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(57) ABSTRACT 

A method of fabricating a tunneling magnetoresistance 
(TMR) reader is disclosed. A TMR structure comprising at 

least one ferromagnetic layer and at least one nonmagnetic 

insulating layer is provided. A first thermal annealing process 
on the TMR structure is performed. A reader pattern defini­

tion process performed on the TMR structure to obtain a 

patterned TMR reader. A second thermal annealing process is 
performed on the patterned TMR reader. 
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1 
METHOD OF FABRICATING A TUNNELING 

MAGNETORESISTIVE (TMR) READER 

FIELD OF THE INVENTION 

The present invention generally relates to fabrication of 
magnetic readers and writers and, in particular, relates to a 
method to improve reader stability and writer overwrite per­
formance by patterned wafer annealing. 

2 
represents the measured amplitude of the pulses from mag­

netizations recorded in one direction and SN represents the 

measured amplitude of the pulses from magnetizations 

recorded in the other direction. A high value of AASY is 

undesirable in that it has a deleterious effect on the stability of 

the read head by causing a high bit error rate (BER) when the 

data is read back. 

BACKGROUND OF THE INVENTION 

Perpendicular magnetic recording (PMR), in which the 
recorded bits are stored in the generally planar recording 
layer in a generally perpendicular or out-of-plane orientation, 
is a promising path toward ultra-high recording densities in 
magnetic recording hard disk drives. 

To some degree, AASY is a result of the construction of the 

reader It is, however, also believed that spurious magnetic 
10 

fields arising from the media background and other sources 

also contribute to amplitude asymmetry. For example, rapidly 

increasing track density requires decreasing reader track 

width. As the reader track width decreases, de-magnetic fields 

15 from Pl and P2 layers rapidly increases, and the increased 

de-magnetic field, in turn, causes reader stability degradation 

by increasing the AASY. 

A PMR write head (writer) and a PMR read head (reader) A conventional scheme for improving the reader stability is 

to increase the hard bias field by increasing the thickness of are typically formed as an integrated read/write head on an 
air-bearing slider. The slider is attached to an actuator arm by 
a suspension and positioned very close to the disk surface by 
the suspension. The actuator moves the slider across the disk 
surface so that the read/write head can access the data tracks. 
There are typically a stack of disks in the disk drive with a 
slider-suspension assembly associated with each disk surface 
in the stack. 

20 the hard bias layer. However, with increasing track density, 

there is a requirement to reduce a shield-to-shield spacing for 

the TMR sensor stack. Therefore, it is often neither desirable 

nor practical to increase the hard bias layer thickness to 

improve the ASSY. In addition, an increase in the hard bias 
25 thickness causes a significant reduction in the reader ampli­

tude which may not be a good compromise for the improved 
reader stability. In a PMR writer, a write current passes through a writer coil 

disposed adjacent to a magnetic yoke to induce a strong write 
magnetic field at a write pole to write data in a recording 
media. The recording layer has perpendicularly recorded 
magnetizations or magnetized regions that form a data track, 
with adjacent regions in the data track having opposite mag­
netization directions. As long as the write magnetic field at the 
write pole is strong enough, data written in the recording layer 
can be erased or "overwritten". In fact, the overwrite opera- 35 
tion is a popular way to erase data in a magnetic recording 
hard drive. However, if the induced magnetic field is not 
strong enough, the overwrite or erasing may not be fully 
effectuated in all magnetic regions, thereby causing data 
errors in subsequent recordings. 

Therefore, a need exists for a scheme for improving the 
reader stability without a structural change to the existing 

30 read head design (e.g., an increase in hard bias layer thick­
ness). In addition, a need also exists to improve the overwrite 
performance of a writer by increasing the write magnetic field 
at the write pole without a structural change to the existing 
write head design. 

SUMMARY OF THE INVENTION 

Various embodiments of the subject disclosure address the 
aforementioned need to improve the reader stability by add-

In a PMR reader, a tunnel magnetoresistance (TMR) sen­
40 ing a second thermal annealing process after defining (e.g., 

patterning) the TMR stack. In addition, some embodiments of 
the subject disclosure address the aforementioned need to 
improve the overwrite performance by adding a third thermal 

sor is frequently employed in the read head. The TMR sensor 
includes a patterned TMR structure or stack having two fer­
romagnetic layers separated by an insulating (e.g., MgO) 
barrier layer. One ferromagnetic layer is magnetically ori- 45 
ented in a fixed direction (the "pinned layer") and the other 
ferromagnetic layer rotates in response to an external mag­
netic field (the "free layer"). The TMR sensor also includes a 
hard bias layer disposed on either side of the TMR stack. The 
hard bias layer includes a permanent magnetic material, such 50 
as cobalt platinum (CoPt), and provides a bias field along a 
direction perpendicular to layers of the TMR stack. The resis­
tance of the device is dependent on the relative orientation 
between the two ferromagnetic layers. In a perpendicular 
magnetic recording (PMR) read head, a sense current passes 55 
perpendicularly through layers of the TMR stack. The mag­
netic transitions between adjacent oppositely-directed mag­
netized regions cause changes in electrical resistance that are 
detected by the TMR sensor. 

The amplitude of a readback signal of a PMR reader can be 60 
asymmetric. Readback signal amplitude asymmetry means 
that the amplitude of the pulses from magnetizations recorded 
in one direction (e.g., the "positive" direction) is different 
from the amplitude of the pulses from magnetizations 
recorded in the opposite direction ( e.g., the "negative" direc- 65 
tion). The amplitude asymmetry (AASY) measured in per­
cent can be expressed as [(SP-SN)/(Sp+SN)]*l00, where Sp 

annealing process after defining the writer. 
According to one embodiment of the subject disclosure, a 

method of fabricating a tunneling magnetoresistance (TMR) 
reader is disclosed. The method can comprise providing a 
TMR structure comprising at least one ferromagnetic layer 
and at least one nonmagnetic insulating layer. The method 
can further comprise performing a first thermal annealing 
process on the TMR structure. The method can further com-
prise performing a reader pattern definition process on the 
TMR structure to obtain a patterned TMR reader. The method 
can further comprise performing a second thermal annealing 
process on the patterned TMR reader. 

It is to be understood that both the foregoing summary of 
the invention and the following detailed description are exem­
plary and explanatory and are intended to provide further 
explanation of the invention as claimed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings, which are included to pro­
vide further understanding of the invention and are incorpo­
rated in and constitute a part of this specification, illustrate 
embodiments of the invention and together with the descrip­
tion serve to explain the principles of the invention. 
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FIG. 1 is a diagram depicting an exemplary TMR reader 

according to one aspect of the subject disclosure. 

FIG. 2A is a diagram depicting a pre-patterned TMR reader 

structure formed via a TMR stack deposition process accord­

ing to one aspect of the subject disclosure. 

FIG. 2B is a diagram (ABS view) depicting a step for 

forming a first intermediate patterned TMR reader structure 

having a hard bias layer or junction according to one aspect of 

the subject disclosure. 

FIG. 2C is a diagram (APEX view) depicting a step for 

forming a second intermediate patterned TMR reader struc­

ture having a fully patterned TMR stack according to one 

aspect of the subject disclosure. 

FIG. 3 is a flowchart illustrating an exemplary process for 

obtaining a TMR reader having an improved reader stability 

by performing a thermal annealing process on a patterned 

TMR reader according to one aspect of the subject disclosure. 

FIG. 4 is a diagram depicting a PMR writer according to 

one aspect of the subject disclosure. 

FIG. 5 is a flowchart illustrating an exemplary process for 

obtaining a PMR writer having an improved overwrite per­

formance by performing a thermal annealing process on a 

patterned PMR writer according to one aspect of the subject 

disclosure. 

DETAILED DESCRIPTION OF THE INVENTION 

In the following detailed description, numerous specific 

details are set forth to provide a full understanding of the 

present invention. It will be apparent, however, to one ordi­
narily skilled in the art that the present invention may be 

practiced without some of these specific details. In other 

instances, well-known structures and techniques have not 

been shown in detail to avoid unnecessarily obscuring the 

present invention. 

FIG. 1 is a diagram depicting an exemplary TMR reader 

100 according to one aspect of the subject disclosure. The 

TMR reader 100 includes a patterned TMR stack 103 dis­

posed between a first (bottom) shield layer (Sl) 101 and a 

second (top) shield layer (S2) 109 and having a shield-to­

shield distance ( d) 180. The TMR reader 100 further includes 

a hard bias layer 107; an insulating spacer layer 105, typically 

comprising atomic layer deposition (ALD) alumina (Al2O3), 

disposed between the first shield layer 101 and the patterned 
TMR stack 103; and a hard bias cap layer 108 disposed 
between the hard bias layer 107 and the second shield layer 
109. In certain embodiments, the top and bottom shield layer 
109, 101 function as top and bottom electrodes as well as 
magnetic shields. For simplicity, FIG. 1 is not drawn to scale. 

The patterned TMR stack 101 comprises a plurality of 
TMR layers 110-160 including: a pinning or anti-ferromag­
netic (AFM) layer 110 disposed over the first shield layer 101; 
a pinned layer 120 disposed over the AFM layer 110; a spacer 
layer 125 typically comprising ruthenium (Ru) disposed over 
the pinned layer 120; a reference layer 130 disposed above the 
spacer layer 125; a tunneling barrier layer 140 disposed over 
the reference layer 130; a free layer 150 disposed over the 
tunneling barrier layer 140; and a TMR cap layer 160 dis­
posed over the free layer 150. 

In the following discussion, the tunneling barrier layer 140 
is assumed to be a crystalline magnesium oxide (MgO) tun­
neling barrier layer. However, it shall be appreciated that the 
tunneling barrier layer 140 can comprise any thin insulating 
material layer that allows an electron to tunnel between the 
free and reference layers. The pinned layer 120 and the ref-

4 
erence layer 130 separated by the thin nonmagnetic, conduc­
tive (Ru) spacer layer 125 constitute a synthetic magnet for 
the TMR stack 103. 

In the illustrated example of FIG. 1, magnetizations or 
5 moments of the pinned layer 120 and the reference layer 130 

(indicated by arrow 193 and arrow 195, respectively) are 
substantially fixed or pinned and are pointing in opposite 
directions. In particular, the magnetization or moment of the 
pinned layer 130 is pinned in a particular direction, typically 

10 by an exchange-bias interaction with magnetizations or 
moments (indicated by arrows 191, 192) of the AFM layer 
120. However, a magnetization or moment of the free layer 
150 (indicated by arrow 197) may move, or switch, in 
response to an external field such as of a magnetic recording 

15 medium. 
The hard bias layer 107 disposed on either side of the 

patterned TMR stack 103 comprises a permanent magnetic 
material The permanent magnetic material of the hard bias 
layer 107 generates a hard bias field (indicated by arrow 199) 

20 pointing in a direction substantially parallel to the planes of 
the TMR layers 110-160 to bias the magnetization of the free 
layer 150. Although the permanent magnetic material com­
prises a composition of cobalt and platinum (CoPt) in the 
illustrated example of FIG. 1, other permanent magnetic 

25 materials such as a composition of cobalt, platinum, and 
chrome (CoPtCr) or a composition of iron and platinum 
(FePt) may be alternatively used. 

The hard bias field 199 generated by the hard bias layer 107 
passes through and sets up a sufficiently high effective hard 

30 bias field inside the patterned sensor stack 103 that is perpen­
dicular to the stack layers. The effective hard bias field in turn 
affects transfer characteristics ( e.g., TMR ratio versus an 
external magnetic field) of the patterned TMR stack 103 at 
least in part by affecting the rotation behavior of the free layer 

35 magnetization. Properties (e.g., the magnitude) of the effec­
tive hard bias field may be inferred from the transfer charac­
teristics being affected by the field. 

The electrical resistance through the tunneling barrier layer 
140 varies with the relative orientation of the free layer mag-

40 netization compared with the reference layer magnetization 
and thereby converts magnetic signals into electrical signals. 
When a sense current is passed from the first shield (Sl) 101 
to the second shield (S2) 109 in a direction perpendicular to 
the planes of the TMR layers 110-160, a lower resistance is 

45 detected when the magnetization directions of the free and 
reference layers are in a parallel state and a higher resistance 
is detected when the magnetization directions are not in a 
parallel state 

FIGS. 2A-C represent a sequence of diagrams illustrating 
50 an exemplary fabrication process for a PMR TMR reader 

such as the TMR reader 100 of FIG. 1. FIG. 2A is a diagram 
depicting a pre-patterned TMR reader structure 200A formed 
via a TMR stack deposition process. The pre-patterned TMR 
reader structure 200A includes various layers 201, 210-260 

55 whose patterned counterparts 101, 110-160 are described 
above with respect to FIG. 1. In the illustrated example, the 
pre-patterned TMR reader structure 200A comprises a first 
(bottom) shield layer ( 51) 201 and a pre-patterned TMR stack 
203 disposed above the first shield layer 201. The pre-pat-

60 terned TMR stack 203 includes various TMR layers 210-260 
including: an AFM layer 210 deposited over the first shield 
layer 201; a pinned layer 220 deposited over the AFM layer 
210; a spacer ( e.g., Ru) layer 225 deposited over the pinned 
layer 220; a reference layer 230 deposited over the spacer 

65 layer 225; a tunneling barrier layer 240 deposited over the 
reference layer 230; a free layer 250 deposited over the tun­
neling barrier layer 240; and a TMR cap layer 260 deposited 
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over the free layer 250. Various methods for the TMR stack 
deposition are known in the art and are not described herein 
for the sake of brevity. 

After the TMR stack deposition, the pre-patterned TMR 
reader structure 200A undergoes a number of reader pattern 5 
definition processes. FIG. 2B is a diagram (ABS view) depict-

6 
crystalline structure for the nonmagnetic insulating material 
(e.g., MgO) of the tunneling barrier layer 240. The same 
thermal annealing process also can serve to form an antifer­
romagnetic (AFM) material (InMn) in the AFM layer 210 to 
a correct phase, so that a pinning field can be induced therein. 
In certain embodiments, the first thermal annealing process 
has a first thermal armealing temperature in a range of 
between about 250 and 300° C. and a soaking time in a range 
of between about 2 and 5 hours. In the illustrated example, the 
first thermal annealing process is performed after the deposi­
tion of the TMR cap layer 260. 

It shall be appreciated by one skilled in the art that various 
modifications to the first thermal annealing process of opera­
tion 320 described above can be modified to arrive at numer-

ing a step for forming a first intermediate patterned TMR 
reader structure 200B having a hard bias layer 207. This step 
includes but is not limited to: forming a resist pattern on the 
pre-patterned TMR stack 203; performing an ion-milling 10 
operation on the stack 203 to form an intermediate patterned 
TMR stack 103A; depositing the insulation space layer ( e.g., 
ALD Al203) 105; depositing the hard bias layer 207 and the 
hard bias cap layer 108 (FIG. 1); and performing a lift-off 
operation. 15 ous alternative embodiments without departing from the 

scope of the subject disclosure. For example, the first thermal 
annealing process can be performed before the deposition of 
the TMR cap layer 260 or even before the deposition of the 
free layer 250. In some embodiments, the first thermal 

FIG. 2C is a diagram (APEX view) depicting a step for 
forming a second intermediate patterned TMR reader struc­
ture 200C having a fully patterned TMR stack 103. This step 
includes but is not limited to: forming a resist pattern on the 
first intermediate patterned TMR stack 103A; performing a 
milling operation on an area of the first intermediate patterned 
TMR stack 103A to define back of a reader stripe 291; refill-
ing the milled area 295 with alumina 209; and performing a 
lift-off operation. Subsequently, a second shield layer (S2) is 
added to the second intermediate patterned TMR reader 
structure 200C thus formed to arrive at the TMR reader 100 of 
FIG. 1. 

20 annealing process can involve two or more thermal armealing 
processes performed at different times during the TMR stack 
formation. For example, an initial thermal annealing process 
can be performed after depositing the AFM layer 210, and 
another subsequent thermal annealing process can be per-

25 formed at some time after depositing the tunneling barrier 
layer 240. 

The process 300 proceeds to operation 330 in which vari­
ous reader pattern definition operations described above with 
respect to FIGS. 2A and 2B are performed on the pre-pat-

30 terned TMR reader structure 200A to arrive at a patterned 
TMR reader structure such as the patterned TMR reader 100 
ofFIG. 1. 

While some layers or materials were described above as 
being "disposed over" or "deposited over" previous layers or 
materials ( e.g., the free layer250 deposited over the tunneling 
barrier layer 240) for the illustrated embodiments of FIGS. 1 
and 2A-C, it shall be appreciated that, in other embodiments, 
each of the layers or materials may be disposed or deposited 
below or aside or otherwise adjacent to a side of the previous 
layer or material depending on the orientation and arrange- 35 
ment of the structure being patterned or the patterning process 
being employed. Furthermore, as used herein, the phrase 
"Layer/Material X disposed/deposited over (below, aside, or 
adjacent to a side of) Layer/Material Y" encompasses those 
arrangements or embodiments in which there is one or more 40 
intermediate layers or materials disposed/deposited between 
the Layer/Material X and the Layer/Material Y. 

FIG. 3 is a flowchart illustrating an exemplary process 300 
for obtaining a TMR reader having an improved reader sta­
bility by performing a thermal annealing process on a pat- 45 
terned TMR reader according to one aspect of the subject 
disclosure. For the sake of clarity only without the intention to 
limit the scope of the subject disclosure in any way, the 
process 300 will be described below with references to FIG. 
1 and FIGS. 2A-C. However, it shall be appreciated that the 50 
process 300, or a variation thereof, may be applied to obtain 
a TMR reader having a different structure than the TMR 
reader structures shown in those figures. The process 300 
begins at start state 301 and proceeds to operation 310 in 
which a TMR structure is provided. The operation 310 can 55 
involve the TMR stack deposition discussed above with 
respect to FIG. 2A in which various TMR layers including at 
least one ferromagnetic layer (e.g., one or more of the AFM 
layer 210, the pinned layer 220, the reference layer 230, and 
the free layer 250) and at least one nonmagnetic insulating 60 
layer (e.g., the tunneling barrier layer 240) are deposited to 
form a pre-patterned TMR stack such as the pre-patterned 
TMR stack 203 of FIG. 2A. 

The process 300 then proceeds to operation 340 in which a 
second thermal annealing process is performed on the pat­
terned TMR reader structure to improve the reader stability. 
In certain embodiments, a second armealing temperature for 
the second thermal annealing process is equal to or lower than 
a first armealing temperature for the first thermal armealing 
process. For example, the first armealing temperature can be 
in a range of between about 250 and 300° C., and the second 
annealing temperature can be in a range of between about 220 
and 270° C. In some embodiments, a second soaking time for 
the second thermal annealing process is equal to or lower than 
a first soaking time for the first thermal armealing process. For 
example, the first soaking time can be in a range of between 
about 2 and 5 hours, and the second soaking time can be in a 
range of between about 10 minutes and 1 hour. The process 
300 ends at end state 309. 

It shall be appreciated by one skilled in the art that various 
modifications to the second thermal annealing process of 
operation 340 described above can be modified to arrive at 
numerous alternative embodiments without departing from 
the scope of the subject disclosure. As alluded to above, in 
certain embodiments, the second thermal armealing process 
is performed on the patterned TMR reader 100 (FIG. 1). 
However, in other embodiments, the second thermal anneal-
ing process can be performed earlier in the fabrication process 
on the first intermediate patterned TMR reader structure 
200B (FIG. 2B), the second intermediate patterned TMR 
reader structure 200C (FIG. 2C), or any other intermediate 
structure arrived at between the pre-patterned TMR reader 
structure 200A (FIG. 2A) and the final TMR reader 100 (FIG. 
1). 

The process 300 proceeds to operation 320 in which a first 
thermal annealing process is performed on the pre-patterned 
TMR stack 203. The first thermal annealing process helps to 
increase the TMR effect (e.g., dR/R) by correctly forming a 

Experiments have shown that performing such an addi-
65 tional thermal annealing process on a patterned TMR reader 

improves the reader stability by increasing the effective hard 
bias field in the patterned TMR stack 103. As alluded to 
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above, the effective hard bias field can be inferred from the 
transfer characteristics ( e.g., TMR ratio versus external mag­
netic field) of the reader. The increase in the effective hard 
bias field in turn has an effect of significantly decreasing an 
asymmetry sigma ( defined as a variation in the ASSY) for the 
reader while degrading the reader signal amplitude less than 
expected, e.g., less than would be the case if the same amount 
of increase in the effective hard bias field were brought about 

8 
annealing process increasing the magnetic permeability of 
the magnetic yoke, which in turn causes an increase in the net 
magnetic flux generated by the write pole 420. 

The description of the invention is provided to enable any 
person skilled in the art to practice the various embodiments 
described herein. While the present invention has been par­
ticularly described with reference to the various figures and 
embodiments, it should be understood that these are for illus­
tration purposes only and should not be taken as limiting the by an increase in the external hard bias field. For example, in 

one experimental embodiment, subjecting the patterned TMR 
reader to a second thermal annealing produced a 4% better 
asymmetry sigma while the reader signal amplitude 
decreased by 15% and BQST yield showed a 5% improve­
ment. 

10 scope of the invention. 
There may be many other ways to implement the invention. 

Various functions and elements described herein may be par­
titioned differently from those shown without departing from 
the spirit and scope of the invention. Various modifications to 

In some magnetic recording hard drives, a writer such as a 
PMR writer 400 shown in FIG. 4 can be patterned after 
patterning a reader such as the TMR reader 100 shown in FIG. 
1 to form an integrated read/write head. The PMR writer 400 
ofFIG. 4 includes a magnetic yoke 410, a write pole 430, and 
a writer coil 420 disposed relative to the write pole 430. In the 
illustrated example, the writer coil 420 is a donut or solenoid­
shaped coil wrapped around the write pole 430. Pole face 432 

15 these embodiments will be readily apparent to those skilled in 
the art, and generic principles defined herein may be applied 
to other embodiments. Thus, many changes and modifica­
tions may be made to the invention, by one having ordinary 
skill in the art, without departing from the spirit and scope of 

20 the invention. 
A reference to an element in the singular is not intended to 

mean "one and only one" unless specifically stated, but rather 
"one or more." The term "some" refers to one or more. Under­
lined and/or italicized headings and subheadings are used for 

of the write pole 430 is facing towards a recording medium 
(not shown). In an overwrite operation, a write magnetic field 
or flux in the writer pole 43 0 generated or induced by a current 
flowing in the writer coil 420 flows out of the write pole 430 
at the end face 432 and enters the recording medium to over­
write or erase any data recorded thereon by erasing or revers-
ing any magnetizations set up inside the recording medium. 

25 convenience only, do not limit the invention, and are not 
referred to in connection with the interpretation of the 
description of the invention. All structural and functional 
equivalents to the elements of the various embodiments of the 
invention described throughout this disclosure that are known 

FIG. 5 is a flowchart illustrating an exemplary process 500 
for obtaining a PMR writer having an improved overwrite 
performance by performing a thermal annealing process on a 
patterned PMR writer according to one aspect of the subject 
disclosure. For the sake of clarity only without the intention to 
limit the scope of the subject disclosure in any way, the 
process 500 will be described below with references to FIG. 

30 or later come to be known to those of ordinary skill in the art 
are expressly incorporated herein by reference and intended 
to be encompassed by the invention. Moreover, nothing dis­
closed herein is intended to be dedicated to the public regard­
less of whether such disclosure is explicitly recited in the 

35 above description. 

4. However, it shall be appreciated that the process 500, or a 
variation thereof, may be applied to a writer having a different 
structure than the PMR writer 400 shown in FIG. 4. For 
example, the writer may have a pancake-shaped coil instead 40 
of the donut or solenoid-shaped coil 420 shown in FIG. 4. 

The process 500 begins at start state 501 and proceeds to 
operation 510 in which a writer pattern definition is per­
formed on a pre-patterned writer structure to obtain a pat­
terned PMR writer such as the PMR writer 400. The process 45 
500 proceeds to operation 520 in which a third thermal 
annealing process is performed on the patterned PMR writer. 

What is claimed is: 
1. A method of fabricating a tunneling magnetoresistance 

(TMR) reader, the method comprising: 
providing a TMR structure comprising at least one ferro­

magnetic layer and at least one nonmagnetic insulating 
layer; 

performing a first thermal annealing process on the TMR 
structure; 

performing a reader pattern definition process on the TMR 
structure to obtain a patterned TMR reader; and 

performing a second thermal annealing process on the 
patterned TMR reader, 

wherein the at least one ferromagnetic layer comprises a 
pinning layer, a pinned layer, and a free layer; and the at 
least one nonmagnetic insulating layer comprises a tun­
neling barrier layer disposed between the pinned layer 
and the free layer. 

2. The method of claim 1, wherein the reader pattern defi­
nition process comprises an ion milling operation. 

3. The method of claim 1, wherein the TMR structure 
further comprises a capping layer deposited over the free 
layer, further wherein the first thermal annealing process is 
performed after depositing the capping layer. 

In certain embodiments, a third annealing temperature for the 
third thermal annealing process is equal to or lower than a first 
annealing temperature for the first thermal annealing process 50 
discussed above with respect to FIG. 3. For example, the first 
annealing temperature can be in a range of between about 250 
and 300° C., and the third annealing temperature can be in a 
range of between about 190 and 240° C. In some embodi­
ments, a third soaking time for the third thermal annealing 55 
process is equal to or lower than a first soaking time for the 
first thermal annealing process. For example, the first soaking 
time can be in a range of between about 2 and 5 hours, and the 
second soaking time can be in a range of between about 10 
minutes and 2 hours. 

Experiments have shown that performing such an addi­
tional thermal annealing process on a patterned PMR writer 
improves the overwrite performance of the writer. For 
example, in one experimental embodiment, subjecting a pat­
terned PMR writer to a third thermal annealing produced an 65 
1.5 db improvement in the overwrite performance. The 
improvement is believed to be attributable to the additional 

4. The method of claim 1, wherein the first thermal anneal-
60 ing process is performed while applying an external magnetic 

field to the TMR structure, thereby inducing a pinning field in 
the pinning layer and defining a direction of the pinning field. 

5. The method of claim 1, further comprising the step of 
disposing a spacing layer over the patterned TMR reader and 
a hard bias layer over the insulating layer. 

6. The method of claim 5, wherein the spacing layer com­
prises an atomic layer deposition (ALD) aluminum oxide. 
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7. The method of claim 5, wherein the hard bias layer 

comprises a composition of cobalt and platinum. 
8. The method of claim 5, wherein the second thermal 

annealing process enhances an effective hard bias field inside 
the patterned TMR reader. 

9. The method of claim 1, wherein a second annealing 
temperature for the second thermal annealing process is equal 
to or lower than a first annealing temperature for the first 
thermal annealing process. 

10. The method of claim 9, wherein the first annealing 10 
temperature is in a range of between about 250 and 300° C., 
and the second annealing temperature is in a range of between 
about 220 and 270° C. 

11. The method of claim 1, wherein a second soaking time 
for the second thermal annealing process is equal to or lower 15 
than a first soaking time for the first thermal annealing pro­
cess. 

12. The method of claim 11, wherein the first soaking time 
is in a range of between about 2 and 5 hours, and the second 
soaking time is in a range of between about 10 minutes and 1 20 
hour. 

13. The method of claim 1 further comprising performing 
a writer pattern definition process to form a patterned writer 
associated with the patterned TMR reader. 

10 
14. The method of claim 13 further comprising performing 

a third thermal annealing process after forming the patterned 
writer. 

15. The method of claim 14, wherein the third thermal 
annealing process improves an overwrite capability of the 
patterned writer. 

16. The method of claim 14, wherein a third annealing 
temperature for the third thermal annealing process is equal to 
or lower than a first annealing temperature for the first thermal 
annealing process. 

17. The method of claim 16, wherein the first annealing 
temperature is in a range of between about 250 and 300° C., 
and the third annealing temperature is in a range of between 
about 190 and 240° C. 

18. The method of claim 14, wherein a third soaking time 
for the third thermal annealing process is equal to or lower 
than a first soaking time for the first thermal annealing pro­
cess. 

19. The method of claim 18, wherein the first soaking time 
is in a range of between about 2 and 5 hours, and the third 
soaking time is in a range of between about 10 minutes and 2 
hours. 

* * * * * 




