or through the tunnel junction device
25 102,

FIG. 1b shows a cross-sectional view of the tunnel junction device. The tunnel
junction device 102 comprises a multilayer thin film, which includes a first conducting layer
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.
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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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the intervening thin film barrier material 105. Instead, electrons can enter the empty

25 conduction band 202 to pass through to the second conducting layer 106.

The tunnel junction 102 can exhibit varying mechanisms for electron transport to
achieve a super-linear dependence of current on voltage during the transition of the tunnel
junction 102 when the MR sensor 101 operates at operational voltages and when the MR
sensor 101 operates at larger voltages. Various fundamental models known to those skilled

a0 in the art can describe this tunneling. For example, direct tunneling, as is shown in FIG. 2b,
may dominate at low device voltages. Field emission, as is shown in FIG. 2c, will become
more important at higher voltages, where the conduction band 202 of the barrier becomes
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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charge 2? f fnon—lmearx’(y (i.e., non-Ohmic behavior), showing a transition from a high-resistance state at

low voltages 302 to a low-resistance state at high voltages 303. The basic fundamental
requirement for tunnel junction ESD protection is that the tunnel junction 102 needs a
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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area and depth (“d”) of the thin film barrier material 105 of the MIM tunnel junction 102

should be chosen to yield the desired resistances (i.e., Ryiv=1k at 200mV and 1Q at 1V)

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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barrier energy, thickness, and area. A nunber of enbodi ments of the
present invention hafebBEemapsiabrosiierpd betysethe fest eapducting laygn | pe

under st ood t hatandafel s9tbnd BBHAUEnG FybO Riierd YheMar FRAGMAI i} VioRtARBEHat B8  from
the spirit and scope of the invention. Accordingly, other enbodi nents are

p . :
wi thi X he 25 SEsisendictinglayer and thiterendcradugtng laverdne ke qaptaphiAT | S CLAI MED
IS: 1. Acircuit conprising: a magnetoresistive sensor; and 5 a
bi directional tunnel junction coupled to the sensor, wherein the tunnel
junction changd¥ °§€‘8{9é§n tlaim3. dbprsinithe sspwof i§yornsatedingpaalelyp the fish el ectri cal
si gnal having aon@@ihd MHE anEme SREANDnORBEALILNAl Vol tages for the sensor;
the tunnel junction conprising a first conducting |ayer, a barrier
material having a |low density of electronic states near its Ferm |evel,
and a zpecond4corkiatiing i ayial 1, We R WRR] fuflctfol tohpstised: di recti onal tunnel
junction across the barrier. he circuit as in claim1, wherein the

¢ 2. T C ] .
tunnel junction conptarsliungtion witharesisfangiinsxgesy of theseRspbhissisBreERESBs t he
first conducti népetaBdRl validgestahi®a Fefis@ivd bERAAMLIhIE s ted¥@Ace AL Ikagdie

barrier material, .is, positl oriled so.that the
which is larger than the operational voltages.

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;



15 first conducting | ayer and the second conducting | ayer go not nake
contact. 3. The circuit as in claim?2, wherein the sensor SN@V)rﬂﬂ&?:t ed in
parallel to the first conducting Iayer and the second conducting |ayer.

20 4. The circuit as in claim1, whereill the tunnel junction conprises: a
tunnel junction with a resi stance in excess of the sensor’'s resistance at
the operational voltageshasdsoconmisetamsisganoe biapptoRinasdn®sY;' s resi st ance
at larger voltages whic rger fhan.the o tlonal vol t age 25 5. A
i roul £ compri oing: & mmghotrRbATlobAR SRR A CRbnetR: M o

coupl ed to t he sensapprowinetedy M2Y k. lt\/l,lnpnedtlngmmmappro:hmatgleslGPBtaﬁes to

di ssi pate energy associ at | a

operational voltages fortﬁéjwmeﬁglﬁgo%ﬁ&gh%gow% Sac tn‘éeo a@ﬁroxﬁnateuynctl on
addi ti®nal |y conpri gisanda revistaed of lgreaauthagl hQIauwhe ckwmsuonay volfaged cffcthersemmc
states near its Fer Y [esistance in excess of the sensor's

r esi stance at the oprge“rié?agr?g %&b?ﬂé and a resistance bel ow the
sensor's resistance at | arger voltages which is larger than the

oper ational ol Y ﬁ@g}g tance
of appr oxi mat\éel @1%%82? as l%gm%géré%g%ﬁﬂﬁ]ﬁr\gg}){&gme@%% sgegna:f%?t rﬁetaﬁﬁ’&s
conprises a rarthesegénd copncting layer edrypr@espisecadd metdl laggreand therygrréer matsrialo

appr oxjgrat el y risR ke A w L}dﬂﬁ%sulauggc&m Batfdiblies. CONPr i s€S 2

capaci tance of approximately esl stan e ‘of greater than 1 k52
at the operational voltages of the sensor and 152 at the larger voltages.
6. The circuit AR irbuifdsdh Bk 2, WREFRA! b daifer afoihs (EARALKERIRE ko CONPY | Ses
a first netal layer, the second conducting layer conprises second nmet al
| ayer, and the @amin@ltelhmm1@hlcmswﬂpﬁfp§@gtehe3t5ér fnggnergogie l?,ﬂﬁ“lqr orj nsul at i ng
at operation volil agfser agproyzﬂ?lgteg'd ﬁwﬁoet@%eﬂ ity cBﬁcﬁ'cﬁBnQbancY\mrI%h{ﬁ 1&%? alkPf rier
material further conpriSes an area approxi mately 30m2, a thickness of
appr oxi9mat el y %mcnatweeﬁ@rpgmm%elbéﬁ&l er for electrons of approximtely

0. 35eV between its conduction band and Ferm |level, and a 15 capacitance
of appr oxi mateI%/ 1pF. 8. The circuit as in claim5, wherein the tunnel

junction has 8a Fhegirsyibasdeclaimeh mdereinibgrummsbionction h@ﬁ?e@ﬁ%‘ﬂ@ﬁﬁl“‘@@h%ﬁl@? and
I ess than 3552 atpdfiRnkidbd esmllés@qﬁﬁsséguﬂelaﬂg@ﬁvmg&u't as in claimi,

wherein the barri er material further conprises an insulating
20 9. The circuit as in claim 1, wherein the barrier material further comprises an insulating

material selected from the group consisting of SiNj, SiO,, CaF,, Al,03, and AIN.

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.



material selected fromthe group consisting of SiNX, Si02, CaF2, A1203,
and AIN. 10. The circuit as in claim2, wherein the barrier npt v’gbua
further conprises a sem conductive material selected fromth @o
consisting of Si, anorphous Si, poly- Sil2 Ge, SiGe, 25 GaAs, GaAl As, ZnSe,
ZnS, CdSe, and CdS. 11. The circuit as in claim4, wherein the tunnel
junction further exhibits a process selected fromthe group consisting of

tunnel i ng of 18l £&kmNSs fabikaf 'é)ggcgitgd(?lepggfngﬂw S%Bg?ﬁ' hermonic field

em ssion, to achieve a super-11inear endence of current on voltage
during the 30 changeniggraidie-smagnetgiesistive sengpnvalthy dingeit;ianh when t he sensor is

at the operational Y&hﬁlﬁ@ﬁ%id%@gionm%eltj{:\'rﬁztiﬁlﬂaﬁﬂg ﬁeilﬁ%lrjﬁ%hte{ethethé Ahgg vol t ages.

12. The circuit as in claim1, wherein’the tunne on 1S coupled to
the semsor dur ijBgstion ehspges sletep e difsippta an elestdenl signal exchiding2pedtiaal dtaged foret hod
of fabricating (ge &hégUit conprising the steps of: integrating a
magnet or esi stive sensor on the circuit; and coupling a bidirectional

tunnel junction to tthetusrehisetiongpmprising afiret conduaiég layef. ybetricomatetial hadng

states to di Ssifighedily 6f 8&ibhic ShteShPNR Feﬁﬁﬁev%ﬂiaﬁcga %@&I@&L@J&aﬁ% Mk t ages

for the sensor the tunnel junction conprising a first conducting |ayer, a
barrier materi Sapgediiniprm 4 bidigrtioas synngl jerictien aceqse babarriet at es near its Fer ni
| evel ,jpand a second conducting |ayer arranged to forma bidirectional
tunnel junction across the barrier. 10 15 20 25 30 14. The nmethod of claim
13, wherein thetbegmsthod of ¢lpia 3o Whereip thedwnnglgiastipr fusther comprisssir r i er nat eri al

posi tioned between tiihalid SrlateFiddbifibred Betwdthe AfifcchfiRiifeapgd conducting
| ayer, wherein the barrier material is positioned so that the first

conducti ng | ayend fi5deqond candecsing layemubesein thy brmipematerial isositioned se tatthet . 15.

The nethod of airaicBhdudingihyRF Bidind R6onkebRMRLngUAet kbt ARl ddnBal |y
conprises: a material wth a resistance in excess of the sensor's

resi stdnce at the operational voltages and a resistance bel ow the sensor's

resi stance as.|ee@ethod Of LAGESD, wibrbif bheitsnnbiglt8bn sdadidniieoRBREAL | Onal
vol tages. 16. A nethod of fagrl cating a circuit conprising the steps of:

g !
integrating a magnet®dPALL it aresishiucsin gygess oEthg sensQr stresistange at

the operational voltages and a resistance below the sensor’s resistance at larger voltages
which is larger than the operational voltages.
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.





