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MAGNETORESISTIVE READ/INDUCTIVE WRITE MAGNETIC HEAD
ASSEMBLY FABRICATED WITH SILICON ON HARD INSULATOR
FOR IMPROVED DURABILITY AND ELECTROSTATIC DISCHARGE
PROTECTION AND METHOD FOR MANUFACTURING SAME

" BACKGROUND OF THE INVENTION

1. Field of the Invention '

The present invention relates to magnetic disk drives and more particularly to
read/write transducers utilizing magnetoresistive read sensors protected against
electrostatic discharge by semiconducting circuits elements integrated in a layer of
silicon attached to a hard, insulating substrate, and further having 2 hard air bearing

surface.

2. Descrip:tion of the Related Art
Magnetic head disk drive systems have been widely accepted in the computer

_industry as a cost effective form of data storage. In a magnetic disk drive system, a
magnetic recording medlum in the form of a disk rotates at h10h speed while a
magnetic read/write transducer, referred to as a magnetic head, "flies” slightly above
the surface of the rotatmo disk. The magnetic disk is rotated by means of a sp1nd1e )
drive motor. The magnetic head is attached to or formed 1nte0ra11y with a "slider”
which is suspended over the disk on a spring-loaded support arm known as the
actuator arm. As the magnetic disk rotates at operating speed, the moving air

i generated by the rotating disk in conjunction with the physical design of the slider _Iifts
the magnetic head, allowing it to glide or "fly" slightly above and over the disk' -
surface on a cushion of air, referred to as an air bearing. Tl-le flying height of the
magnetic head over the disk surface is fypically only a few microinches or less and
is primarily a function of disk rotation, the aerodynamic prope;'ties of the slider

assembly and the force exerted by the spring-loaded actuator arm.



silicon attached to a hard, I nsul ating substrate, and further having a hard
“air bearing surface. 2. Description of the Related Art Magneti c
~head disk drive systems have been w dely accepted in the conputer jndustry
as a cost effective formof data storage. In a magnetic disk drive system
a magnetic recording nedidmin the formof-a disk rotates at high speed
while a nmagnetic read/wite transducer, referred to as a nagneti-c head,
"flies" slightly above the surface of the rotating di sk—&he magnetic disk
is rotated by nmeans of a spindle drive notor. The magnetic head is attached
to or formed integrally with a "slider" whi2h is suspended over the disk on
a spring-1oaded support arm known as the actuator arm As the nmagnetic disk
rotates at operating speed, the noving air generated by the rotating disk
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channel and allows higher areal density of recorded data on a magnetic disk surface.

MR heads are typically fabricated on a ceramic substrate of alumina-TiC.
However, the ever decreasing cross-sectional area of MR heads, as a result of both
film thickness and stripe height reductions, has resulted in increased electrostatic
discharge (ESD) sensitivity. Spin valve materials have an additional reversible failure
mode when subjected to an electrostatic discharge: underpinning of the pinned layer
due to the low blocking temperature of the antiferromagnet.

- Static charges may be produced by the presence of certain materials, such as
plastics, during manufacture and subsequent handling of the heads, for example.
These charges arc across the edge of the insulating layer between the magnetic pole
tips and adjacent conductive layers which are exposed and positioned adjacent to the
transducing gap at the slider air bearing surface facing the recording medium. This -
discharge causes erosion of the pole tips and degradation of the transducer in reading
and writing data.

As described above, when an MR sensor is exposed to ESD, or even a voltage -
or curreﬁt input larger than that intended under normal operating conditions, referred
to as electrical overstress or EOS, the MR sensor and other parts of the head may be
damaged. This sensitivity to electrical damage is partiéularly severe for MR read
sensors because of their relatively small physical size. For exarhffé_? ?m MR sensor
used for extremely high recording densities will have a- cross;section of 100
Angstroms (A) by 1.0 micrometers (um) or smaller. Discharge of voltages of only a
few volts through such a physically small sensor, behaving like a re_sistor, is sufficient
to produce currents capable of severely damaging or completely destroying the MR
sensor. The nature of the damage which may be experiénc_ed by an-MR sensor varies

significantly, including complete destruction of the sensor via melting and evaporation,

-
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-2- Magnet or esi stive sensors, also referred to as "MR heads," are
“particularly useful as read elenents in magnetic transducers, especially
at- ‘hi-gh data recording densities. The MR sensor provides a hi gher,out put
signal than an inductive read head. This higher output signal results in a
hi gher signal -to-noise ratio for the recording channel and allows higher
areal density of recorded=data on a magnetic disk surface. MR heads --
are typically fabricated on a ceranm c substrate of alum-re~Ti G Hewever,
the ever decreasing cross-sectional area of MR heads, as a result of both
filmthickness and stripe height reduction8; has resulted in increased
el ectrostatic discharge (ESD) sensitivity. Spin valve materials have an
additional reversible failure node when subjected to an electrostatic
di scharge: under pi.nni.n b ] . '
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Electrostatic discharge (ESD) problems associated with the thin film inductive
read/write heads are well documented and several solutions have been proposed. Elser
et al. U.S. Patent No. 4,317,149 discloses an inductive head having short discharge
paths formed by the deposition of conductive material in recesses formed in an
insulating layer so that the static electric discharge will occur in areas displaced from
the critical pole tip and gap area at the slider air bearing surface. Schwartz et al. U.S.
Patent No. 4,800,454 discloses an inductive head assembly Wherein the magnetic pole
piece and the inductive coil winding are coupled to the slider to allow discharge of
any static electric charges which may build up. The winding is connected to the slider
body via a diode with high forward and reverse voltage drops, or through a fusible
link. '

U.S. Patent No. 5,463,186 describes an approach for protecting a magnetic
read/write transducer from the effects of electrical overstress and electrostatic
discharge during the manufacture and assembly of a magnetic storage system. The -
conductive leads of a magnetoresistive (MR) sensof element are shorted together to
provide a low resistance, conductive path that bypasses the MR element and minimizes
electrical current through the MR sensing element during discharge of static electrical
charge. The MR sensor lead terminal pads are shorted together_'bgf?git;ering. ‘The
other transducer elements such as the MR magnetic shields, the inductive coil and the
inductive magnetic yoke structure maj' also be shorted to the MR sensor leads by
soldering the lead terminal pads fogether at the slider surface. Altemétively, a twisted
conductor pair may be used to short the MR terminals together. Remotely located

protective devices, such as reversed diode pairs, can also be connected across the MR



di scharge causes erosion of the pole tips and degradati on of the transducer
“n reading and witing data. As descri bed above, when an MR sensor

i s exposed to ESD, or even a voltage or current input |arger than that

i nt ended under normal operating conditions, referred to as electrical
overstress or EGCS, the MR sensor and other ‘parts of the head may be
danaged: This sensitivity to electrical damage is particularly severe for
MR read sensors because of their relatively small physieak size. For -
exanple, an MR sensor used for extrenely high recording densities will have
a- cross-section of 100 Angstroms (A) by 340 mcroneters (um or snaller.

Di scharge of voltages of only a few volts through such a physically smal
sensor, behaving like a resistor, is sufficient to produce currents capabl e
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U.S. Patent No. 5,491,605 describes a scheme for protecting a magnetic
read/write transducer from EOS and ESD. The elements of the MR and inductive
heads are shorted together and to the slider substrate to provide a low resistance,
conductive path that bypasses the MR sensor element and minimizes current through

* the MR element during discharge of electrostatic charge. The MR sensor element, the
MR conductive leads, the MR magnetic shield elements and inductive pole tips
exposed at thé slider air bearing surface are shorted together and to the slidér substrate
by a layer of conductive material_, such as tungsten, formed over the slider air bearing
surface. The conductive layer shorts the head elements together and to the slider
substrate, thus protecting the head against ESD/EOS damage during subsequent
handling and assembly. The conductive layer is removed by wet etching prior to
placing the magnetic head into operation in a magnetic storage system. |

One limitation of the ESD and EOS protection schemes described above is that
after removal of the soldered shorts or conductive layer, the head assembly again
becomes vulnerable to EDS/EOS damage while 'subjected to further manufacturing
processes and later in operation. Further, the removal of such shorts and/or
conductive layers reqﬁires an additional manufacturing step which may cause damage -
to the heads. -

Diodes have been shown to provide increased ESD protection without
adversely affecting the testability of an MR head in various processing steps.
Furthermore, if the capacitance of the forward biased diode CEE'BQ kept t0' a
minimum, they have also been shown to have no appreciable affect on the
performance of the MR head in the file. However, the only kinds of diodes that can

| be fabricated on an alumina-TiC substrate are known as "thin film diodes," and their

properties are not well understood.’



contam nation of the air bearing surface, generation of shorts via

®el ectrical breakdown, and m | der fornms of danmage in which the head
performance may be degraded. This type of danage to the MR head, has been
found to occur during both processing and operational use, and poses a
serious problemin the manufacturing and handling of -magnetic heads

i ncorporating MR read sensors. El ectrost ati c--di scharge (ESD)

probl ens associated with the thin filminductive read/ wte heads-are wel |
docunented and several solutions have been proposed. Elser et al. U.S.
Patent No. 4,317,149 discloses an inductive-head having short discharge
paths formed by the deposition of conductive material in recesses forrred I n
an insulating |ayer so that the static electric discharge will occur
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an exposed silicon surface would result in inferior head-disk interface performance.

| Further, the yield strength of silicon is lower than that of alumina-TiC. Therefore,
MR heads incorporating silicon structures would tend to break more easily in row
form while being handled during the various manufacturing steps to which they would
be subjected. Furthermore, overcoat materials, such as silicon dioxide (Si0O,) that are
known to be compatible with a silicon substrate in air bearing patterning as they can
be reactive ion etched or ion-milled at similar rates, have been observed to protrude
above a silicon substrate when the air bearing surface is lapped. Such protrusiohs can
result in hard disk contact, which can produce scratches on the surface of the disk.

A need therefore exists for providing-an MR read/write head assembly with
ESD/EOS protection that is permanently integrated into the MR head assembly in a
cost effective manner using well known manufacturing techniques.

A further need exists for an MR head formed on a substrate having a hardness
and yield strength that is comparable to alumina-TiC that will support the formation
of basic solid-state type diodes.

. Yet still another need exists f(;r an MR head made from "r'rizféi'f'a'.l,s whicli are
compatible with standard overcoat materials, where all such-materials have similar

lapping rates.



el ectrical current through the MR sensing elenent during discharge of

Static electrical charge. The MR sensor |ead ternminal pads are shorted

together by soldering. The other transducer el ements such as the {i/R
o}

magnetic shi eLd%Woi | and the inductive magnetic y
structure may al so be shorte o the MR sensor |eads by soldering the |ead
terni nal pads t'U@EShébeHasfﬂeeJﬂLg | der surface. Alternatively, a tw sted
conductor pair ort the MR termnals together.- Renotely

| ocat ed protecti Eﬁmgﬂmm{ch as reversed diode pairs, can al so be
connected across -6-

-4- sensor elenent using the twisted pair. The short is renoved prior to
placing the MR head into operation in the nagnetic storage system

U. S. Patent No. 5,491, 605 de%‘ifMR’FﬁR@' 6%% iﬁ{’Eﬁlfﬂt(ﬁgt' ng a magnetic

The present invention provides a. magnetoresistive read/inductive write
magnetic head assembly formed on a hard insulating substrate and having electrostatic
discharge protection. The assembly comprises: a hard electrically insulating substrate,
preferably formed of sapphire or alumina-TiC; multiple alumina layers formed over

" the substrate; a magnetoresistive read/inductive write head positioned between the
alumina layers; a silicon layer supported by the substrate; and a semiconducting circuit
integrated into the silicon layer and interconnected with said magnetoresistive
read/write inductive write head which provides a short circuit path to absorb
electrostatic discharge during manufacture of the assembly and in subsequent
operation. The silicon layer may be epitaxially grown on the sapphire, or bonded to
alumina-TiC. The hard insulating substrate and alumina layers provide the assembly
with a hard air bearing surface having generally uniform lapping and etching
characteristics, and therefore, excellent durability. '

In another aspect of the invention, the assembly may comprise a hard
insulating substrate, multiple alumina layers formed over the’ substrate; and a
magnetoresistive read/inductive write head positioned between the alumina layers to
provide the assembly with a hard air bearing surface having improved durability.
Such improved durability facilitates handling and processing of the assembly during

- manufacture by reducing the risk of damége. )

The invention may also be characterized as a method for manufacturing a
magnetoresistive read/inductive write magnetic head assembly having electrostatic
discharge protection and which is formed on a hard insulating subst'r’la?‘_i_;.’. The method
comprises the steps of attaching a silicon layer to a substrate; integrating a
semiconducting circuit in the silicon layér; forming a layered structure which includes
a magnetoresistive read/inductive write head and layers of alumind on the substrate;

and electrically interconnecting the semiconducting structure with the magnetoresistive

read/inductive write head. .



read/ wite transducer from ECS and ESD. The el enments of the MR and

4 nductive heads are shorted together and to the slider substrate to provide
a |l ow resistance, conductive path that bypasses the MR sensor el ergent and
m nim zes current through the MR el enment during discharge of electrostatic
charge. The MR sensor el enent, the MR conductive |eads, the MR nmagnetic
shi.el d el enents and Tnductive pole tips exposed at the slider air bearing
surface are shorted together and to the slider substrate~<by a-layer of
conductive material, such as tungsten, formed over the slider air bearing
surface. The conductive |layer shorts the g;ead el enents together and to the
slider substrate, thus protecting the head agai nst ESD/ ECS damage during
subsequent handling and assenbly. The conductive |ayer is renoved by wet
etching prior to placing the nagnetic heaq into qperatjgon-in.a, mgnetic
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BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a simplified block diagram of a magnetic disk storage system
embodying the present invention.

Figures 2 and 3 are cross-sectional views of magnetoresistive read/inductive
write heads.

Figure 4 is a perspective  view of a magnetoresistive read/inductive write
magnetic head assembly showing the air bea'ring surface.

Figure 5 is a plan view of the magnetoresistive read/inductive write magnetic
head assembly of Figure 4 that shows the diodes integrated into the silicon layer.

Figure 6 is a cross-sectional view of the magﬁétoresistive read/inductive write
head taken along view A-A of Figure 5.

Figure 7 is a cross-sectional view of the magnetoresistive read/inductive write
head taken along view B-B of Figure 5. ' ﬂj’

Figure 8 shows a silicon substrate positioned above a hard electrically
insulating substrate. .— "

Figure-9 shows the silicon layer bonded to a hard electrically ‘insulating

substrate.



- 5- Silicon is a cormonly available, | ow cost material which
Ssupports well established p-n junction diode processes. P-n junction diodes
fabricated on sil-icon have capacitances that are proportional to the
forward bias current and the carrier reconbination tinme. Since ESD
protection is proportional to forward bias Current, lower carrier

reconbi nation tinme is the only paraneter that reduces the capacitance for a
given level of ESD protection. Silicon has a | ower hardness than :
alumna-TiC, and is therefore, easier to scratch than alum na-Ti C
Therefore an MR head having an exposed sil#con surface would result in

I nferior head-disk interface performance. Further, the yield strength of
silicon is lower than that of alum na-TiC Therefore MR heads

} ncorporating sil 'P%ﬁresﬁ!) UbbWses WRathplet sihet Mabictalesisive r@@fhlivctive wHvE

orm whi I e being handl ed during the various manufacturing steps to which

they woul d magnetic head assembly which includes a semiconducting circuit integrated into a
silicon layer bonded to a hard electrically 1nsulat1ng substrate.

Figure 11 sh_owsm an example of the magnetoresistive read/inductive write
magnetic head assembly which includes an MR head formed on hard electricaliy
insulating substrate that is bonded to a layer of silicon.

Figure 12 is a schematic diagram showing the interconnections of diodes to the
first shield element and across the magnetoresistive sensor.

Throughout the several figures, like elements are referenced using like

reference numbers.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

Referring to Figure 1, the invention is described as embodied in a magnetic
disk storage system 10. However, it is to be understood that the invention may also
be used in other types of magnetic recording systems such as a magnetic tape storage
system, or in other types of systems in which a magnetoresistive (MR) sensor is used
to detect a magnetic field. A magnetic disk storage system comprises at least one
rotatable magnetic disk 12 supported on a spindle 14 and rotated by a disk drive -
motor 18 with at least one slider 13 positioned on the disk 12. Each slider 13
supports one or more magnetic read/write transducers 21, also referred to as MR
read/inductive write heads, or simply as MR read/write heads. The magnetic
recording media on each disk 12 forms an annular pattern of conc@ntfic data tracks
(not shown). As the disks 12 rotate, the sliders 13 are moved radially’in z;nd out over
the disk surface 22 so that the heads 21 may. access different portions of the disk 12
where desired data is recorded or is to be written. Each slider 13 is attached to an
actuator arm 19 by means of a suspension 15. The suspension 15 provides a slight

spring force which biases the slider 13 against the disk surface 22. Each actuator am

19 is attached to an actuator system 27, such as a voice coil motor (VCM), for



be subjected. Furthernore, overcoat materials, such as silicon dioxide
(Siderr]) that are known to be conpatible with a silicon substrate in air
bearing patterning as they can be reactive ion etched or ion-m|led at
sinilar rates, have been observed to protrude above a silicon substrate
when the air bear| ng surface is |apped. Such protrusions can result in hard
di sk contact, which can produce scratches .on the surface of the disk. .

A need therefore exists for providing an MR read/ wite head assenbly wi t.h
ESDY ECS protection that is permanently integrated into the MR head assenbly
in a cost effective manner using well knowf-manufacturing techniques.

A further need exists for an MR head forned on a substrate having a
hardness and yield strength that is conparable to alumna-TiC that w ||
support the f o] ' | g- oneticYfbldst
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SUMVARY OF THrntnqysiemaleyd8 provided by control unit 29.

During operation of the disk storage system 10, the rotation of the disk 12

generates an air bearing between the slider 13 and the disk surface 22 which exerts
an upward force or lift on the slider. The air bearing counterbalances the slight spring
force of the suspension 15 and supports the slider 13 slightly above the disk surface
22 by a small, substantially constant spacing during operation, generally in the range
of about 1.0 to 2.0 microinches. | '

The various components of the disk storage system are controlled in operation '
by control signals generated by control unit 29, such as access control signals and
internal clock signal-s. Typically, the control unit 29 comprises logic control circuits,
storage means and a microprocessor. - The control unit 29 generates drive motor
control signals 23 and position control signals 28. The position control sigqals 28
provide current profiles to optimally move and position a selected slider 13 to a
desired data track on the associated disk 12. The drive motor- control signals 23
control the disk drive motor 18 which spins the disk 12. Read and write signals are
communicated to and from read/write heads 21 by recording channel 25.

The above description of a typical magnetic disk storage system 10 and the -
accompanying F igufe 1 are for representation purpeses only. It should be apparent
that disk storage systems may contain a large number of disks and actuators, and each
actuator may support a number of sliders. _

. Figures 2 and 3 each show a cross-sectional view of an’ MK ¥ead/inductive
write magnetic head assembly 30 (hereinafter also referenced as an "MI,{ read/write.
head) in a transducing relationship with a rotating magnetic recording disk 32 such
that the head air bearing surfacé 45 (ABS) is disposed in a facing relationship with
and slightly above the recording surface 34 of the disk 32. MR read/write head 30 .
includes an MR read assembly and an inductive write aése;nbly formed adjacent one

another on the surface of the hard electrically insulating substrate 31, typically



The present invention provides a magnetoresistive head assenbly having an
air bearing surface (ABS) and an el ectrostatic discharge protection. The
assenbly conprises: a sapphire slider that has a first surface and, a
trailing edge, the first surface formng a portion of said ABS;, nultiple
alumna layers formed on.a first portion of the trailing edge of the slider
and having edges fornming a portion of said ABS, a magnetoresistive head
positioned between the alum na |ayers; a silicon |ayer mpunted directly.on
a second portion of the trailing edge of the slider and recessed fromsaid
ABS so as not to formany portion of the A8S; and a seniconducting circuit
integrated into the silicon |layer and interconnected with said

magnet oresi stive head. The silicon |ayer may be epitaxially grown on the
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recessed fromthe "ABS so as not to forma portion of° the ABS; and a
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| nterconnect et(c)i b\é\é gges lilr?ngrrr% nu ag’a]?iiig %Elcll to nggg gératched when in use. The MR read
assembly comprises an MR sensing element 35 fabricated from ferromagnetic material,
such as a nickel-iron (NiFe) alloy, for example, which is interposed between first and
second magnetic shield elements 33 and 37, respectively. The MR sensir;g element
35 may comprise a single layer of NiFe, commonly referred to as Permalloy. The
MR sensing element 35 also may be implemented as a multilayer magnetic structure
that includes a magnétic bias layer of the type described in U.S. Patent No. 4,785,366
or in U.S. Patent No. 5,206,590, each incorporated herein by reference, utilizing thé
giant MR effect.

The shield elements 33 and 37 are generally made of a highly'permeable_
magnetic material, such as Pennalloy or Sendust, an alloy of aluminum-silicon-iron.
The magnetic shield elements 33 and 37 minimize or eliminate magnetic interferences
from affecting the MR element 35 which could otherwise produce extraneous
electrical pulses. Conductive leads, not shown, generally formed of copper (Cu) or -
other suitable conductive material, are aftached electrically at the end portions of the
MR element 35 to couple the MR element 35 to external circuitry for sensing the
resistance of the MR element. Such conductive leads may be of the type described
in commonly assigned U.S. Patent No 5,465,186, incorporated hergin’by reference.
The MR read/write head assembly may be manufactured ._usi;1g standard

vacuum deposition techniques, such as sputter deposition, for ‘example, on the
substrate 31. The various elements of the MR assembly are surrounded and-insulated
from each other by layers 42 of hard insulating material, such as sputtered alumina.
Other insulating material, such as SiO, and SiN may also be used. Alumina is

particularly desirable as an insulating material when used in conjunction with the hard
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-7- One -advantage of the invention is that it provides an MR
Tead/inductive wite head assenbly with ESD/ ECS protection that is
pernmanently integrated into the MR head assenbly and which may be ,
manuf act ured using standard photolithographic silicon processi ng.

Anot her advantage of the invention is that it provides.an MR read/inductive
wite head assenbly having a hard air bearing surface. ~= These and..
ot her adwvantages of the invention will becone nore readily apparent upon
revi ew of the acconpanying figure and specification, including the clains.
BRI EF DESCRI PTI ON OF THE DRAW NGS FHure 1 is a sinplified block

di agram of a magnetic di sk storage system enbodyi ng the present invention.
Figures 2 and 3 are cross-sectional viems of magnet or esi sti ve

read/ i nductive wite heads. ur e is a._pers tive view of a
magnet or esi stingwating; sybstatg &1 hecavse qu@ matenals tooeth%r prgvelge MR read/write head

30 with a hard air bearing surface which is very scratch resistant, and which has
lapping and etch rates very similar to those of alumina-TiC and of sapphire. The use
of such materials in combination facilitates higher yield manufacturing of MR
read/write head assemblies having very precisely fabricated air bearing surfaces. For
example, such air bearing surfaces may have a surface roughness or microfinish in the |
range of about 0.1 to 1.5 nm RA (roughness average), which may be determined using
scanning probe microscopy (SPM), and a flatness in the range of about 10 to 40 nm
for a 2 mm scan.

Referring to Figure 2, the inductive write assembly comprises a lower or first
pole piece 38 and an upper or second pole piece,40. The first and second pole pieces
38 and 40, respectively, are preferably made of a highly permeable magnetic material
such as NiFe, for 'example, and form a magnetic circuit magnetically connected
together at a back gap portion (not shown) with the first and second pole tips 39 and
41, respectively, thereby forming a magnetic gap 47 at the air bearing surface 45.
One or more layers of electrical conductors 43, generally made of Cu, for example,
form an inductive coil disposed between the first and second pole pieces 38 and 40.
The inductive coil, comprised of electrical conductors 43, is also connected to external
circuitry via conductive leads, not shown. The pole pieces 38 and 40, and the
electrical conductors 43 preferably are fabricated usfﬁg well known processes such as
electroplating or sputter deposition. The pole pieces 38 and 40 are insulated
electrically from the inductive coil and the MR read assembly by layers 42 of
electrically insulating material, such as sputtéred alumina. The éhif?g’“;ésembly then
may be covered with a capping layer, not shown, of insulating and protective material,
such as alumina. | | o

The head 30 shown in Figure 2 is sometimes referred to aé a "lpiggyback"
‘head. An alternate configuration is referred to as a "meréed" head wherein the second

MR magnetic shield element 37 (Figure 2) is merged with the inductive assembly first



magneti c head assenbly showi ng the air bearing surface.

Figure 5 is

a plan view of the magnetoresistive read/inductive wite nagnetic head
assenbly of Figure 4 that shows the diodes integrated into the gsiljcon
| ayer . Figure 6 is a cross-sectional view of the nagnetoresistive

read/inductive wite head-taken al ong view A-A of Figure 5.

Fi gure 7

I S a cross-sectional view of the nagnetoresistive read/i nductive wite head

taken al ong view B-B of Figure 5.
positi oned above a hard electrically insulating substrate.

Figure 8 shows-a=silicon substrate

Figure 9

-8-

shows the silicon |ayer bonded to a hard elZ2ctrically insulating substrate.

pole piece 38 to form a single element 49 which performs both functions, as shown

. 1in Figure 3.

As described above, static electrical charges may accumulate on the various
components of the head assembly 30 or on any object, equipment or person which
ﬁxay come into contact with or closely approach the head assembly, or on any
electrical leads attached to the head assembly. Such static electrical charges pose the
potential for causing serious ESO/ESD damage to the head. These charges may

accumulate during the manufacturing process and during subsequent handling of the

- heads. For example, the assembly of the head with other components in the course

of manufacturing a disk drive assembly can result in relatively large amounts of static
electrical charge accumulating on the head elements. The electrical charges migrate,
from the areas at which they are generated to build up along conductive paths. Thus,
a buildup of static charge occurs that may subsequently result in a discharge from one
conductive element across a dielectric, which experiences "breakdown," to another
conductive element, in the manner of a capacitive discharge. The discharge typically
causes damage by burnout or the like at the areas of the conductive material which
act as terminals for the discharge of the stored static electrical energy.

The electrical conductors 43 comprising the inductive coil, and the magnetic

pole pieces 38 and 40 can withstand relatively high voltages and currents. However,

the MR sensing element 35 is particularly vulnerable to current and voltage overloads
because of the its physically small cross-section. The active sen_sing portion of the
MR sensor element 35 typically has a length in the range of 0.5 to 20 um, a width of
0.5 to 5 um, a thickness of 10 to 100 nanometers (nm), and a resis'fl'_‘?g"c’é' of about 20
to 80 ohms. In MR read/write assemBlies of the types shown in Figures 2 and 3, it
has been found that ESD and/or EOS damage occurs along the sensing regidh of the
MR element 35 when the accumulated static charge is dischargéd directly through the

MR element 35, and not necessarily through the magnetic shield elements, first pole

piece, or substrate 31 (slider body). _ -



Figure 10 shows an exanple of the nmagnetoresistive read/inductive wite
magneti ¢ head assenbly which includes a sem conducting circuit integrated
into a silicon |ayer bonded to a hard electrically insulating subsirate.
Figure 1 1 shows an exanple of the nagnetoresistive read/inductive wite
magneti c head assenbly which includes an MR head formed on hard

el ectrically insulating substrate that is bonded to a-layer of siii-con.
Figure 12 is a schematic diagram showi ng the interconneet+ons.-0of di odes.to
the first shield elenent and across the magnetoresistive sensor.

Thr oughout the several figures, like elenei®s are referenced using |ike
ref erence nunbers. DETAI LED DESCRI PTI ON OF THE PREFERRED
EVMBODI MENT Referring to Figure 1, the invention is described as

enbodied in a magnetd c. di sk 1 S Er,d—p Fetil : :
under st ood t hat tﬁ@’ﬁ“ﬁ%‘&n‘?‘?%n‘g %@ﬂgﬁs%ﬁeﬁﬁ@ué}% | n?ﬁ;a‘[éﬁétpréts;sggg r%&lﬁggﬁlevtei C
recordi ng sysygibmagiefic dead asRebE (Ieréinpfersiley refaral/ st anfMBrhead astenebly't)y pes
of systens in which a magnetoresi stiveélglvR) sensor i.s used to detect K a
magnetic fi el embedyinat variqwssfeatres af dhe psesent dnyepiipa s¥high lF’é'é‘ng @nhard

rot at abl e magneti.c .di sk u | gl 0 agdi sk
drive notor T e%‘?%g’a{ns}ﬂéégg %ﬁéﬁ%ﬁg gg?n?@%losgw t“lﬁé‘%gﬁg 5{%2%9&%3 ﬂ-%ach
slider 13 suppBitde 976 MhciBisesism@reid/ aritecindhativietverite head Sipesitioried beahcn

referred to as MR read/inductive wite heads, .or_ sj rrpl% as MR read/wjte
heads. The netheealimina layers 54; a silicon layer 58 attached to the substrate 52; and a

semiconducting circuit 60 integrated into the silicon layer 58 which is interconnected
to the magnetoresistive read/write inductive write head 56. Hereinafter, the "in-
process” structure resulting from any of various manufacturing processes td which the
substrate 52 is subjected may be referenced as a "wafer." The magnetoresistive
read/write ihductive write head 56 preferably may be one of the types described
hereinabove with reference to Figures 2 and 3. The substrate 52 preferably is made
of a material which may be configured into a homogenous or non-homogenous
electrically insulating structure havipg a hardness in the range of 10 to 40 GPa and
a Young’s modulus of about 50 GPa or greater. The substrate 52 may be made of
sapphire or alumina-TiC because these materials have properties within the preferred
ranges. Sapphire has a hardness of about 30'GPa and a Young’s modﬁl_us of about
330 GPa. Alumina TiC has a hardness of about 30 GPa and a Young’s modulus of
about 50 GPa. However, it is to be understood that the scope of the invention also -
includes the use of other material systems havihg‘prdpenies within the preferred
ranges for use as a substrate material. Sapphire is the preferred substrate material
because the silicon layer may be epitaxially grown on sapphire. For applications in
which.the substrate 52 is made of alu;nina_-TiC, the silicon layer‘S'gffﬁEji be bonded
to the substrate. The hard and tough substrate 52 and multiple alumina layers 54
provide the MR head assembly 50 with an air bearing surface 62 having improved
hardness and toughness.

An important aspect of the invention is that it provides an MR head assembly
having a hard electrically insulating substrate on which a silicon layer may be affixed.

The hardness and toughness of the substra;e 52 provide the head 50 with enhahced



recordi ng nmedia on each disk 12 forns an annul ar pattern of concentric data
tracks (not shown). As the disks 12 rotate, the sliders 13 are noved
radially in and out. over the disk surface 22 so that the heads 21 may
access different portions of the disk 12 where desired data is recorded or
is to-be witten. Each slider 13 is attached to an actuator arm 19 by means
of a suspension 15. The suspension 15 provides a slight spring force which
bi ases the slider 13 against the disk surface 22. Each aettator arm 19 is
attached to an actuator system 27, such as a voice coil motor (VCM, for
-9- exanpl e. " The VCM conprises a coil mideable within a fixed nmagnetic
field. The direction and velocity of the coil novenents of the VCM are
controlled by position control signals 28 provided by control unit 29.

durability and elasticity, thereby making the head more resistant to breakage during
manufacturing and to being scratched in use. Moreover, the fact that the substrate 52
is made of a material to which a layer of silicon may be bonded, grown, or otherwise
attached supports the integration of a semiconducting diode circuit 60 into the silicon
layer using well known photolithographic techniques so that the MR head assembly
50 may be provided with permanent EOS and ESD protection.

Figure 5 is a plan view of the magnetoresistive read/inductive write magnetic
head assembly 50 shown iﬁ Figure 4. Figures 6 and 7 show cross-sections of an
example of one implementation the MR head 50 taken along views A-A and B-B,
respectively, that clearly show the layered structure the MR head assembly 50 and one
semiconducting diode circuit 60 integrated into the silicon layer 58. _

In Figure 6, there is shown a silicon layer 58 that is epitaxially grown on the
substrate 52, preferably made of sapphire, a single crystal form of alumina (Al,O;),
with which especially high quality diodes can be made. The semiconducting circuit
60 may include one or more diodes (only one is shown) 74 integrated with the silicon
layer 58 using standard photolithographic techniques. In Figure 6, only one diode 74
is shown for purposes of illustration. However, it is to be understand that any number
of diodes 74 may be integrated with the silicon layer 58 to suit the requirements of
a pérticular application.

Each diode 74 is conventionally implemented as an integrated circuit having
an n- well 82 formed in the silicon layer 58. A p+ well 84 and two n+ wells 86 then.
are formed, as for example, by ion implanting appropriate dopant species in the n-
well 82 such that the p+ well 84 is inte}posed between the n+ wells"%_“ Using standard
photolithographic fechniques. An electrically insulating layer 90 of sili;:on dioxide
(8i0,) then is formed over the wafer, which is selectively etched to form gap
structures 88. The p+ and n+ wells 84 and 86, respectively, are separated by the
electrically insulating gap structures 88 which extend into and protrude slightly above
the surface of the silicon layer 58. The n+ wells 86 and the-p+ well 84 are

electrically coupled to external circuitry by metal interconnects 94 which are



During operation of the disk storage system 10, the rotation of the disk 12
generates an air bearing between the slider 13 and the di sk surface 22
whi ch exerts an upward force or |ift on the slider. The air bearing
count er bal ances the slight spring force of the suspension 15 and supports
the slider ‘13 slightly above the disk surface 22 by a-small,_substantially
const ant spacing during operation, generally in the range of about 1.0 to
2.0 mcroinches. The various conponents of the disk-storage system -
are controlled in operation by control signals generated by control unit
29, such as access control signals and i mlé+nal clock signals. Typically,
the control unit 29 conprises logic control circuits, storage neans and a
m croprocessor. The control unit 29 generates drive notor control signals
23 and position, control sl S . bt 400 FP=Y vi de
current prof iereéglﬁagyélgﬁlﬁla%c?ﬁéhn%a\%g og;r%%%gel%ﬁ dgﬁ?a sgd &%lgt% r%??girrn?e%&{eg a
desired dat a sbleaehf regioad6f Grsgp ahrtires 88 2 wells@6dand e+mutlb84c GTter mietal
signals 23 control the disk drive notor 18 which spins the digk 2..Rﬁad
%ftrw y

and write signigtoonnecss Yorayibe smadedor examples ol HHREEHY O qther spitahls e

recordi ng channel ..25. . h % W A Ne o BBkl C

di sk storage c??‘i‘fcé%e fﬁat%rﬁ SP’?":%’ %cgﬁgp%gﬁgglw%h@gn !ia?glt%/%ﬁr ﬁfr%gpresentte{%tt I on
pur poses onl yof ahielezfiuallg ibmilARRahastalisich aglspiteretd allagimas yiieomaferyiycloding ai n
a |large nunber of disks and actuators, and each actuator nmay support . a

number of sl iddedeés) 74, silican layer $82 and sapphirec shbsheis 2 dheds AeseRMeresh Aith, Rew

of an MR |l ead/inductive wite | . , | SO
ref erenced asPART™ umé%l?Wf?ag?%nggmd:ﬁo%?%q?%zlﬁgﬁ%[% r%gg?eaplgﬁ%ns frgﬁlvmﬁ% h a
rotating nmagngtdreallc@eiRbathegt. di sk 32 such that the head air bearing surface

45 (ABS) is disposed in a facing relationship with and slightly -above the
recordi ng surface Refewingtth&igirs K, ¥R hemd assemblir 50 alshinglndes amagngigassisiiye VR

read assenbl Vel %d%cr:]ﬁ\ilen\g/% et }ixe\éﬁ (Wcrerie{n%ftgrs glggpéfgreLgerd%d'l\ﬁﬂj l‘fég@rjtl lg%med on
the alumina overcoat layer 100 in accordance with well known techniques. The MR
head 110 includes an MR element 112 made of a ferromagnetic material such as a
nickel-iron (NiFe) alloy, interposed between first and second electrically insulating gap
layers 114 and 116, respectively, which preferably are formed of sputtered alumina.
The first gap layer 114 may be sputtered on a first magnetic shield layer 118 formed
on the overcoat layer 100, as shown. Alternatively, the shield iayer 118 may be
formed directly on the substrate 52 if selected regions of the overcoat 1a)}er 100 are
removed from the substrate. Then, a second shield layer 120 is formed over the
second gap layer 116, whereby the first and second gap layers 116 and 114, -
respectively, are interposed between the first and second shield layers 118 and 120,
respectively. The magnetic shield layers 118 and 120 minimize or eliminate magnetic
interferences from affecting the MR sensor 112, and may be made of a highly
permeable magnetic material such as i’ermalloy or Sendust. Cohdfi’_i::ff\'ie' leads,'not-
shown, generally consisting of copper or other suitable electrically conductive material
are electrically coupled to the ends of the MR sensor 110, as described in commonly
assigned U.S. Patent No. 5,465,186, incorporated herein by reference, so that the
resistance of the MR sensor 110 may be sensed by external circuitry, not shown. A
third gap layer 122 also preferably made from sputtered alumina is-formed over the

second shield layer 120. Then a pole piece 124, commonly referred to in the



anot her on the surface of the hard electrically insulating substrate 31,
typically - 10- form ng
the trailing end of the slider 13 (shown in Figure 1). A "hard" supstrate
refers to a substrate forned of a material having a hardness in the range
of about 10 to 40 G gaPascal (CGPa), and noré preferably, also has a Young's
nmodul us of about 50 GPa or greater. A substrate having such properties -
provides the MR read/wite head with enhanced durability.and elasticity,

t hereby making the head nore resistant to breakage during manufacturing and
to being scratched when in use. The MR readé6assenbly conprises an MR
sensing elenent 35 fabricated fromferromagnetic material, such as a

ni ckel-iron (Ni Fe) alloy, for exanple, which is interposed between first

and second magnetl e Mbalifk Bl RSy R B, M eabfiERbP bk Ribmall&id RaRBE N
such as a NiFe alloy, over the third gap layer 122. The third gap layer 122 is thereby
interposed between the second shield layer 120 and the pole piece 124. Then an

-+ electrically insulating overcoat layer 126 generally consisting of sputtered alurnina
may be formed over the entire wafer.

In another embodiment of the MR head assembly 50, described with reference
to Figures 8 and 9, a thin silicon wafer may be bonded to a thick, hard electrically
insulating substrate to form a silicon film on a hard electrically insulating substrate.
The hard electrically insulating substrate 52 may be formed of alumina-TiC on which
a sputtered silicon dioxide (Si0,) layer 140 is formed. A silicon wafer 142, on which
is grown a thermal silicon dioxide layer 141, may be thinned to provide a thin
membrane section or wefa 145 where the semiconducting circuit 60 is to be integrated.
The silicon wafer 142 preferably may be a monolithic structure bounded by flanges
146 which provide rigidity to the silicon wafer 142. The thermal silicon dioxide layer
141 of silicon wafer 142 is placed in contact with the sputtered silicon dioxide layer
140 of the substrate 52. Then, the two structures 142 and 52 are heated to a
temperature in the range of about 400-500 C for a period of about 3-5 hours so that
the silicon wafer 142 bonds to the silicon dioxide layer 140. Thus is formed a bonded

~ structure 148 comprising a layer of silicon 58 bonded to a hard electrically insulating
substrate 52 of alumina-TiC. It is also possible to thin the active areas 145 of the
silicon wafer 142 after the wafer is bonded to the substrate 52 which allows enhanced
structural rigidity during bonding. Alternatively, a layer of silicon may be deposited
on an alumina-TiC substrate usingv plasma enhanced chemical"?'i/_'aiﬁo‘r deposition
techniques (PECVD). However, this alternati've would in-all likelihood, produce
polycrystalline silicon. - ' o

The silicon wafér 142, including the thermal silicon dioxide layer 141 may be
etched away from regions other than the regions of silicon web 145 in which the
semiconducting circuit(s) 60 is intégrated to expose the hard substrate’52. The diodes

74 may be formed in the web 145 of the silicon wafer 142 as described hereinabove



35 may conprise a single layer of NiFe, commonly referred to as Pernall oy.
The MR sensing elenent 35 also may be inplenented as a nultilayer nmagnetic
structure that includes a magnetic bias |ayer of the type described in U S
Patent No. 4,785,366 or in US. Patent No. 5,206,590, each incorporated
herei n by reference, utild-zing the giant MR effect. The shield

el ements 33 and 37 are genéral 'y made .of a highly perneabl e magnetic
material, such as Permalloy or Sendust, an alloy of al umaum.silicon-iron.
The nagnetic shield elenents 33 and 37 mnimze or elimnate magnetic
interferences fromaffecting the MR el ementg. 35 which coul d ot herw se
produce extraneous el ectrical pulses. Conductive |eads, not shown,
general ly fornmed of copper (Cu) or other suitable conductive material, are

hed” el | h |
The MR el 3@%‘%&%‘3? retceitp Finse a0 avie Jog MR reaibull 1énd Bl 137 Sh SR o,
MR el ement . Cmd%E'm h@&ﬂ%f@éénhﬂ off1 ot ga% hmj #R§Chd RefufRngedianl y

assigned U. S! tent No. 5, 465, 186, |ncorpora erein by reference.
The MR read/ \amdrdaﬂweawhthsthe tthniquey describedubercinuabayeutsi prpvideathtaMR \heedum

deposition techn such ter deposition, for exanple, on the
substrate 312SSER® ?5(/35 sB?l‘éméi‘gsﬁ%‘Hggﬁof the MR assenbly are surrounded and

insulated from ea%&%lﬂgfa% 't@%%ﬁe% ok Bﬁ%aﬁﬁ%%hﬁ‘h&dﬁmn@ft el MR Hedgh as
. sputtered al um na Ihsul atiRg nwteri al as Sigerr], and SiN may
al so be used.assdmbly 58 may b@fdmmdllgrr]lappldgshe sifazealefined byishe axxmgd waifages al

V\/n d
en used in o%%gdus%%gégg 52; anr& ass ovrs}g 1r(1:I Figures 6 and 7, aIumma layer 100, the first and

second shield layers 118 and 120, the MR sensor 112, the gap layers 114, 116, and
122, and the P-2 pole piece 124. The lapped air bearing surface 62 (Figure 4)
preferably has a microfinish or surface roughness which may be in the range of 0.1
to 1.5 nm RA (roughness average) and a flatness in the range of 10 to 40 nm over a
2 mm span. The surface microfinish and flatness of the lapped air bearing surface 62
may be determined using SPM measurement tools. The entire air bearing surface 62
except for the metals comprising the MR head 110, consist of either sapphire (single
crystal alumina) or sputtered alumina and, therefore, héve generally uniform lapping
rates. Such lapping rates allow the air bearihg surface 62 to be lapped with great
precision.. ' | ’ |

After being lapped, selected regions of the air bearing surface 62 may be
etched using standard photolithographic techniques to a depth in the range, for
example, of 0.1 to 5.0 um to control the aerodynamic lift characteristics of the surface
62. In one preferred embodiment, limiting the lift characteristics of the air bearing
surface 62 is desired so that the MR head assembly S0 flies above the spinning disk
32ata predetermin_ed height, h, as for example, 1.5 = 0.5 mlcro;nc;l;s, as shown in
Figures 2-3. After being etched, the air bearing surface includes lapped substrate

(sapphire or alumina-TiC, for example) regions 150, lapped alumina region 152,

etched substrate regions 154, and etched alumina regions 156.



-11- I nsul ating substrate 31 because such materials together provide M
rTead/wite head 30 with a hard air bearing surface which is very scratch
resistant, and which has lapping and etch rates very simlar to thgse of
al um na-Ti C and of sapphire. The use of such materials in conbination
facilitates higher yield manufacturing of MR read/wite head assenblies
haV|ng very precisely-fabricated air bearing surfaces.- For exanple such
air bearing surfaces may have a surface roughness or m ckefinish in the -
range of about 0.1 to 1.5 nm RA (roughness average), which may be

det ermi ned usi ng scanni ng probe nicroscopy-188PM), and a flatness in the
range of about 10 to 40 nn for a 2 nm scan. Referring to Figure 2,
the inductive wite assenbly conprises a | ower or first pole piece 38 and

an upper or second Iﬂof%uf@ ?Q%é@ is %)e“%:, r t hI ;é?%gil}qie pﬁ @legﬁﬁﬁfa%}%n@ati%nd

40, respectively, are preferably e nmagnhetic
mat eri al such disgrhinFef, thé onterecmmmeptiens bmdeefmdmda Mmmxmmluctmg tlrcmt 60, MR

][nla ?2 ? t ;ﬁgl lsg ng%gsqgg%]ggqe;lggl%gn ﬂ}aftﬁrgt r?lggnlétlg a]?1eP021§lelrolq8 or}?\/IRsh c\{gs)se;/nmb%th(g he
Opposed diodes D1 and D2 are connected in parallel across the MR sensor 112. The
diodes D1 and D2 collectively provide a circuit path which shorts, within limits, any
EOS and/or ESD around the MR sensor 112 which may accumulate at either a node
R+ having a positive voltage potential with respect to the MR sensor 112, or at a node
R- having a negative voltage potential with respect to the MR serisor 112. Optionally;
opposed diodes D3 and D4 may be connected in parallel to provide a short circuit
path between node R+ and the magnetic shield element 118. Similarly, as another
option, opposed diodes D5 and D6 may be connecfed in parallel to provide a short
circuit path between node R- and the magnetic shield element 118. Diodes D1-D6
may be of the type described with reference hereinabove to diode 74. Typically, these
diodes exhibit, at their operating points, an operating Voltage (Vo) of approximately
0.6 volts, forward current (Ip) of less that 2 milliamps, a reverge current (1) less than
I;, a capacitance of less that 50 picofarads, and a series resistance (R,.;..) of less than
5 ohms. The diodes D1-D6 may be integrated into the silicon layer 58 of Figure 6
or into the silicon membrane 145 of wafer 148 (Figure 9) and interconnected to the
MR sensor 112 and magnetic shield element 118 in accordance with well known -
integrated circuit manufacturing techniques. -

Ideally, the resistance of each of diodes D1-D6 would be zero so that no
current would flow thrbugh the MR sensing element 112. However, in practice, a
finite resistance, Rshor; of any forward biased diode, and the""M'K" sensor ‘112,
represented by Ry, form a parallel circuit in which the amount of the current flow

through the MR sensing element is owen by:

\lR I X &horJ (Rshon: + R\(R)



41, respectively, thereby forming a magnetic gap 47 at the air bearing
surface 45. One or nore layers of electrical conductors 43, generally nade
of Cu, for exanple, forman inductive coil disposed between the fir st and
second pol e pieces 38 and 40. The inductive coil, conprised of el ectrical
conductors 43, is also connected to external” C|rCU|try via conductive

| eads, not shown. The pol e pieces 38 and 40, and the el ectfical conductors
43 preferably are fabricated using well known processes such as.

el ectropl ating or sputter deposition. The pole pieces 38 and 40 are
insulated electrically fromthe inductive 81 and the MR read assenbly by
| ayers 42 of electrically insulating material, such as sputtered al um na.
The entire assenbly then may be covered with a capping |ayer, not shown, of
| nsul ati ng anq"hﬁi,%%ﬁﬁﬁﬁter{ﬁé Slr@it: gﬂ the N&‘é@&s%? 112, the rf,-s%Qx?cghS‘@é’acﬁ
shown in Figuré I's sonmetines referred to as a

al ternat e contiagies &1-DB6, R, sh‘oal‘d belag 9nalbasicds a@RﬂI‘ly rmezwamm ein"genbeal, to

second MR magnetic shiel d el eqent 37 (Fi gure 2) i.s nerged with the
i nduct i ve ass®gi§figctiye, the upper hmlt for the short circuit resistance is give by: Ry, < 0.5Ry;.
However, in any practical implementation, R, will be much less than this upper

limit.

WE CLAIM:
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-12- pole piece 38 to forma single el enment 49 which perforns both
functions, as shown in Figure 3. As descri bed above, static

el ectrical charges may accunul.ate on the various conponents of the head
assenbly 30 or on any object, equipnment or person which nmay cone into
contact with or closely approach the head assenbly, or _on any electrical
|'eads attached to the head assenbly. Such static electrical charges pose .
the potential for causing serious ESO ESD damage to t he-head..-These charges
may accumul ate during the manufacturing process and during subsequent

handl i ng of the heads. For exanple, the asgenbly of the head with other
conponents in the course of manufacturing a disk drive assenbly can result
inrelatively large amounts of static electrical chargeaﬁﬂmnwl “Hu(ﬂﬂlﬂhe
head el ements. The electrical charges mgrate fromthe ditsas y
are generated to build up al ong conduct¢€éIM§t hs. Thus, a buil dup of static
charge occurs that may subsequently result in a discharge from one
conductive el enent across a dielectric, which experiences "breakdown," to
anot her conduct i ve] el enpibagneforédistivepradandutive weitpnagidtichea ssdiablgdorniéte

di scharge typical ly causes danage by burnout or the like at the areas, of
“the conduct i ven ahardrelestrically dnsulating sebstrate ind haxing plectnestatic disphargepistection,
stored static _electrical energy. The el ectrical conductors 43

conpri si ng t hE"PHEE i ve coil, and the magnetic pol e pieces 38 and 40 can
wi thstand rel ati veh yati éBctveAllyoReslafns sistra@Nt S. However, the MR sensing
element 35 is particularly vul'nerable to current and vol tage overl| oads
because of the itsmultipé ipa dayets| formed overesaid substrFige acti ve sensing
portion of the

a magnetoresistive read/inductive write head positioned between said alumina
layers;

a silicon layer supported by said substrate; and

a semiconducting circuit integrated into said silicon layer and interconnected

with said magnetoresistive read/write inductive write head.

2. The magnetoresistive read/inductive write magnetic head assembly of
claim 1 wherein said semiconducting circuit includes diodes.

3. The magnetoresistive read/inductive write magnetic head assembly of
claim 2 wherein said magnetoresistive read/inductive write head includes a
magnetoresistive sensor; and said semiconducting circuit includes opposed diodes

electrically connected in parallel across said magnetoresistive sensor.

4. The magnetoresistive read/inductive write magnetic head assembly of

claim 2 wherein said magnetoresistive read/inductive write head includes a magnetic .
shield layer; and said semiconducting circuit includes opposed diodes electrically

connected to said magnetic shield layer.

_—
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MR sensor elenent 35 typically has a length in the range of 0.5 to 20 um a
Wwidth of 0.5 to 5 um a thickness of 10 to 100 nanoneters (nm, and a
resi stance of about 20 to 80 ohms.—ln MR read/wite assenblies of jhe types
shown in Figures 2 and 3, it has be u Elm and/ or ECS damage

occurs.al ong the sensing region of - when the accunul at ed
st-atic eharge is discharged dlrectly Ienent 35, and not
necessarily through the nagnetic shleld el enents, first -peke piece, or
substrate 31 (slider body).
- 13- Referring now to Figure 4, there is shown a nagnetoresistive
readllnductlve write magnetic head assenbly (herelnafter also referred to
as "MR head assenbly") 50 enbodying various features of the present
i nvention which includes a hard . .

The magnetoresistive read/inductive write magnetic head assembly of

claim 1 wherein said substrate consists essentially of sapphire.

6. The magnetoresistive read/inductive write magnetic head assembly of

claim 5 wherein said silicon layer is epitaxially grown on said sapphire substrate.

7. The magnetoresistive read/inductive write magnetic head assembly of

claim 1 wherein: said substrate consists essentially of alumina-TiC.

8. The magnetoresistive read/inductive write magnetic head assembly of

claim 1 wherein: said silicon layer is bonded to said substrate.

9. The magnetoresistive read/inductive write magnetic head assembly of
claim 1 wherein said magnetoresistive read/inductive write magnetic head is a merged

head.

10.  The magnetoresistive read/inductive write magnetic head assembly of
claim 1 wherein said magnetoresistive read/inductive write magnetic head is a

piggyback head.

11.  The magnetoresistive read/inductive write magnetic head assembly of

claim 1 wherein said substraté has a hardness of at least 10 GPa.

- »

12.  The magnetoresistive read/inductive write magnetic head assembly of

claim 1 wherein said substrate has a Young’s modulus of at least 50 GPa.
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el éctrically insulating substrate 52; nmultiple alumna |ayers 54 forned
over the substrate 52; a nagnetoresistive read/wite inductive-wite head
56 positioned.between the alumna |ayers 54; a silicon |layer 58 atjached to
the substrate 52; and a sem conducting circuit 60 integrated into the
silicon | ayer 58-whitch—is-—intereennected to the nmagnetoresistive read/wite
i nductive wite Hmmmﬂ [ er, the-"in--process" structure resulting
fromany of vari ulmmﬂlumr processes to which the-sdbstrate 52 is -
subj ected may be ref érehcel as a "wafer." The nmagnetoresistive read/ wite

i nductive wite head 56 preferably may be _gne of the types described

her ei nabove with reference to Figures 2 and 3. The substrate 52 preferably
is made of a material which may be configured into a honbgenous or

non- honogenous el ectrically insulating structure having a _hardness in the
range of 10 to 40 BRa ahbe magselprpsistive rad(isdustivgygite maEnete head gysembbr of The
substrate 52 pay ke 1S i I 108 T] t hes kd al s
have properti gg%i}ﬁt H’H%‘%ﬁhg&% rsgp %téegxagaanfg%gﬂ g}gp%ﬁ;%?ﬁ?;@ah%gdﬁe@ngﬁ
about 30 GPa mpdulas ¥0dhzas SodRPhus of about 330 GPa. Alumina Ti C has a

har dness of about 30 GPa and a Young's nodul us of about 50 GPa. However, it
is to be understood that the scope of the invention also includes the use

f oth terial t havj ng- i within th f d f
Use as a substr at elimt corMER IR R EnGRVE Miv b dfe R tesfan i 3PERRL
because the sbhhBE elcRufdallyRysubfing RibstratePdrdhagingWiecodstaae BidthRge ptection,

applications in whikh the substrate 52 is made of alumna-TiC, "the silicon
| ayer 58 may ¢emprasesid to t he substrate. The hard and tough substrate 52

g, LBl 21U B0 e S e M RSN IR s
i nport ant  aspaltiphé aluffin e fopRed Svéaid kilbskh@yi des an MR head assenbly

having a hard el ectrically insulating substrate on which a silicon |ayer
may be affi xed. a magnetoresistive read/write inductive write head positioned between said

multiple alumina layers and exposed at said air bearing surface;
a silicon layer supported by said substrate; and
a semiconducting circuit integrated into said silicon layer and interconnected

with said magnetoresistive read/write inductive write head.

15.  The magnetoresistive read/inductive write magnetic head assembly of

claim 14 wherein said semiconducting circuit includes diodes.

' 16.  The magnetoresistive read/inductive write magnetic head assembly of
claim 15 wherein said magnetoresistive read/inductive write head includes ‘a
magnetoresistive sensor; and said semiconducting circuit includes opposed diodes

electrically connected in parallel across said magnetoresistive sensor.

17.  The magnetoresistive read/inductive write magnetic head assembly of
claim 15 wherein said magnetoresistive read/inductive write head includes a magnetic
shield layer; and said semiconducting circuit includes opposed diodes electrically

connected to said magnetic shield layer.
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The hardness and toughness of the substrate 52 provide the head 50 with
‘enhanced -14-
durability and elasticity, thereby nmaking the head nore resistant fo
br eakage during manufacturing and—tobeing scratched in use. Mreover, the
fact that the substrate 52 is nade which a | ayer of
silicon may be bonded, grown, or otﬂmmmﬁlmnmnz"“supports t he '
integration of a sem conduct i ng di ode cercuitd 6G i nto the=sili-con | ayer ..
usi ng well known photolithographic techniques so that the MR head assenbly
50 may be provided with permanent EOCS and _[ESD protection. Figure 5
Is a plan view of the magnetoresistive re®dli nductive wite magneti ¢ head
assenbly 50 shown in Figure 4. Figures 6 and 7 show cross-sections of an
exanpl e of one inplenmentation the MR head 50 taken al ong views A-A and B-B,
18.  The magnetoresistive read/inductive write magnetic head assembly of

claim 14 wherein said substrate consists essentially of sapphire.

19.  The magnetoresistive read/inductive write magnetic head assembly of

claim 18 wherein said silicon layer is ep_itaxial!y._gi'own on said sapphire substrate.

20.  The magnetoresistive read/inductive write magnetic head assembly of

claim 14 wherein said substrate consists essentially of alumina-TiC.

21.  The magnetoresistive read/inductive write magnetic head assembly of

claim 20 wherein: said silicon layer is bonded to said substrate.

22.  The magnetoresistive read/inductive write magnetic head assembly of
claim 14 wherein said magnetoresistive read/inductive write magnetic head is a

merged head.

23.  The magnetoresistive read/inductive write magnetic head assembly of
claim 14 wherein said magnetoresistive read/inductive write magnetic head is a

piggyback head.

24.  The magnetoresistive read/inductive write magnetic head assembly of

claim 14 wherein said substrate has a.hardness of at least 10 GPa.

25.  The magnetoresistive read/inductive write magnetic head assembly of

claim 14 wherein said substrate has a Young’s modulus of at least 50 GPa.
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respectively, that clearly show the | ayered structure the MR head assenbly
50 and one sem conducting diode circuit 60 integrated into the silicon

| ayer 58. In Figure 6, there is shown a silicon |ayer 58 that is
epitaxially grown on the substrate 52, preferably made of sapphire,

single crystal form of alum na (Al[err]qerr]) with \A/mc__egpeu_ai_l—y—hl gh
gual ity di odes can be made. The seniconducting.circuit. Ui t- 60 one
or nore diodes (only one is shown) 74 integrated V\/ltfu“u“ m‘m [&

;

using standard photolithographic techniques. In Figu de 74
is shown for purposes of illustration. Howgyer, it is 1o ‘be understand that
any nunber of diodes 74 may be integrated with the silicon |layer 58 to suit
the requirenments of a particular application. Each diode 74 is

conventional Iy inp] d as an inte d.ciycuit havin n n- we 8
P e s e | B rbsaei o Ve et Seia s iede Peadassmbly 8F e
formed, as fo ARAd BhaRRRSOBE bRl Ta SREGI Poudg™ L e

n- well 82 su@ﬁﬁ?ﬁgﬁgﬁems*&)%ﬁﬂé ?s ?nterposed bet ween tr?e n+

usi ng st andar shogtilas of iat hagri(pIPa techni ques. An electrically insulating

| ayer 90 of silicon dioxide (SiJerr]) then is formed over the wafer, which
is selectively etched to formgap structures 88. The p+ and n+ wells 84 and

86, respectively, gse s%ﬂ@&ﬁatr%ﬁgmpéé&hb@rgé gfelﬁds I»l,ﬁf el s eﬁ&lh@%deg%grrn]bayce of

structures 88 whi c extend 0 and protru ght y above t
the silicon |elyien 188vhefbia said wielbearifit sufatetineludes awddiorBhaving acllandssiinahd y
coupled to external, circuit r&/ by netal i ntFrcon ects 94 which are

~ range of about 10 to 40 nin over a span of about 2 mm and a surface microfinish in

the range of about 0.1 to 1.5 roughness average.

28.  The magnetoresistive read/inductive write magnetic head assembly of
claim 14 wherein said air bearing surface includes a region having a flatness in the

range of about 10 to 40 nm over a span of about 2 mm.

29.  The magnetoresistive read/inductive write magnetic head assembly of
claim 14 wherein said air bearing surface includes a region having a surface

microfinish in the range of about 0.1 to 1.5 roughness average.

30.  The magnetoresistive read/inductive write magnetic head assembly of
claim 14 wherein said air bearing surface includes a lapped region.
31.  The magnetoresistive read/inductive write magnetic head assembly of

claim 14 wherein said air bearing surface includes an etched region.

o m—— .
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-15- electrically insulated fromeach other by electrically insulating
{ayers 92 forned over selected regions of the gap structures 88, n+ wells
- 86, and p+ well 84. The nmetal interconnects 94 may be nade, for, exanple, of
al umi num or other suitable electrically conductive naterlals such as gol d.

Electrically insulating |ayers 92 may be formed of a
i-nsul ating material such as sputtered al um na. The wBI B’i Iw '
di ode(s) 74, silicon Iayer 58, and sapphire substrat er ed-

with a sputtered alum na overcoat |ayer 100 to el ectri cal ly isolate and
seal the wafer fromthe external environnest. Referring to Figure 7,
MR head assenbly 50 al so includes a nagnetoresistive read/inductive wite
head (hereinafter al so referenced as "MR head") 110 forned on the al um' na
overcoat |ayer 100 |n accor e wi t h wel.l known ech

110 i ncl udes an MRZ%l enddge ‘1 OFeIANERCITIRG 2, 1) %rﬁ“ W"é‘r“‘%‘ %ﬁ”’ég a
kel - ( [ 1
oo i1 mo g apeEal Beddiserbly 65108 a@é@ﬁ%ﬁ*‘f‘f@%‘fﬁfﬁﬁ?‘gﬁt‘ﬁ??HQ‘}’S%P? torieal | ¥

formed of spud Qh@ﬂl élbatiitally. inSilatify subktraepcdmyrising the steps dfe sputtered on a

first magnetic shield | ayer 118 fornmed
J supportmX a silicon layer on a hard electrically insulating substrate;

integrating a semiconducting circuit in said silicon layer;

forming a layered structure which includes a magnetoresistive read/inductive
write head and layers of alumina on said substrate; and

electrically interconnecting said semiconducting structure with said

magnetoresistive read/inductive write head.

33.  The method of claim 32 wherein said substrate consists essentially of

sapphire.

34.  The method of claim 33 wherein said silicon layer is epitaxially grown

on said sapphire substrate.

35.  The method of claim 33 hereih said silicon layer is bonded to said

substrate

36. The method of claim 32 wherein said substrate consists essentially of

* alumina-TiC.

.37. The method of claim .:»7 wherein said substrate has a_ hardness of at

~ least 10 GPa. . -

o]

“38.  The method of claim 32 further including the step of lapping a surface

defined by said substrate and said layered structure to form an air bearing surface.
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on'the overcoat |ayer 100, as shown. Alternatively, the shield [ayer 118
tay be fornmed directly on the substrate 52 if selected regions of the .
overcoat |ayer 100 are renoved fromthe substrate. Then, a second ghield

| ayer 120 is fornmed qgve gap | ayer 116, whereby the first and
second gap | ayers ﬂMI“HMJWL"mﬂmEC“ vely, are interposed_between the
first and second s nd 120, respectively. The nagneti.c
shield layers 118 and 120"'mi fli nf ze* or elininate magneti e—nAt erferences from
affecting the MR sensor 112, and may be nmade of a highly perneabl e nagnetic
material such as Pernmall oy or Sendust. Cosuctive | eads, not shown,

general ly consisting of copper or other suitable electrically conductive
material are electrically coupled to the ends of the MR sensor 110, as

nerein by rof orencl sl THAPRpA ST €N indlydREAC Ben oF SRR S5 b

sensed by extheanrifag s@dfdceli try, not shown. A third gap layer 122 al so
preferably nmade from sputtered alumna is formed over the second shield
| ayer 120. Then a pole piece 124, comonly referred to in the

40.  The method of claim 32 wherein said step of integrating said

semiconducting circuit includes forming diodes.

41.  The method of claim 40 wherein: the step of forming said layered
structure includes forming a magnetoresistive sensor; and said step of interconnecting
includes interconnecting said diodes to create an. opposed diode pair electrically

connected in parallel with said magnetoresistive sensor.

42.  The method of claim 40 wherein: the step of forming said layered
structure includes forming a magnetic shield element; and said step of interconnecting
includes interconnecting said diodes to create an opposed diode pair electrically

connected to said magnetic shield element.

—_/’___‘—— -
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- 16- magneti c recording head industry as "P-2", is fabricated from
ferromagnetic material, such as a N Fe alloy, over the third gap | ayer 122.
The third gap layer 122 is thereby interposed between the second shield

| ayer 120 and the pole piece 124. Then an electri cal%nsxﬂaﬂ\ng over coat
| ayer -126 general |y consisting of sputtered al um na for rred “over the
entire wafer. " I'n anot her enbodi nent of the m@ m,ﬂ
described with reference to Figures 8 and 9, a th|n Si M)
bonded to a thick, hard electrically insulating substrate to fo m% silicon
filmon a hard electrically insulating su rate. The hard electrically

i nsul ating substrate 52 nmay be fornmed of &@‘lm na-Ti C on which a sputtered
silicon dioxide (SiJerr]) layer 140 is forned. A silicon wafer 142, on
which is grown a thermal silicon dioxide |ayer 141, may be thinned to

provi de a thi n nmendg,aneAs esignetoresistive b rdafindhetive twrites diead oaskemblyngwhichcui t
60 is to be integrated. The silicon wafer 142 pref.erably my be a

monol i t hic stlnmgmsmmé@tlb§il$h§53@50"&‘36’% RRIPPSvi de rigidity to the
silicon wafer 142._ T de layer 141 of silicon wafer
142 is placed in co%l %?1&\?\#@% a%adl%%ﬁter eéﬂe’si | i con di oxi de | ayer 140 of
the substrate 52. 4 h&gnetbﬁelsﬁvomﬂﬁnmxcnwemﬂtdmeamwm mchidesated to a
tenperature in the range of about  400-50Q C for. a d of, about. 3-5. hours
so that the silicon maf%mamoﬁﬁﬁ%l%esFBsqrh‘éte@Pqu&? iFisEPéldl BSHALIng s
is formed a bonded %tfg&%ure 148 conprising a | ayer of silicon 58 bonded to
a hard el ectrical I% ating substrate 52 of alumna-TiC. It is also
possible to thin the acfiisyendseeond inhgnetic $Hield dayersfommedfoser thé Bubsttate sudhe

wafer is bonded to the substrate 52 which all ows enhanced-
that the first and second gap layers are interposed between the first and second

magnetic shield layers;

a magnetic pole element formed over the second magnetic shield layer;
o " _ |

a third gap layer interposed between the second shield layer and the
magnetic pole element;

a silicon layer supported by the substrate; and |

a semiconducting device circuit integrated with the silicon layer and
interconnected to the magnetoresistive read/inductive write head.
44,  The magnetoresistive read/inductive write assembly of claim 43 wherein

the magnetoresistive read/write head is exposed at an air bearing surface.

45.  The magnetoresistive read/inductive write head assembly of claim 43

wherein the substrate consists essentially of sapphire.

46.  The rhagnetoresistive read/inductive write head assembly of claim 45

wherein the silicon layer is epitaxially grown on the sapphire substrate.

47.  The magnetoresistive read/inductive write head assembly of claim 43

wherein the silicon layer is bonded to the substrate. S
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structural rigidity during bonding. Alternatively, a layer of silicon may
e deposited on an alum na-Ti C substrate using plasna enhanced chem cal
vapor deposition techniques (PECVD). However, this alternative would in
-all likelihood, produce polycrystalline silicon The silicon wafer

142, i-ncl uding the thermal silicon dioxide Tayer amay
' fromregl ons other than the regions of silicon we Hﬂﬂ maﬂ
sem conducting circuit(s) 60 is integrated to exp trate 52.

The diodes 74 may be fornmed in the web 145 of the silicon wafer 142 as
descri bed herei nabove

-17- wth reference to Figure 6 to provﬁge the MR read/ wite head
assenbly 50 shown in Figure 10. The MR head of assenbly 110 (Figure 7) may
be manufactured in

48.  The magnetoresistive read/inductive write head assembly of claim 43

wherein the substrate consists essentially of alumina-TiC.

49.  The magnetoresistive read/inductive write head assembly of claim 43
further including a first electrically insulating layef formed over the magnetoresistive

read/inductive write head.

50.  The magnetoresistive read/inductive write head assembly of claim 49
further including a second electrically insulating layer formed over the semiconducting

device circuit.

51.  The magnetoresistive head assembly of claim 50 wherein the second
electrically insulating layer is interposed between the substrate and the first magnetic
shield layer.

52.  The magnetoresistive head assembly of claim 43 wherein the

semiconducting device circuit includes a diode circuit.

53.  The magnetoresistive head assembly _Qf claim 52 wherein the diode
circuit includes opposed diodes electrically connected in parallel across the
magnetoresistive sensor. |

54.  The magnetoresistive head assembly of claim 52 whereir the diode
circuit includes opposed diodes electrically connected in parallél to the first magnetic

shield layer.

55.  The magnetoresistive head assembly of claim 42 wherein the first,

second, and third gap layers are formed essentially of alumina. R —
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aceo} dance with the techni ques descri bed herein above to provide the MR
head assenbly 50 shown in Figure 11. Referring again to Figure 4,
the air bearing surface 62 of the MR head assenbly 50 may be formed by

| appi ng the surface defined by th es of hard substrate 52;
and as shown in Figures 6 and 7, BMW H'l EEH the first and second
shield layers 118 and -120, the MR L. S gap | ayers 114, 116,--and

122, and the P-2 pole piece 124. The | apped air beari ng-su«rface 62 (Figure
4) preferably has a mcrofinish or surface roughness which may be in the
range of 0.1 to 1.5 nm RA (roughness average) and a flatness in the range
of 10 to 40 nmover a 2 nmspan. The surfdcde mcrofinish and fl at ness of
the | apped air bearing surface 62 may be determ ned usi ng SPM neasur enment
tools. The entire air bearing surface 62 except for the netals conprising
the MR head 110, 3#nsi sSTheoinaghttomsistiaphlead asgesibly)lof claips 49l whengin itle) fipst
sputtered alum na and, therefore, have, general | ni form| appi ng rates.
Such | appi ng elestraeally| ingatinglayer 1sfempsd, sgrg}ailgééaglgnp@ be | apped with great
preci sion. After being.l apped, selected regions of the air bearing
surface 62 may be etched using standard photolithographic techniques to a
depth in the ranges7.f orTiexmaphetoresibtite headoasSerablyoft daioo A0 diereinghe second
aerodynamic |ift characteristics, of the surface. 62. In one preferred

embodi ment , |dleatiicably inslating layehisfamped essentially Af aIWBIN% + pearing surface 62
is desired so that the MR head ‘assenbly 50 flies above the spinning disk

32 at a predeterm ned height, h, as for exanple, 1.5 [err] 0.5 m croinches,
as shown in Figures 2-3. After being etched, the air bearing surface

i ncludes | apped substrate (sapphire or alumna-Ti C, for exanple) regions
150, | apped alum na region 152, etched substrate regions 154, and etched

al um na regi ons 156.

I
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- 18- In Figure 12 there is shown, by way of exanple, an electrica
schematic diagram of the interconnections between diodes 74 of

sem conducting circuit 60, M sensing elenment 112, and the first nmagnetic -
shield | ayer 118 of MR head assenbly 50. Opposed di odes D1 and D2 are
connected in parallel across the MR sensor 112. The di odes D1 and D2
collectively provide a circuit path mhlch shorts, within limts, any ECS
and/ or ESD around the MR sensor 112 whi c#-may accumul ate at either a node

or Q?V;”%oﬁep% %QE‘WE@%@%@&W@%@E@&W’F NAElC BT (2%
Sarallel 1 éﬁ(}ghg’ws ?@é%ﬁ‘ﬂj%‘ﬁi{ﬁﬁéet ween node AN eﬁt?lﬁ(iz(j}@

parallel to prov clrcult R+ and e magnetic
shield el enfipROVED PORABILITY 2NB 'ETE]‘:‘@I‘ROSTATIC DISCHARGE PROTECTION
AND METHOD FOR MANUFACTURING SAME |
ABSTRACT
| A magnetoresistive read/inductive write magnetic head assembly formed on a
hard electrically insulating substrate (52) and having electrostatic discharge protection
comprises: a hard electrically insulating substrate (52), preferably formed of sapphire or
alumina-TiC; multiple alumina layers (54) formed over the substrate (52); a
magnetoresistive read/inductive write head (56) positioned between the alumina layers
(54); a silicon layer (58) supported by the substrate (52); and a semiconducting circuit
(:60) integrated iqto the silicon layer (58) and interconnected with said magnetoresistive
read/write inductive write head (56) to provide electrostatic discharge protection to the
head (56). The silicon layer (58) may be epitaxially grown on the substrate (52) when
implemented as sapphire, or bonded to the substrate (52) when implemented as alumina-
TiC. The hard electrically insﬁlating substrate (52) and alumina layers (54) provide the
assembly with a hard air bearing surface (62) having generally uniform lapping and
etching characteristics, and excéllent durability.

Fig. 4
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option, opposed diodes D5 and D6 may be connected in parallel to provide a
Short circuit path between node R and the magnetic shield el enent 118.

Di odes D1-D6 nay be of the type described with reference herei nabove to

di ode 74. Typically, these diodes exhibit, at their operating paints, "an
operating voltage (V[err]) of approximately 0.6 volts, forward current
(I{err]) of less that 2 mllianps, a rev }pe current (l[err]) less than
I[err], a capacitance of |ess that 50 picCofarads, and a series resistance
(R[err]) of less than 5 ohns. The di odes D1-D6 may be integrated into the
silicon layer 58 of Figure 6 or into the silicon nmenbrane 145 of wafer 148
(Figure 9) and interconnected to the MR sensor 112 and nagnetic shield

el enent 118 in accordance with well known integrated circuit manufa tm@ing
t echni ques. I deal Iy, the resistance of each of diodes E%;Dﬁ/aould be
zero so that no current would flow through the MR sensi§§ el er®nt 112.

However, in practice, a finite resistance, R err] of any rwar d giased
di ode, and tHe MR sgnsor 112, re)reé é Rlerr], fog a? I 1 el
circuit in which the g-nau-n&-—ek—t—hecufg w ' sensi ng
element is gijven by: | NEL err| |
S x
25 27 |
CONTROL| _ . A | 22
""UNIT | POSITION CONTROL . YR
' g = VCM __f-—'——?ll T’
/29 28 — 19 15 - 112
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-19- Thus, - to mnimze the current through the MR sensor 112, the

Tesi stance of each of diodes D1-D6, R err], should be as small as can
practically be obtained. In general, to be effective, the upper linmt for
the short circuit resistance is give by: Rerr] < 0.5Rerr]. However, in
any practlcal i npl enentation, Rlerr] will beé rruch | ess than this upper

limit. - , - 20 - CLAIMS:
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1. - A magnet oresi stive-head assenbly having an air—bearing surface (ABS)
‘and an el ectrostatic discharge protection, conprising: a sapphire
slider that has a first surface and a trailing edge, the first surface
form ng a portion-of said ABS; mul tiple alumina |ayers formed on a
first portion of the trailing edge of the slider and having edges forning a
portion of said ABS; a nagnetorqﬁystive head positioned between
said alum na | ayers; a silicon layer nounted directly on a second
portion of - the trailing edge of the slider and rgﬁissed fromsaid ABS so as
not to formany portion of the ABS; and em conducting circuit
integrated into said silicon |layer and intergOnnected with said
magnet or esi sti ve head. 2. The magnet oresistive head and slider
assenbly of claim i f t } t f -t i odes.

3. The magnet oresi stive head and slider assenbly of claim 2
sai d magnetoresistiye head includes a magnetoresistive sensor, and. _
sai d sem conductinglcircuit includes opposed diodes electrically cofnected
in parallel across $aid magnetoresistive sensor. 4. The '
magnet or esi stive heqd and slider assenbly of claim 2 wherein said

FIG. 6



'nagﬁetoresistive head is a nmagnetoresistive read/inductive wite head
including a magnetic shield | ayer; and said sem conducting circuit includes

opposed di odes el ectrically connected to said magnetic shield layer. 5.
The magnetoresistive head and slider assenbly of claim 1 whereih said
silicon layer is epitaxially grown on said sSapphire slider. 6. The

magnet or esi stive head and slider assenbly of claim 1 wherein said

magnet oresi stive head is a nerged head./
-21 - 7. The magnet oresi stive head’4nd sl i der assenbly of claim 1

wherein said magnetoresistive head is a piggyback head.
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8. - A magnetoresistive head and slider assenbly having an air bearing
‘surface (ABS) and an el ectrostatic di scharge protection, conprising:

a sapphire slider; an air bearing surface (ABS) defined by the
sapphire slider and multiple alumina layers forned on a trailinyg €dge of
the slider that is perpendicular to said ABS; a magnet oresi stive
head positioned between said miltiple ajgmna | ayers and exposed at said
ABS; a silicon layer nounted on'the trailing edge of the slider and
recessed fromthe ABS so as not to forma portion of the ABS; and a
sem conducting circuit ated into said silicon _|ayer and
‘interconnected w tH I § magnetoresi stive head. P

magnet or esi stive hg sl ider assenb) im g wh iéiln sai d

sem conducting cirquit } 4 - Thejmac oresi stive head
and slider assenbl oI —CIalm 9 wnELELﬂ_SaLﬂ_ﬂBgnﬂLﬂtESISII Jélhead is a
magnet or esi stive read/inductive wite head including a nmagnetoresistive
sensor; and sai d sqM conduciing circuri_1nclrudes oppesed diléles
electrically connedqted in parallel across said nagnetforesi stive sensor.

11. The magnet orfesi stive head and slider assenbly of claim 9 wherein
sai d nmagnet oresi stijve head is a nagﬁgtoresistive ready i nductive wite head
i ncluding a : : :
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magnetic shield | ayer; and said sem conducting circuit includes opposed

“"di odes el ectrically connécted to sai-d magnetic shield |ayer. 12. The
magnet or esi stive head and slider assenbly of claim8 wherein said silicon
| ayer is epitaxially grown on said sapphire slider. 13. The" * -

magnet or esi stive head.and slider assenbly of claim 8 wherein said

magnetoresi stive head is a nmerged head.g; )
- 22 - 14. The magnet oresi stive heaé;and slider assenbly of claim 8
wherein said nagnetoresistive head is a piggybackshead. 15. The
magnet oresi stive head and slider assenbly of clAi wherein said ABS
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|ncludes a region having a flatness in the range of about 10 to 40 nm over
a span of about 2 mmand a surface microfinish in the range of about 0.1 to

1.5 rpughness -aver age. 16. The magnetoresi stive head and sli der
assermbly of claim8 wherein said ABS includes a region having atflatness in
the range of about 10 to 40 nm over a span of about. 2 mm 17. The

magnet oresi stive head and slider assenbyy, of claim8 wherein said ABS
i ncl udes a region having a surface nlcroflnlsh in the range of about 0.1 to

1.5 roughness aver age. 18. The magnetoresistive head and slider
assenbly of claim@8 wherein said ABS includes a | apped region. 19. - The
magnet oresi stive head and slider assenbly of claim8 wherein said ABS
i ncl udes an etched region. 20. A magnet or esi sti yébBead and slider
assenbly which has an air bearing surface (ABS) ang”that incorporates
el ectrostatic discharge protection, conprising: a sapphire slider
the slider having a_surface that forms a portion of the ABS;
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a“magnet or-esi stive head whi ch incl udes: a nagnetore5|sthMe
sensor interposed between first and second al um na gap | ayers; fi 12834
second magnetic shield |ayers nmounted on a trailing edge of the slider with
the first and second gap | ayers interposed between the first and second
magnetic shield |ayers; a magnetic pole el enment forned
over the second nmagnetic shield | ayer; a third alum na gap
| ayer interposed between the second shield |ayer and the magneti c pol e

el enent ; an alum na overcoat |ayer nounted on the magnetic
-pol e el errent; the alum na | ayers having edgesl%hat forma portion of the
ABS, - 23 -

a silicon layer nounted directly on the slider and recessed fromthe ABS so
as not .to form-ny. ROWihARi-R thd Eﬁnéﬁ%&%mﬁM% sensor 112, t b[e r%smtance of each of
seni conduct i ng vy ce clrreurt 1nt egr at ed & s 1icoh ayer and

i nt erconnect ed diod¢hB1+DGIRY o houkd beres sreallias can practlcally be obtained. In general, to

be effective, the upper limit for the short circuit resistance is give by: R ;.. < 0.5R ;.
However, in any practical implementation, Ry, will be much less than this upper

limit.




- 21. ~-The magnet oresi stive head and slider assenbly of claim AL £ i<
t he magnetoresistive head i s exposed at the ABS. 22. -~ The
magnet or esi stive head and slider assenbly of claim20 wherein the silicon
| ayer is epitaxially grown on the sapphire slider. 23. The

magnet oresi stive head and slider assenbly of claim?20 further including a
first electrically insulating |ayer fornmedover the nmagnetoresistive

read/ i nductive wite head. e .stive head and slider
assenbly of claim 23 further sﬁ)MMﬁ‘ggQﬂﬂ% mbmql\:fcal l'y insulating

| ayer for m?d over ¥ &t ﬁ%ﬂﬁ@ﬂ bﬂﬁldiﬁ\é' rﬁﬂ%rfetdrﬁéﬂétfve hea@ﬁssembl}]— B&ving an ai
magnet oresi stive head and slider assenbly of claim24 whereinthe s%condr
el ectrical l eﬁﬂw%trfaﬁ@ (AR and amt degiesistatic pdischasse tm@tegmquerTandassanly
first ”agnetdoﬁ‘zp?ﬁéseladsa\?gm% shder %ﬁat has a st mgtaﬂ %.St!raciflﬁ %bu??e ﬁpsg s der

assenbly of claim 20 wnerein sem conduct i ng eV| ce I'ncl u
di ode ci r cuiferming a portion of said ABS multiple alumina layers formed on a first portion of the

trailing edge of the slider and having edges forming a portion of said ABS; a
magnetoresistive head positioned between the alumina layers; a silicon layer mounted
directly on a second portion of the trailing edge of the slider and recessed from said ABS
so as not to form any portion of the ABS; and a semiconducting circuit integrated into the
silicon layer and interconnected with said magnetoresistive head. The silicon layer may
be epitaxially grown on the sapphire.

In another aspect of the invention, the head and slider assembly may comprise a
sapphire slider; an air bearing surface (ABS) defined by the sapphire slider and multiple
alumina layers formed on a trailing edge of the slider that is perpendicular to said ABS;
and a magnetoresistive head positioned between the alumina layers and exposed at said
ABS; a silicon layer mounted on the trailing edge of the slider and recessed from the ABS
so as not to form a portion of the ABS; and a semiconducting circuit integrated into said

silicon layer and interconnected with said magnetoresistive head.
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27. - The magnetoresistive head and slider assenbly of claim26 wherein
the diode circuit includes opposed diodes electrically connected in
paral | el across the nagnetoresistive sensor. 28. The _magnet oresi stive
head and slider assenbly of claim 26 wherein the diode ci gt ol

opposed di odes electrically connected in parallel to the f”“‘"”"'ﬂimmm"m,
shield | ayer. -20- * ¢ L- S .
The nagnetokgik Li.ve head and slider assenbly of claim 26 wherein the
first, secont, *third gap | ayers are forned essentially of alum na.

30. The magnetoresistive head and slider assenbly of claim23 wherein
the first

1. A magnetoresistive head assembly having an air bearing surface (ABS) and an
electrostatic discharge protection, comprising:

a sapphire slider that has a first surface and a trailing edge, the first surface
forming a portion of said ABS;

multiple alumina layers formed on a first portion of the trailing edge of the slider
and having edges forming a portion of said ABS;

a magnetoresistive head positioned between said alumina layers;

a silicon layer mounted directly on a second portion of the trailing edge of the
slider and recessed from said ABS so as not to form any portion of the ABS; and

a semiconducting circuit integrated into said silicon layer and interconnected

with said magnetoresistive head.

2. The magnetoresistive head and slider assembly of claim 1 wherein said
semiconducting circuit includes diodes.
3. The magnetoresistive head and slider assembly of claim 2 wherein said
magnetoresistive head includes a magnetoresistive sensor, and

said semiconducting circuit includes opposed diodes electrically connected in

parallel across said magnetoresistive sensor.

4, The magnetoresistive head and slider assembly of claim 2 wherein said
magnetoresistive head is a magnetoresistive read/inductive write head including a
magnetic shield layer; and said semiconducting circuit includes opposed diodes

electrically connected to said magnetic shield layer.

5. The magnetoresistive head and slider assembly of claim 1 wherein said silicon

layer is epitaxially grown on said sapphire slider.

6. The magnetoresistive head and slider assembly of claim 1 wherein said

magnetoresistive head is a merged head.
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second el ectricall
32. A magnetic d| sk stor age system i ncl udi ng: a spindle;

at | east one di sk mounted on the spindle; an actuator armvmth at

| east one suspension; at |east one sli delermunt ed on t he suspensi on;
magneti ¢ hegd and 2t 2 o r BQ): ;and
I ncl udes: ’ ﬁl% 9‘%5“ ?rr%gigts?{’é/cﬁe éH-Iat §ﬁhas a t lsfu?q gﬂ(rzlef Zﬁgergéf §thd
trailing edgfagnblercslsuveheadlslas;nggdnaﬂahnadforms a portlon of said ABS and the
flat trailing edge is perpendicular to said first surface; a
magneti c head conprising a plurality of alum na and ferronagnetic |ayers
nmounted on @.firstA ieginereistivh chdad adnkdi slitlee dgseniily teingapphiir Gesingd eurfagd
having flat ed es%(a]hat forma portion of the ABS, a silicon |ayer
nmount ed di ré@BgQ an elegleRNRIC HRRhBTEC PrOEFHO™ PUPPHSRG: | ng edge of the
sapphire slider and,hduiengidat | east one diode integrated therein;

t he second regi on bel'ng spaced fromthe ABS so that the silicon Iayer does
not form any port 2prirdfearipg syBge (ABS) defined by the sepphiigsid¢randandtiplectluatingg a

read sensor 1 fhat el S ¢RARGHIRT ddge SR shlied RASE pAREAILASE said ABS:

a magnetoresistive head positioned between said multiple alumina layers and

electrically insul | ayer is forrred essentially of alum na. 31.
The magnet or esi st |, m HUII"‘J assenbly of claim24 wherein the
is formed essentially of alum na.

exposed at said ABS;
~ asilicon layer mounted on the trailing edge of the slider and recessed from the
ABS so as not to form a portion ot: the ABS; and
a semiconducting circuit integrated into said silicon layer and interconnected

with said magnetoresistive head.

9. The magnetoresistive head and slider assembly of claim 8 wherein said

semiconducting circuit includes diodes.

10. The magnetoresistive head and slider assembly of claim 9 wherein said
magnetoresistive head is a magnetoresistive read/inductive write head including a
magnetoresistive sensor; and said semiconducting circuit includes opposed diodes

electrically connected in parallel across said magnetoresistive sensor.

11. The magnetoresistive head and slider assembly of claim 9 wherein said
magnetoresistive head is a magnetoresistive read/inductive write head including a
magnetic shield layer; and said semiconducting circuit includes opposed diodes

electrically connected to said magnetic shield layer.

12. The magnetoresistive head and slider assembly of claim 8 wherein said silicon

layer is epitaxially grown on said sapphire slider.

13. The magnetoresistive head and slider assembly of claim 8 wherein said

magnetoresistive head is a merged head.
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The magnetic di sk storage system of claim 32, whereim the magnetoresistive
head i s magnetoresistive read/inductive wite head. itmulwlll"ml{HM“ml C
di sk storage system of claim 32, wherein said semn cond

i ncl udes di odes. AL N

35. The magnetic di sk storage systemof claim 34, wherein said _
magnet or esi stive head includes a magnet ot &3+ stive sensor; and sai d

sem conductl g ci [ n es_ele r| al | ct ed |
paral | el acrgss sgﬂg maénecc r%g t:r?'st |e\a/’(i @gdgg&er as % ° Tﬁlgx?rag ?rc‘?mdl
st or age systegnhebresistiverhaad, 1s\ahﬁg@|baclsmad. magnet or e5| stive

15. The magnetoresistive head and slider assembly of claim 8 wherein said ABS
includes a region having a flatness in the range of about 10 to 40 nm over a span of about

2 mm and a surface microfinish in the range of about 0.1 to 1.5 roughness average.

16. The magnetoresistive head and slider assembly of claim 8 wherein said ABS
includes a region having a flatness in the range of about 10 to 40 nm over a span of about

2 mm.

17. The magnetoresistive head and slider assembly of claim 8 wherein said ABS
includes a region having a surface microfinish in the range of about 0.1 to 1.5 roughness

average.

18. The magnetoresistive head and slider assembly of claim 8 wherein said ABS

includes a lapped region.

19. The magnetoresistive head and slider assembly of claim 8 wherein said ABS

includes an etched region.

20. A magnetoresistive head and slider assembly which has an air bearing surface
(ABS) and that incorporates electrostatic discharge protection, comprising;:

a sapphire slider the slider having a surface that forms a portion of the ABS;

a magnetoresistive head which includes:

a magnetoresistive sensor interposed between first and second alumina
gap layers; first and second magnetic shield layers mounted on a trailing edge of the slider
with the first and second gap layers interposed between the ﬁ_rst and second magnetic
shield layers;

a magnetic pole element formed over the second magnetic shield layer;

’ a third alumina gap layer interposed between the second shield layer
and the magnetic pole element;

an alumina overcoat layer mounted on the magnetic pole element; the
alumina layers having edges that form a portion of the ABS,
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head i s a magnetoresistive read/ i ndpctin |nclud|ng a magnetic
shield layer; and said sem conducti Eﬁ‘lmﬁllmnm 'm es opposed di odes .
el ectrically connected to said magn sayer. The nmagnetic
di-sk storage system of claim 32 wherein said silicon | ayer is epitaxially
grown on said sapphire slider. 38.  The mmagnetic disk storage system of

cl aim 32 wherein said magnetoresistive heddd-is a nerged head. The

oA pi gayback head. . amesh SyefiBued Sk L e ot BRI %' Y e
an air bear bmgsﬁmbﬁmmédsa@rtiomoﬁmieskm.and a sapphire sli der t hat has

a first surface and a flat trailin d wher.ein the first surface forns a
portion of said ABS and ﬁ?gn?qngpcty&’aﬁ?‘ﬁwg c’é‘&ﬁ%”’rt%grﬁtﬁﬁi puHY; |uEﬁJF‘<EiF°1% Pyshjand

first surfagfercaniBReiaaditfe MegtticiosMivedicad a plurality of alumna and
ferromagnetic |ayers nounted on a first region of the trailing edge of the

sapphire slider and having flat edges that forma portion of the ABS

adSI i ?O?hgﬁyer mMyyet pdostisREtlive Mad HAC M M £ILARYObr tdigind 1Rt WieRlil | g
edge o

magnetoresistive head is exposed at the ABS.

22. The magnetoresistive head and slider assembly of claim 20 wherein the silicon

layer is epitaxially grown on the sapphire slider.

23. The magnetoresistive head and slider assembly of claim 20 further including a
first electrically insulating layer formed over the magnetoresistive read/inductive write

head.

24, The magnetoresistive head and slider assembly of claim 23 further including a

second electrically insulating layer formed over the semiconducting device circuit.

25. The magnetoresistive head and slider assembly of claim 24 wherein the second
electrically insulating layer is interposed between the slider and the first magnetic shield

layer.

26. The magnetoresistive head and slider assembly of claim 20 wherein the

semiconducting device circuit includes a diode circuit.

27. The magnetoresistive head and slider assembly of claim 26 wherein the diode
circuit includes opposed diodes electrically connected in parallel across the

magnetoresistive sensor.

28. The magnetoresistive head and slider assembly of claim 26 wherein the diode
circuit includes opposed diodes electrically connected in parallel to the first magnetic

shield layer.
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sapphire slider_and having at least one diode integrated therein;

the second regio ' filgpm the ABS so that the silicon |ayer does
not form any porql‘ﬂmﬁmamnmiﬂ“ nd t he magnetic head including a
read sensor that i edstorsaid at | east one diode.

-26 - 41. A magnetic head and slider assenbly as claimed in claim40
wherein the flat edges of the alunina |ay?s and the first surface of the

sapphire sl ihder h .Y | N te .42, A netic
nead and ol Pdor adLEaRldetive el M8 PR LaEmbRL B ik 25 WheltnEY Bishec
porti ons andeqondeasittiird@ap layess. are fotfhed esseAtisthastelurginiead and sl i der
assenbly as clainmed in claim42 wherein the | apped

30. The magnetoresistive head and slider assembly of claim 23 wherein the first

electrically insulating layer is formed essentially of alumina.

31. The magnetoresistive head and slider assembly of claim 24 wherein the second

electrically insulating layer is formed essentially of alumina.

32. A magnetic disk storage system, including:

a spindle;

at least one disk mounted on the spindle;

an actuator arm with at least one suspension; at least one slider mounted on the
suspension; a magnetic head and slider assembly that has an air bearing surface (ABS)
and includes:

a sapphire slider that has a first surface and a flat trailing edge wherein the first
surface forms a portion of said ABS and the flat trailing edge is perpendicular to said first
surface;

a magnetic head comprising a plurality of alumina and ferromagnetic layers
mounted on a first region of the trailing edge of the sapphire slider and having flat edges
that form a portion of the ABS;

a silicon layer mounted directly on a second region of the flat trailing edge of the
sapphire slider and having at least one diode integrated therein;

the second region being spaced from the ABS so that the silicon layer does not
form any portion of the ABS; and

the magnetic head including a read sensor that is connected to said at least one
diode.

33. The magnetic disk storage system of claim 32, wherein the magnetoresistive

head is magnetoresistive read/inductive write head.

34. The magnetic disk storage system of claim 32, wherein said semiconducting
circuit includes diodes.
This is the replacement sheet
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portions have been | apped and the recessed p et ched. 44,
A magnetic head and slider assenbly as clai rri[!“lir“ﬂ"lnﬂmlllﬂﬂ*llerel n the

| apped portions of the ABS have flatness in tHe Fanbe bf %1_bout 10 to 40 nm
over a span of about 2 mm 45, A magnetic head and slider assenbly as

claimed in claim40 wherein the sapphire slider has a hardness of
substantially 30 GPa and a Young's nodul 435 of substantially 330 GPa. 46.

A-magnetic head and slider. assenbly as claised. in,claim40 .wherein the.
magnetic head i ncl'd§egageHe sk ’Tg)ra%gﬁ%t%lr%fgﬁgﬁ Ve ¥ REL SHE dPagnstagedive
bet ween fir stacindlugleconthgadtorssiRtivgspsogyed s and the first and second .
al um na gap | ayersai esie% | ocat ed between first and second ferromagnetic

shiel d | ayers; sPndpeiing, sirgh nclydes apgeseddjodss: dle@ricaliy senngsted in

second ferr?a@ggpg&@ssggﬂdqn@rgﬁﬁegigmrsgn@}_ the ABS and a plurality of
i nsul ation [ayers with an enbedded coil |ayer recessed fromthe ABS and

| ocated between the first and second pol e piece | ayers: and t he

seconﬁ }c gr re;gg_agnefﬂhg maPreti€l diY §braB0yibs df LiSin BR! GnBleRE Sail %ng,rnepoei\'ésqgiv%
commo yer.
head is a magnetoresistive read/inductive write head including a magnetic shield layer;
and said semiconducting circuit includes opposed diodes electrically connected to said

magnetic shield layer.

37. The magnetic disk storage system of claim 32 wherein said silicon layer is

epitaxially grown on said sapphire slider.

38. The magnetic disk storage system of claim 32 wherein said magnetoresistive

head is a merged head.

39. The magnetic disk storage system of claim 32 wherein said magnetoresistive

head is a piggyback head.

40. A magnetic head and slider assembly that has an air bearing surface (ABS)
comprising;:
| a sapphire slider that has a first surface and a flat trailing edge wherein the first

surface forms a portion of said ABS and the flat trailing edge is perpendicular to said first
surface; a magnetic head comprising a plurality of alumina and ferromagnetic layers
mounted on a first region of the trailing edge of the sapphire slider and having flat edges
that form a portion of the ABS;

a silicon layer mounted directly on a second region of the flat trailing edge of the
sapphire slider and having at least one diode integrated therein;

the second region being spaced from the ABS so that the silicon layer does not
form any portion of the ABS; and

the magnetic head including a read sensor that is connected to said at least one
diode.

~ This is the replacement sheet

3 7 NOV 2000

Date:



47. A magnetic head and sli der—assenbly—as——ctained in claim40 wherein

the silicon | ayer has been epitaxi sapphire | ayer.

- 27 - 48. A magnetic head and mﬂnﬂmmﬂHm‘ s claimed in claimA47
wherein the flat edges of the alunmtadayers an e flrst surface of the
sapphire slider have generally the sane | apping rate A magnetic
head and slider assenbly as clained in ct26m 48 wherein the ABS has | apped

pertions an recesseda@g‘ort tic. hea i der

assenbly as “¢f ai métt ™} Sﬁlca 4@"%&&%&?@@' agr? eddn € a(’J‘i’?s &%r%élw flat
| apped and teliges &fthis aRaNIAS ldyendnay firf8eFacd 6118€ sapphire slider have generally the

same lapping rate.

42. A magnetic head and slider assembly as claimed in claim 40 wherein the ABS

has lapped portions and recessed portions.

43. A magnetic head and slider assembly as claimed in claim 42 wherein the lapped

portions have been lapped and the recessed portions have been etched.

44, A magnetic head and slider assembly as claimed in claim 40 wherein the lapped
- portions of the ABS have flatness in the range of about 10 to 40 nm over a span of about

2 mm.

45. A magnetic head and slider assembly as claimed in claim 40 wherein the
sapphire slider has a hardness of substantially 30 GPa and a Young’s modulus of
substantially 330 GPa.

46. A magnetic head and slider assembly as claimed in claim 40 wherein the
magnetic head includes:

a magnetoresistive (MR) sensor located between first and second alumina gap
layers and the first and second alumina gap layers being located between first and second
ferromagnetic shield layers;

an alumina gap layer located between first and second ferromagnetic pole piece
layers at the ABS and a plurality of insulation layers with an embedded coil layer
recessed from the ABS and located between the first and second pole piece layers: and

the second ferromagnetic shield layer and the first pole piece layer being a

common layer.

47. A magnetic head and slider assembly as claimed in claim 40 wherein the silicon

layer has been epitaxially grown' on the sapphire layer.
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51. A magnetic head and sl i dey, imed in claimb50 wherein
the | apped portions of the ABS Wﬂmmﬂmﬁl he range of about 10 to 40
nm over a span of about 2 nm .c mageet kC head and slider assenbly
as. claimed in claim51 wherein the sapphire slider has a hardness of
substantially 30 GPa and a Young's nodul us of substantially 330 GPa. 53.
A magnetic head and slider assenbly as clZi+ed in claimb52 wherein the
magneti c heg? i ncl.udes: . net oresi stjve 4 | ocat.ed

MR
between fir &t and”sBRBRHCReH; %ﬁ’&aﬂ%p pSEFRID 3?‘18133‘1318 f I)clgfrggéﬁg\r)vgg@%gle flat

al um na gapedgyeirshdgliuftnd REaiseed bR ﬁ@esuﬁde&iftﬁ@@hé@ﬁﬁ@eﬂdér%w@aw@mdi fhe
shield | ayers; an alum na gap | ayer | ocated between first an

second ferr 8¥BHHEPINE Bt e pi ece | ayers at the ABS and a plurality of
insul ation |layers with an enbedded coil |ayer recessed fromthe ABS and
| ocated between the first and second pol e piece |ayers; and ) the
second f er r 8Ragnet magnstis| kpafl apd sliderdasserably) asselaipsfdn ilaimed§ whereib diend BS

common | ayehys japped portions and recessed portions.

50. A magnetic head and slider assembly as claimed in claim 49 wherein the lapped
portions have been lapped and the recessed portions have been etched.

51. A magnetic head and slider assembly as claimed in claim 50 wherein the lapped
portions of the ABS have flatness in the range of about 10 to 40 nm over a span of about

2 mm.

52. A magnetic head and slider assembly as claimed in claim 51 wherein the
sapphire slider has a hardness of substantially 30 GPa and a Young’s modulus of
substantially 330 GPa.

53. A magnetic head and slider assembly as claimed in claim 52 wherein the
magnetic head includes:

a magnetoresistive (MR) sensor located between first and second alumina gap
layers and the first and second alumina gap layers being located between first and second
ferromagnetic shield layers;

an alumina gap layer located between first and second ferromagnetic pole piece
layers at the ABS and a plurality of insulation layers with an embedded coil laver
recessed from the ABS and located between the first and second pole piece layers; and

the second ferromagnetic shield layer and the first pole piece layer being a

common layer.
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28
MAGNETORESISTIVE READ/INDUCTIVE WRITE MAGNETIC HEAD
ASSEMBLY FABRICATED WITH SILICON ON HARD INSULATOR FOR
IMPROVED DURABILITY AND ELECTROSTATICII DISCHARGE PROTECTION
AND METHOD FOR MANUFACTURING SAME
ABSTRACT
A magnetoresistive read/inductive write magnetic head assembly formed on a
hard electrically insulating substrate (52) and having electrostatic discharge protection
comprises: a hard electrically insulating substrate (52), preferably formed of sapphire or
alumina-TiC; multiple alumina layers (54) formed over the substrate (52); a
magnetoresistive read/inductive write head (56) positioned between the alumina layers
(54); a silicon layer (58) supported by the substrate (52); and a semiconducting circuit
(60) integrated into the silicon layer (58) and interconnected with said magnetoresistive
read/write inductive write head (56) to provide electrostatic discharge protection to the
head (5§6). The 'silicon layer (58) may be epitaxially grown on the substrate (52) when
implemented as sapphire, or bonded to the substrate (52) when implemented as alumina-
TiC. The hard electrically insulating substrate (52) and alumina layers (54) provide the
assembly with a hard air bearing surface (62) having generally uniform lapping and
etching characteristics, and excellent durability.

Fig. 4 |
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