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CHAPTER |

INTRODUCTION

1.1 Overview and motivation

In hard disk drive for storage, the major components compose of magnetic
spinning disks and write/read heads which shows in Fig. 1.1. The digital data signal of
computer are recorded on the magnetic disk in the form of submicron magnets aligned
in the north pole (N) or south pole (S) directions, depending on “0” or “1” data signal.

These recorded submicron magnets are called “data bits”(1).

Hard Bias Lead
MR Element

A ’
d: ’
4 Write Coll
T ) s X
% s1
o
-
- p

Fig. 1.1. Hard drive components and write/read heads (1).

The transformation of the digital data signal to the magnetic bits is called
“writing process”. This process is done by using magnetic induction method via the
copper coils turning around the soft magnetic core structure to magnetize the

magnetic thin film on the spinning magnetic-disk (1).

The data writing technology in HDD has been started from /longitudinal
magnetic recording (LMR), later changed to perpendicular magnetic recording

(PMR) in order to achieve higher linear bit density. With the requirement of higher



aerials density, the writing technologies have to develop the capability technique to
write the very small and weak magnetic field on the high coercivity media.In the near
future, the heat assistance magnetic recording (HAMR) technologies are developing
for the next generation. The modern HAMR technology uses laser beam to warm up
the media for reducing the magnetic coercivity (H.) which help weak writing
magnetic flux able to record the data on the high coercivity media material
successfully. Another potential option for energy assistance is microwave assistance
magnetic recording (MAMR) for activating the magnetic domains of media to
unstable states for helping the writing process capable to record the data onto the high
coercivity media. Other technologies are also put in the roadmap such as shingle write
recording (SMR), two dimensional magnetic recording (TDMR) and bit patterned
magnetic recording (BPMR), see in Fig. 1.2.

READBACK L2 o+ Vagresraton
20 ‘image’ is built up 1 ,“‘ Vapnetzaton
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passes of a si "“';‘4(‘
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(20 waveform) o
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'

Energy Assisted Recording probably on BPM
Shingled Write & Two Dimensional Magnetic Recording (TDMR)

Bit P: M. ic R g (BPMR)

> H?ul Asslsle.d lti;gr‘\e.l‘ic Flecpnling (}E\MH) 210 Tblin2
S i \ ag g (MAMR)
c Shingled Write Recording (SWR) 5 Th/in?
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® ~— 4 .
9 Perpendicular Magnetic = 1 Tb“n4
LY Recording (PMR) 73] 3

Longitudinal Mag \ | Superpara-magnetic limit

Recording (LMR]

ek vy 150 Gb/in?
Time

Fig. 1.2. Magnetic recording technology roadmap (2).

For “reading process”, it started from using induction method for reading back
the data from the disk by using the same structure of writing structure. Later, the
magnetic bit size had been dramatically reduced to achieve the extremely high areal

density per market requirement, then it had problem of very weak read back signal,



and caused poor signal-to-noise ratio (SNR). Then the anisotropic magneto resistive
(AMR) reader sensor technology had been introduced to step over the problem. The
AMR reader element was placed close to the writer structure for sensing the magnetic
data bits. However, the higher areal density requirement keeps going, and reaching the
point that the AMR sensor was not effective, then better sensitivity magnetic reader
technologies as giant magneto resistive (GMR) and tunneling magneto resistive

(TMR) sensors have been applied, respectively (2, 3).

The TMR device structure composes of free layer, barrier, pinned layer and
pinning layer. In general, the free layer and pinned layer are made of soft magnetic
materials such as NiFe or NiFeB, and the pinning layer is made of antiferromagnetic
materials such as IrMn or PtMn. The insulator materials for spacer layer are MgO and

AlOx to induce magnetic tunneling effect as show in Fig. 1.3 (4, 5).

TMR Element (CPP structure)

Tunneling Effect

AFM (Irtin)
Pinned (NiFe) mad
o
Barrier (MgO)
Free (NiFe) ) ~
T' —_—
|
2 Bottom Shiold*
3 Load) - i
Current Bias Direction - . ~
(a) (b)

Fig. 1.3. TMR structure; (a) Schematic of TMR and (b) TEM picture of TMR (5, 6).

The TMR device has resistance change property according to the applied
magnetic field. The changes of resistance are related to the relative angle between the
magnetization direction of free layer and pinned layer. As the free layer magnetization
direction is in parallel with the pinned layer, the electrons easily pass through the
interface layers and give low resistance, but if the magnetization direction of free
layer is in the opposite direction to the pinned later, the electrons difficulty pass the

interface layers, and give high resistance. For magnetic recording data sensing



function, the devices have been designed the free layer moving freely when the

pinned later is fixed via magnetic coupling of antiferromagnetic layer (5, 6).

In manufacturing, the quasi static tester (QST) is commonly used for testing
the reader response to verify good or bad devices. The dc bias is applied to the reader
for measuring the resistance change due to external electromagnetic field to simulate
the field of magnetic data bit. The fundamental measurement parameters are; (1)
MRR (static resistance of the reader under zero magnetic field), (2) amplitude (peak
to peak voltage measured from the reader resistance change due to the apply magnetic
field under dc current bias), (3) asymmetry (calculated symmetry of amplitude
response for positive and negative magnetic field), (4) bark jump (jumping signal due

to unstable of magnetic domain) (7).

Even though the technologies of magnetic recording will have big changes,
however in general of hard drive manufacturing processes, there are not much
changed. There are five major processes steps have been classified for flexibility
manufacturing management which compose of wafer fabrication, slider fabrication,
head gimbal assembly, head stack assembly and hard disk drive assembly, as shows in

Fig. 1.4 (8).

Hard Drive

HGA: Head Gimbal Assembly HSA: Head Stack Assembly

Fig. 1.4. Hard drive assembly process flow in general (8).



The TMR reader revolutions have to be designed with reducing the
dimensions to accurately read the smaller magnetic data bit per higher areal density
requirement. The reader width needed to be reduced to avoid the interference of
magnetic field from the adjacent magnetic data bits. The reader thickness is required
thinner to have smaller shield to shield spacing for supporting the shorter inline
magnetic data bit length. The reader stripe height is reduced to optimize the current
bias and effective magnetic sensing properties. With the constrain of smaller TMR
volumes, the sensor needed to be designed with more complex of multilayers and

thinner layers to keep the effective sensitivity of reading signal (8).

The TMR device is fabricated with high resolution photolithography and
multilayer thin film deposition. The wafers also passed through slider (read/write
head) fabrication for lapping to achieve precise dimensions in the nanometer scale
before the HDD assembly processes. Due to the very thin and complex multi-layered
structure of the TMR device in HDD head, reliability is a concern, and drive
operational failure may occur due to degradation of the layers and interfaces of the
TMR structure (9, 10). Thermal, mechanical, and electrical stresses may all contribute
to the failure of the device. As tunneling through the insulating barrier in the TMR
device is a thermally activated process, thermal stress is considered to be a significant
factor causing TMR device degradation. Such stresses can be originated not only from
the high temperatures used in the manufacturing processes such as magnetic
annealing, epoxy-curing process, electrostatic discharge and thermal stress during
reliability tests, but also the thermal effects of dynamic-fly-height (DFH) element
during operation (11-14).

To understand and investigate the influence of thermal stress on TMR
structure degradation and interface defects within the temperature range of the
fabrication processes and drive operation is important for improving the HDD process
and device design that could resist to the thermal degradation which help prevent the
degradation of performance and poor reliability. In additional, laser stress on the TMR
also be studies since the application of laser diode in HAMR in future technology

might cause side effect of degradation on TMR.



1.2 Objectives

1. Understanding fundamental of the commercial TMR structure degradation and
cause of defect due to thermal stress

2. Understand the fundamental of the physical changes in the TMR
microstructure that result on the TMR response changes

3. Apply the knowledge for failure analysis and manufacturing process

improvement

1.3 Scope of research

The study has been separated into three parts ;

Part 1. Thermal stress study by using heater module annealing

The magnetic-heads were measured the magnetic properties by Quasi Static
Test (QST), and stress with the thermal module at 25, 150, 200, 225 and 250 °C, 30
minutes for each group. Then re-measure QST again after the stress, and calculate the
parametric change to verify the device degradation. Microstructural analysis of the
device layers was employed in order to investigate what physical changes in the
device might explain the degradation of performance and reliabilfity.

Part 2. Thermal stress study by using in-situ annealing equip with TEM

The magnetic-head has been prepared by using FIB, and loaded on the heat
source fixture which was built-in the TEM machine. The sample was taken the TEM
image in real time during thermally stress on the device. Starting temperature from 25
°C, then increasing to 150 °C, 250 °C and 350 °C. Each step the thermal stress was 30

minutes

Part 3. Thermal stress study by using laser excitation
The magnetic-heads were measured the magnetic properties by Quasi Static
Test (QST), and stress with laser 10 seconds each head, then re-measure QST again

after the stress. After repeat 20 cycles, then calculate the parametric change to verify



the device degradation. Microstructural analysis of the device layers was employed in
order to investigate what physical changes in the device might explain the degradation

of performance and reliability.



CHAPTER Il

THEORY AND LITERATURE REVIEW

2.1 Tunneling magneto resistance (TMR)

In general, the current cannot flow through the insulator. However, for the
very thin insulator in the scale of few angstroms, the current could penetrate by
ballistic transport (15). When the very thin insulator is sandwiched with soft
magnetic materials that could cause the spin polarized current flow through the layer
as a result of TMR effect. The magnitude of TMR depends on the relative
magnetization angle between the two of soft magnetic layers. The TMR magnetic thin
film is normally used in magnetic data storage. Others applications are spin filter

(15), semimetal materials (16) and ferroelectric (17).

The TMR effect was discovered by Julliere in 1975 with 14% TMR ratio
which was observed in the structure of Fe/Ge/Co at 4.3 K (18). The effect is spin-
dependent scattering of electrons tunneling through the thin insulator that was
sandwiched with two ferromagnetic materials. For better understanding, | would like
to describe how this phenomenal behave with solid state physics, and to explain what
would concern the properties of TMR characteristic.

The early TMR thin film device was fabricated by Miyazaki and Moodera (19,
20). The Al-O barrier was used in the prototype magnetic head in 2002 (21), and the
150 Gbit/inch? areal density product was reported in 2004 (22). In 2006, the TMR has
been commercially used for 300 Gbit/inch? (8). Butter had studied the electronic
structure of TMR thin film with MgO barrier, and the calculation result showed the
TMR ration was about 1,000% (23). By this calculation concept, in 2004 S.S.P.
Parkin (24) and Yuasa (25) had successes the fabrication of the magnetic thin file

TMR with MgO barrier which was sandwiched with CoFeB magnetic thin film layers,



and gave TMR ratio about 230% (26). This structure has been wildly used in
magnetic data recording application until today. The TMR technology has been

developed for more efficient to support extremely high areal density requirement.

The basic structure of TMR composes of two ferromagnetic layers; a free
layer (FL) and a pinned layer (PL). The two ferromagnetic layers are separated by
very thin insulator, called “barrier layer” (see Fig. 2.1).The magnetization of free
layer could be moved freely when the pinned layer magnetization was fixed. The
external magnetic field could induce and change the free layer magnetization
direction which cause relative magnetization angle between free and pinned layers
change as a result of changing the magnetoresistance. If the magnetization direction
of free and pinned layers are in parallel, the current could go through the device
easily, and be called parallel condition current (lp) and given low resistance
condition. On the other hand, if the magnetization of free and pinned layers are in
opposite direction, the current is difficulty to pass the device, and be called
antiparallel condition current (Iap) and given high resistance condition. So, the TMR
ratio can be written as (2.1) (27).

TMR Ratio= ‘2~ (2.1)

AP

And it can be written in the resistance form as (2.2) [28].

TMR Ratio = 5%553 (2.2)

Where ;
Rap : Antiparallel condition resistance

Rp : Parallel condition resistance
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Insulator Layer

._.‘

Free Layer

Pinned.-Layer

Fig. 2.1 Basic concept structure of magnetic thin film TMR

TMR effect could be explained by using Jullier model which has been
proposed in 1975 (28). Jullier used DOS to explain the number of up-spin and down-
spin electrons transferring between two magnetic material layers from the left to the
right by passing through the thin insulator. His assumptions are; (1) spin direction will
not be changed when passing through the insulator layer, and (2) electrons that pass
the insulator layer will be moved to the zone that has the same spin condition. The
up-spin electrons will be moved to up-spin zone, and the down-spin electrons will be

moved to the down-spin zone.
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Fig. 2.2 Diagram of DOS and polarization; (a) Magnetization of
ferromagnetic material in parallel condition, and (b) Magnetization

of ferromagnetic material in antiparallel (29).

From Fig. 2.2 (a), the magnetization of ferromagnetic layers is in parallel
condition. If we consider the up-spin electrons, the DOS at Fermi level is high for the
transmit-side which means high number of up-spin electrons that could be
transported. For the receive-side, the DOS is also high which means it could receive
high number of up-spin electrons. So, the current of up-spin electron is high in this
condition. For the down-spin, both transmit-side and receive-side have low values of
the DOS which means the current from down-spin electrons transportation is low. So,
the overall current is high, as a result of low resistance of TMR. The current on TMR

in parallel condition could be written as (2.3) (30).

[, o N$N$+N'¢'NE (2.3)
Where;
Ip : Currentin parallel condition
N'T‘((f;) : Number of up-spin and down-spin electrons on the left and the
right electrodes

From Fig. 2.2 (b), the magnetization of ferromagnetic layers is in antiparallel
condition. The DOS of up-spin on the transmit-side is high, but the DOS on the
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receive-side is low. So, the current from up-spin electrons is also low. For the down-
spin, the DOS is low on the transmit-side as a result of low current even through the
DOS is high on the receive-side. So, the overall current is low in antiparallel
condition, as a result of high resistance of TMR. The current of antiparallel condition
TMR could be written as (2.4) (30).

|y ¢ NENT +NJNE (2.4)
Where;
Iap : Current in antiparallel condition

N'T‘((f;) : Number of up-spin and down-spin electrons on the left and the

right electrodes

Put Ip and lap in (2.1), then we can get TMR ratio in the form of spin polarization
(30) asin (2.5).

TMR Ratio = 2Rk (2.5)
1-P.P,
Ni—N;

Where; P is spin polarization, calculated from P, = — .
PP " ONL+N]

From (2.5), if we need higher TMR ratio, we have to select materials with
high P. The CoFeB can give very high P about 65% (31), as the materials are

currently used in magnetic data recording that can give very high TMR ratio.

The symmetry of wave function is also important factor for improving
efficiency of the thin film TMR because it relates to the reduction rate of electron
spinning (32). In quantum mechanics, electrons have wave function property. So,

when they go through the insulator region, the energy levels reduce exponentially, and
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called “decay rate”. The decay rate relates to decay factor. For crystalize structure

insulator, the decay relates to wave function and thickness of the material (33) as

shows in (2.6).

Where :

T oc exp(-2k°d)

(2.6)

T = Decay rate of wave function

k = k index

d = Thickness of insulator

o = Spin condition

Tunneling through simple barrier

Energy, wave function
o

-1.5

—=.0 -1

Fig. 2.3 Show the incident electrons wave function (e

electrons wave function (te

S5 -10 05 0 05

—ikz

insulator region (e ) (32).

ikz

), and the electron weave function decay in the

+re™), the transmitted
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From Fig. 2.3, the decay rate of electron wave function in the crystal region
relates to reduction of spin electrons. When the spin electrons flow to the evanescence
state of insulator layer, the decay rate would relate to wave function symmetry. And
the symmetry of the wave function could be found in symmetry of crystal structure
such as MgO. In amorphous materials, the wave function symmetry property could
not be observed (33, 34), see Fig. 2.4.

A
Fe(001) -BiCAJE. ‘kE Fe(001) .8.

OODDOE X 110

+ 1 A
.+!+.¢!+.'°'
MgO(001) ._,

Al-O

(@) (b)

Fig. 2.4 Electron transportation diagram for Al-O and MgO insulator in thin film
TMR (33, 34); (a) Electron transport in Al-O amorphous thin film, no wave function
symmetry. (b) Electron transport in thin film MgO crystal structure, with wave

function symmetry.

The symmetry of wave function has been classified by symmetry of electrons
distribution of individual atomic orbital. There are 4 types of symmetry (33, 34); (1)
Az is symmetry of electrons distribution in orbital s, (2) As is symmetry of electrons

distribution in orbital py, py, dx; and dy;, the symmetry of As is majority in d orbital, (3)
A, is a symmetry of electrons distribution in orbital dxz_y2 ,and (4) A, isasymmetry

of electrons distribution in orbital dyy.
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Fig. 2.5 Types of symmetry and Atomic Orbital (33).

From Fig. 2.5, when we consider the nodes that link in crystal structure, A; has
bigger symmetry than As, A; and A, respectively. So, in a crystal, the numbers of
node that link in the symmetry A; are lower than the number of node of symmetry

As, Ay vaz Az'

respectively, as a result of the decay rate of symmetry A; is lower than
the decay rate of symmetry As, A, and A, respectively. So, the spin electrons
passing through the evanescence state of symmetry A; will be less decayed than
passing through symmetry As A, and A, respectively, as a result of higher TMR

ratio.
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has continuity from valence zone, passing evanescence zone of

insulator to the conduction zone (32).
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Fig. 2.7 Example calculation of DOS of Fe/MgO/Fe structure (32); (a) up-spin

electron on both electrodes, and (b) down-spin electron on both electrodes.
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Fig. 2.6 shows decay rate symmetry types of MgO material. (kAz)® is
momentum property of complex band structure. The negative values of (kAz)? shows
degree of decay, E, is valence band energy level, and E. is conduction band energy
level. We could observe that on the valence band have symmetry A; and As when on
the conduction band only symmetry A; is available. In general, the fabrication of
ferromagnetic material on insulator layer, the symmetry of spin-electron that penetrate
the insulator layer will not be changed the symmetry, the symmetry of spin is
continuous with the symmetry in the evanescence state of insulator. In case of up-
spin, the Fermi energy level has symmetry Aj, higher than others symmetry. But in
case of down-spin, the symmetry A; is not observed, as a result of very high magneto

resistive TMR ratio.

Fig. 2.7 shows the calculation result of the DOS of electrons flow from Fe,
passing through MgO, then to Fe on another side. In case of up-spin, symmetry A; has
less decay than others symmetry, which means the number of up-spin electron passing
through insulator is slightly changed. In case of down-spin, there is no symmetry A;,
and the down-spin cannot pass the insulator. That means the symmetry A; has the spin
filter property, only up-spin electrons are allowed passing through, but down-spin
electrons are not allowed. With this property, the TMR with Fe-MgO-Fe structure has
high ratio TMR about 1000% . TMR thin film with Fe electrodes and MgO barrier has
been first fabricated in 2007. However, in magnetic recording, we use CoFeB for free
and pinned layers, and use MgO for barrier. The barrier usually made of AIO and
MgO (5). The AIO layer is amorphous which causes the tunneling electrons be
scattered, as a result of low TMR ratio. So, the MgO is preferable because of
crystallization property. With the good atomic orientation in the crystalize structure,
the electrons transport has no effect of scattering in the perfect crystal, and give very
high TMR ratio (35). In wafer fabrication process, the crystalline layer deposition of
MgO sandwiched with two ferromagnetic materials are very importance. The
ferromagnetic layers such as Co or Fe or their alloys are preferred to have interfacing
to the MgO layer on (001) plan to minimize lattice mismatch which would help
reduce electron scattering problem (36, 37).
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The ferromagnetic layer has the face center cubic (FCC) structure, while the
MgO barrier layer has the body center cubic (BCC) structure. So, to deposit MgO
layer on the ferromagnetic layer is difficult to make the epitaxial crystallization
structure because of different atomic structure. D. D. Djayaprawira et. al. had studied
the CoFeB/MgO/CoFeB TMR structure. In their experiment, they found very high
TMR ratio at about 230% - 290% compared to the previous reported at that time
about 62% for the structure of CoFe-reference layer and CoFe/NiFe-free layer. In the
analysis with high resolution transmission microscope (HRTEM), they surprisingly
observed the MgO (001) crystallization was grown on the amorphous of CoFeB layer
with very clear interface of the lower and the upper layers. They believed the very
high MR ratio could be achieved from the high crystalize quality of MgQ barrier that
was sandwiched with the two amorphous ferromagnetic electrodes. This finding is to
explain the symmetry of MgO (001) barrier is the critical factor to obtain high MR
ratio, which is essential for coherent spin-polarized tunneling of A; electrons (37).
Later, Yuasa S et. al. had studied the growth mechanism by using in situ reflective
high-energy electron diffraction (RHEED) (38). They found that, the MgO film had
started from amorphous phase, then become crystallize (001) preferred plane after the
thickness higher than 1.0 nm. They also reported that, the annealing process at 250°C,
the CogoFe20B20 amorphous layers were transformed to BCC crystallization structure
because of MgO (001) layer influencing, although the thermodynamically stable
crystal structure of CogoFe20B2o was FCC (39). With this finding, the technique could
be developed to fabricate the CoFeB/MgO/CoFeB to be single crystalize structure in

(001) plane to minimize electrons scattering which could enhance the TMR ratio.

Tsunekawa et. Al. had studied the effect of deposition material on top of
CoFeB layer, which was called “cap layer”. They experimented by using various
materials, such as NiFe, Ru and Ta (40). They found that a Ru and Ta cap layer did
not show the effect on the CoFeB electrode but NiggFeo, (permalloy) showed
significantly affecting on the CoFeB crystallization after the annealing at 200°C.
When the annealing temperature increased up to 250°C, the CoFeB which was FCC
stable structure did not change to BCC structure to match with MgO layer. So, the Ru

or Ta are generally used for cap layer.
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The TMR ratio also depends on the composition and the thicknesses of the
CoFeB film. Lee Y. M. reported that the TMR structure with a 4 nm thickness
(CozsFers)s0B2o electrodes and a 2.1nm thickness of MgO barrier layer, annealed at
475 °C, was 500% at room temperature (300 K), and could be up to 1010% at 5 K
temperature (41).

In the application of TMR device, the pin layer needs to be fixed the
magnetization direction in order to sense the external field via the changing of the free
layer magnetization only. The pinned layer is sometime called “reference layer”. To
fix the pinned layer could be used permanent magnetic or antiferromagnetic to
coupling the pinned layer. However, the antiferromagnetic coupling is generally used
because it doesn’t have the effect of expose field to interfere the reading signal. The
selected antiferromagnetic material needs to be considered; (1) high magnetic
coupling exchange to strengthen the pinned layer in the fixed direction, (2) high
blocking temperature to resist the high temperature from manufacturing process and
internal heater element, and (3) low critical thickness to minimize shield to shield

spacing which is very critical parameter for high areal density head design.

Antiferromagnetic materials such as IrMn, PtMn, FeMn and NiMn have been
study the properties, and found that IrMn is the good candidate for magnetic data
storage application due to it has the lowest critical thickness (7-8 A) when it has high
exchange field (400 Oe) and high blocking temperature (250 °C) as shows in Table 1
(42, 43).
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Table 2.1 Antiferromagnetic materials and properties (42, 43).

AFM material IrMn PtMn FeMn NiMn
Exchange bias field (Oe) 400 500 420 450
Blocking temperature (°C) 250 350 150 370
Critical thickness (nm) 7-8 10-15 7-10 25

The ratio between Ir and Mn has been studies, and found 80% — 85% of Mn
would give the highest exchange magnetic field property as shows in Fig. 2.8 (44).
So, the controlling ratio of Ir and Mn is critical to achieve the high coupling field to
the pinned layer as a result of good stability of the device. The depletion of Ir or Mn
due to any reason could cause weak magnetic coupling field, and affect poor fixing
function to the pinned magnetization, that might cause spike signal due to multi
domains have been formed on pinned layer which is called “Barkhausen Jump .

Loy H:;x(kOe) IrMn/COFe
o Tl o T
’ - ‘\‘
.',' .
0.75 .
’ ‘,I .\\
0.80- Ir Content (at.%)
10 15 20 25

Fig. 2.8 IrMn composition and magnetic coupling field (44).
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As the lower shield to shield spacing is critical for improving the down track
for high data bit per inch (BPI) in order to improve the resolution to verify the very
high density packing magnetic data bits in the linear direction, so the minimum
thickness of the TMR component layers are required. The possible thinnest of IrMn
that still keep antiferromagnetic property is about 7-8 nm as shows in Fig. 2.9 (45),

and it is the most thinnest among others antiferromagnetic materials.

Critical thickness = 7- 8 nm

g 9 !
7) I H !
g"g“of 75A .
> =2 ]
= ' :
o ol T
o ) ¢ 7
. 0 200 400 600, 800
IrMn thickness [A]

Fig. 2.9 IrMn thin film thickness and exchange coupling field, critical thickness is
about 7-8 nm (45).

Annealing the magnetic thin film is a way to help improve the exchange field
property due to more crystalized structure atomic arrangement. We could observe the
higher intensity x-ray diffraction after annealing that compares to as-deposited peaks
as shows in Fig. 2.10. The increasing peak intensity could be explained that the

growth of more crystalized structure atomic arrangement (46).
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Fig. 2.10 Annealing magnetic thin film study for helping crystallization atomic

structure and improving exchange magnetic field (46).

2.2 Magnetic noise of TMR

One of noise source on TMR is happened from Barkhausen effect which is a
noise of ferromagnetic materials. This effect was discovered by German physicist
Heinrich Barkhausen in 1991, it is an effect from rapidly changing the magnetic
domain size or the moving of domain wall.

He worked in acoustics and magnetism, and his discovery became a major finding
evident supporting the domain theory of ferromagnetic that Pierre-Ernest Weiss was
proposed in 1906 (47).

The Bakhausen effect is a suddenly change in the size and orientation of
ferromagnetic domains. In the microscopic, it is a change of atomic magnetic cluster
aliment or spins. This occurs during a continuous process of magnetization or
demagnetization. The Barkhausen effect is the evidence that confirms the existence of
ferromagnetic domains, which had been postulated theoretically before. He found that
a slow and smooth increase of an applied magnetic field to ferromagnetic material,

such as iron, causes it became magnetized with no continuously.
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As an external applied magnetizing field is changed, may be increased or
decreased, the magnetization of the material changes discontinuously, causing “jump”
in the magnetic flux through the ferromagnetic as shows in Fig. 2.11. In the very early
finding, the jJump was observed by using a coil of wire around the ferromagnetic bar,
attached to an amplifier and speaker. The sudden transitions of the magnetization
induce the current pulses in the coil, and makes a crackling sound. This sound, first

discovered by German physicist Heinrich Barkhausen, and called Barkhausen noise.

AJ, B

v

Fig. 2.11 Magnetization (J) or flux density (B) curve as function of magnetic field

intensity (H) in ferromagnetic material (47).
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Fig. 2.12 Diagram of magnetization on ferromagnetic defected domains;(a) zero
external field, (b) with external field and domain wall start moving, (c-d) at higher
external field and domain wall distorted due to defect of material, and (e) at higher

level external that can over the defect (47).


https://en.wikipedia.org/wiki/Heinrich_Barkhausen
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The magnetization jumps are from discrete changes of ferromagnetic domains.
The magnetic domains are the clusters of atomic which have spins in the same
direction for each domain. When apply the external magnetic field, the spins will be
forced to align in the same direction according to the forcing field. At some point of
external magnetizing field causing a sudden reversal of neighboring spins, and other
whole domains suddenly turn into the direction of the external field, and creating the

jump signal due to domain switching.

In some case, contamination or defect in ferromagnetic material could cause
abnormal Barkhausen jump. In Fig. 2.12 (a) — (b), the domain wall started moving
when the ferromagnetic has been applied the external field, and the domain wall is
distorted due to contamination as shows in (c) and (d). Suddenly, the domain wall has

been quickly changed from (d) to (e) and causing big jump.

2.3 Degradation of TMR magnetic thin film

Because of very thin and complexity of TMR magnetic film, the degradation
of the layers would be very challenge issue. In the application of TMR, the bias
voltage is applied to the thin film device. The breakdown on insulator layer is critical
and interesting problem. The damaging could be Intrinsic Breakdown and Extrinsic

Breakdown.

The obvious damaging could be due to combination of electric field and heat
that effect to insulator layer which is the weakest layer of the device. If electric field
is high enough, it would effect to ionize bonding of the dipole moment breakdown at
some level of activation energy. The obvious damage could be explained by E-Model
(48, 49) to explain the possibility of Breakdown, p(t) by equation (2.7).


https://en.wikipedia.org/wiki/Spin_(physics)
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p(®) = A exp(-o2) @7)

Where;

V(t) : Voltage across insulator thick tg under electric field E(t) ,

and could be calculated from ;
V() = E)xt,

A : Effect from thermal (T) and activation energy (Ea) in
insulator area A;

that calculated from ;

A=A, exp(—EA/kT) , K =Boltzmann’s constant

B : Result of heat that effect to atoms of insulator thickness of tg

Case | : In case of atomic movement, calculated from;

B = kTt,/a|gZ|
Where;
a = Atomic space
Z = Number of ion

g = Charge

At potential level that causes breakdown or called “breakdown voltage”, and relative
to A and B.

V(t) ~ (%) 28)
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Case Il : In case of applied voltage increasing by time to the TMR thin film, the

maximum voltage could be written as in (2.20).

VmaXzBIn(dV/dt

) (2.9)

From (2.7), we could see the breakdown point relates to thickness and cross-
section area of the thin film. If consider within the same dimensions, we could
observe the thinner film is easier broken down than the thicker film. Also the higher
breakdown voltage is required for the higher temperature on thin film as shows in Fig.
2.13-2.14.
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Fig. 2.13 Breakdown voltage of magnetic thin film comparison between 2.1 nm and
1.8 nm thickness (49).
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Fig. 2.14 Thermal effect on the breakdown voltage (49).

As the temperature increases, the breakdown voltage will be higher per
equation (2.7). At the higher temperature we also observe higher TMR ratio.
However, at about 350 °C, the breakdown voltage trend to be reduced when the TMR
ration slightly decreases. The high temperature causes atomic lattice expansion, and B
parameter is reduced, as a result of lower breakdown voltage. Up to about 350 °C, the

MgO bonding may have more symmetry that why increasing of TMR ratio.

For the effect of current bias direction, junction area, and
parallel/antiparallel condition were studied, and found they relate to the breakdown
voltage and current density of TMR thin film. In Fig. 2.15, we could observe the
bigger cross section area of TMR thin film has lower breakdown voltage, that could
be explained in (2.7). For the same cross section area, the break down voltage relates
to the electrodes polarity. The breakdown voltage of negative bias is lower than the

breakdown voltage of positive bias. This finding is due to spin filter effect (49).
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Fig. 2.15 Cross sectional area of TMR thin film and breakdown voltage/current in
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forward and reverse bias ; (a) antiparallel TMR condition (b) parallel TMR

condition (49).

The effect of oxygen vacancy of Fe/MgO/Fe has been studies by calculation,

and found that oxygen vacancy effects to transportation coefficient (see Fig. 2.16)

which would reduce the current flow and causes increasing in resistance, as a result of

higher breakdown voltage (50).

T (10%

[N ]
1
=

—ideal
------ vacancy

Fig. 2.16 Relative of energy (E) and transportation coefficient (T) of ideal magnetic

thin film Fe/MgO/Fe (50).
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In case of pinhole in the TMR, during apply the electric field, the pin hold
might be expanded, and causing more leak current flow through the pin hole as a
result of reducing in resistance (Rpinnole) @s diagram shows in Fig. 2.17 (a). The

pinholes could be represented by parallel resistor circuit in Fig. 2.17 (b).

FM1 Barrier with a pinhole FM2

(@) (b)

Fig. 2.17 Diagram of TMR thin film with pin hole; (a) Pin hole in magnetic thin film
TMR (51), (b) Circuit diagram of TMR resistance (Rtmg) and resistance of pin hole
(Rpinhole)-

Fig. 2.18 TEM image of defect (pinhole) in magnetic thin film TMR (51).
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Fig. 2.19 Relation of MgO thickness and pinhole density; (a) Effect of CoFeB
thickness to pinhole density, (b) Effect of B content to pinhole density (52).

MgO defect (pinhole) may be formed during thin film fabrication, and its
density relates to the thickness of MgO layer (see Fig. 2.18). We could see the pinhole
density reduce when the thickness of MgO increase In Fig. 2.19 (a), we have
observed when the thickness of CoFeB layer increase, the pinhole density also
increases. We also found the higher content of boron (B) in CoFeB/MgO/CoFeB
components cause higher pinhole density as shows in Fig. 2.19 (b). This finding are

possibly due to B diffusion in to MgO that causing more pinhole density (53, 54).

Out of voltage or current breakdown to the device, the thermal stress is
important factor that cause the TMR degradation. It possibly came from thermal
effects of dynamic fly high (DFH) element during operation, thermal effects from
manufacturing process such as magnetic annealing, epoxy-curing process,

electrostatic discharge and also thermal stress in reliability tests. In this work, we
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study the influence of thermal stress on TMR device degradation. The degradation of
the device due to microstructural defects was analyzed to understand the possible

cause that correlates to the degradation characteristic of individual device.



CHAPTER IlI

CHARACTERIZATIONS

In this chapter, the concept of characterization techniques that used in the
study and analysis of TMR structures will be explained.

3.1 Quasi static tester

As we know, the TMR device has a resistance value that is corresponding to
the applied magnetic field. The changes of resistance can also related to the relative
angle between the magnetization direction of free layer and pinned layer. When the
free layer magnetization direction is in parallel with the pinned layer, the electrons
easily pass through the interface layers and give low resistance, but if the
magnetization direction of free layer is in the opposite direction to the pinned later,
the electrons difficulty pass the interface layers, and give high resistance. For
magnetic recording data sensing function, the devices have been designed the free
layer moving freely when the pinned later is fixed via magnetic coupling of

antiferromagnetic layer.

The quasi static tester (QST) is used for testing the reader magnetically
response of the devices. When the QST apply the electromagnetic field, the free layer
magnetization will be rotated according to the applied field. The angle of free layer
magnetization with respect to the pinned layer would relate to the magnitude of the
QST applied field. This relative angle results in resistance-change due to TMR effect,
and showed as “amplitude” in the QST measurement (with dc bias). With the higher
applied electromagnetic field, the amplitude will be increased, and when the applied
field goes opposite direction, the amplitude will give negative values. The plot
between applied electromagnetic field (x-axis) and amplitude (y-axis) which shows

relative of magnetic field and TMR response, called “transfer curve”, see Fig. 3.1 and
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Fig. 3.2. The basic measurement parameters are; (1) MRR (static resistance of the
reader under zero magnetic field), (2) amplitude (peak to peak voltage measured from
the reader resistance change due to the apply magnetic field), (3) asymmetry
(calculated symmetry of amplitude response for positive and negative magnetic field)

and (4) barkhausen jump (7).
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Fig. 3.1 Basic concept of Quasi Static Tester (QST) (7).
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Fig. 3.2 QST bias and measurement (7).
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In this dissertation work, the QST system model 1S1 2012 from Integral

Solutions has been used to measure the magnetic response of the TMR structure.

3.2 High-resolution transmission electron microscope (HTEM)

Over the limitation of Optical Microscope (OM), the Scanning Electron
Microscope (SEM) has been use for the higher magnification with the break through
technique, form optical to electron incident. For the higher magnification that is the
limit of SEM, the Transmission Electron Microscopy (TEM) is a powerful equipment

using for nano-scale inspection of materials (55).

The first TEM was developed by Max Knoll and Ernst Ruska in 1931, and the first
commercial TEM was in 1939. Ruska was awarded the Nobel Prize in physics for the
development of transmission electron microscopy in 1986.

TEM technique uses a beam of electrons transition through a specimen to form an
image. So, the specimen is needed to be prepared very thin less than 100 nm thick.
The electron beam is transmitted through the specimen to form the image onto
imaging unit such as screen, film or a sensor such as a charge-coupled device (CCD).
The information could be applied for understanding the microstructure and
composition of the. The contrast of the image is developed from the transmitted
electrons through the specimen with the scattering mechanisms which is interaction
between electrons and atomic of the sample. There are two mode that generally be
used; (1) imaging mode and (2) diffraction mode. A schematic picture of TEM is

showed on Fig. 3.3.

High-Resolution Electron Microscope (HRTEM) that could give the quality
image uses a large diameter object aperture that help induce several diffraction beam,
and the beam passed through the objective aperture then form the image. In high
magnification, and high resolution, we could obtain contrast in the image with

periodic fringes (phase contrast). These fringes represent a direct resolution of the


https://en.wikipedia.org/wiki/Max_Knoll
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Gragg’s diffraction planes, and the fringes that are observed in high resolution images

are from Bragge’s reflecting planes.

Imaging mode Diffraction mode

Electron Gun

System of condenser lenses
Condenser aperture

Specimen

Objective lens

Objective aperture

y \ Selected area aperture
Inimage plane of <X )>= Intermediate lens
Objective lens (strength changes between two regimes)

Screen
Image Diffraction pattern

Fig. 3.3 Schematic of Transmission Electron Microscope (TEM); (a) Imaging mode
and (b) Diffraction mode (55).

In this research, an FEI Titan3 G2 TEM and FEI-Osiris scanning transmission
electron microscopy (STEM) were used to investigate the microstructure of the TMR
device. The TEM samples were prepared by using FIB techniques, and the details of

FIB will be described in the next section.
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3.3 Focus ion beam (FIB)

Focused ion beam (FIB) is a technique used for analysis, deposition, and
ablation of materials. It is a scientific instrument that normally resembles in a
scanning electron microscope (SEM). The FIB has been used in the high technology
analysis lab such as application for defect analysis on transmission electron
microscope (TEM) sample preparation. The instrument is using liquid metal ion
sources (LMIS), such as gallium ion (Ga), gold (Au) and iridium (Ir) (56).

In a gallium LMIS, gallium metal is put in contact with a tungsten needle. We
heat the liquid gallium and flows to the tip of the needle. The tip radius is extremely
small (~2 nm), and the very high electric field has been applied to this small tip
(greater than 1 x 10° volts per centimeter) to induce ionization and field emission of
the gallium atoms. The ions are accelerated to 1-50 keV (kiloelectronvolts), and
focused onto the sample by electrostatic lenses for the etching process. The very fine
etching help to achieve very thin and smooth surface of the sample preparation for
HRTEM to have high quality images. The schematic of FIB instrument shows in
Fig.3.4, and the sample preparation shows in Fig 3.5, respectively. The focused ion

beam used in this work is FEI Helios 450s.
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Fig. 3.4 Schematic of Focus lon Beam (FIB) instrument (56).
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Fig. 3.5 Focus lon Beam (FIB) sample preparation by using FIB (56).
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3.4 Energy dispersive X-ray (EDX)

Energy Dispersive X-ray instrument is used for analysis and characterize the
materials. The technique is using high energy electron beam to stimulate the specimen
for emitting the X-ray. Each material has individual X-ray spectrum due to individual
characteristic of K, L and M energy levels, so we could know the material types of the

sample via analysis of the signal from the detector (see Fig. 3.6 - 3.7) (57).

The signal intensity of the signals would relate to the composition of elements,
so we also know the percentage combination of the alloy elements by using this
technique. The detected energies are also being mapped with the TEM image which

help enhance the material distribution analysis as shows example in Fig 3.8.

Electron
Beam

X-Ray
Detector

Sample

Stage

Fig. 3.6 Schematic of Energy Dispersive X-ray (EDX) equipment (57).
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Fig 3.7 X-ray characteristic of material (57)

Fig. 3.8 Example of X-ray energy mapping analysis
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In this research, an FEI Titan3 G2 TEM and FEI-Osiris scanning transmission
electron microscopy (STEM), equipped with a BRUKER Super-XEDX Esprit, were
used to investigate the microstructure and elemental mapping of the layers with the
electron microscopes operating at 200 kV. The elemental mapping from the energy-
dispersive X-ray spectroscopy (XEDS) were performed for all the key elements
within the TMR structure.

In SEM an electron beam is focused into a small probe across the surface of a
specimen. Several interactions with the sample that result in the emission of electrons
or photons occur as the electrons penetrate the surface. These emitted particles can be
collected with the detector to give information about the material. The resolution is
determined by beam diameter. When in transmission electron microscopy (TEM), a
beam of highly focused electrons are directed toward a thinned sample (<200 nm). It
is very high resolution, compared to SEM. These highly energetic incident electrons
interact with the atoms in the sample producing characteristic radiation and particles
providing information for materials characterization. Information is obtained from
both deflected and non-deflected transmitted electrons, backscattered and secondary
electrons, and emitted photons. The resolution of a scanning electron microscope is
lower than that of a transmission electron microscope. While TEM can view the
images of objects to atomic level (which is less than 1nm), SEM can only be used to

view images that require tens of nm at most.



CHAPTER IV

EXPERIMENTAL

The experiment has been separated into three parts, each part would give
different view point, and to have combination results would help better understanding

of heat effect on TMR device degradation.

Part 1. Thermal stress study by using heater module annealing; this
method is good to represent general heat source effect such as thermal
from IR oven in HGA process, from magnetic annealing in Slider
fabrication process, but weak point of this method we do not know nano-

structure of TMR device before stress.

Part 2. Thermal stress study by using in-situ annealing equip with
TEM; this method is good to observed the changing of nano-structure
during thermally stress, but weak point we cannot measure QST of the

TMR device after stress.

Part 3. Thermal stress study by using laser excitation; this method is
good to represent irradiation induce heat on TMR device which may
represent laser beam reflecting in HAMR, PSA/RSA adjust by laser, Laser
attached process. Weak point of this method, we also do not know the
TMR structure before stress, also difficult to measure the accurate

temperature on the device.
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4.1 TMR device structure for experiment

The TMR devices used in the experiments were the embedded in HDD
magnetic heads which were fabricated by physical vapor deposition (PVD) processes
on AI203-TiC (AITIC) substrates. The main structure of the TMR device composes
of a magnetically free layer, a tunneling barrier, a pinned layer, and pinning layer. The
free layer and pinned layer are made of soft magnetic materials such as NiFe, NiFeB,
CoFe or CoFeB and the pinning layer is made of antiferromagnetic materials such as
IrMn. The barrier layer is usually made from very thin insulator material such as MgO
or Al203, to create magnetic tunneling effect. In this work, MgO has been used since
it gives better performance than AI203, due to its crystal structure (12). The
crystallinity helps to minimize electrons scattering over those amorphous structures
(13). To improve the magnetic exchange-biasing between the pinned layer and the
pinning layer, another soft magnetic layer has been added, isolated by a layer of
nonmagnetic material such as Ta and Ru as a buffer layer. This enhanced design is
called synthetic ferromagnetic structure (14-16). The schematic diagram of this device
structure is illustrated in Fig. 4.1. The wafers were passed through a slider fabrication
process, which composed of many process such as dicing, lapping, cutting, ABS
formation and head overcoat deposition. The finished devices were measured for the
electrical characteristics and investigated for microstructural defects due to applied
thermal stress.

> Free layer (NiFe, NiFeB, CoFe or CoFeB)

Barrier layer (MgO or AlO)

. —_— Pinned layer (NiFe, NiFeB, CoFe or CoFeB)
Synthetic

ferromagnetic
structure

Buffer layer (Ta or Ru)

Ferromagnetic layer (NiFe, NiFeB, CoFe or CoFeB)

Pinning layer (IrMn or PtMn)

Fig. 4.1 Schematic diagram of synthetic ferromagnetic structure of TMR device
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4.2 Experiment setup and characterization method

4.2.1 Thermal stress study by using heater module annealing procedure

The quasi static test (QST) method was used to investigate the TMR device
characteristics. QST consists of an electromagnetic core, a control box, and computer
control unit. The TMR device is placed in the gap of electro-magnetic core, and the
DC bias is then applied to the TMR device to measure the resistance change as a

function of the external electromagnetic field to simulate the field of magnetic data

(17).

For thermal stress measurement, the TMR devices were grouped (ten devices
for each group), and measured resistance, amplitude and asymmetry parameters by a
commercially available QST tester from integral solution international (ISI). The
measurement setup was 140 mV bias with the magnetic field sweep +/- 519 Oe, and
magnetic field step 1 Oe. Then the devices were thermally stressed in a furnace
between 150-250°Cfor 30 minutes, while the control group was kept at room

temperature. The flow of experiment is showed in Fig.4.2.



QST Measurement

¥

Temperature Stress

10 seconds

Group_1: 25°C
Group_2:150°C
Group_3:200°C
Group_4:225°C
Group_5:250°C

¥

QST Measurement

b

Analyze Data

¥

Select interesting sample
for FIB/TEM/EDX

Fig. 4.2 Thermal stress experiment flow.
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The thermal module used in the experiment composes of temperature
controller, a heater unit, and a thermocouple with temperature feedback control as

shows in Fig. 4.3.

. . . Magnetic head (Slider)
Heat Activate on Magnetic Head Experiment Setup

' Top @

Al
LakeShore Model 340 Temperature Controller W

Heater and temperature monitor unit

Heater element

Fig. 4.3 Thermal stress experiment module and setup.

After the thermal stress, the TMR devices were re-measured for the QST
parameters again, and the changes in percentage were calculated for resistance,
amplitude and asymmetry parameters. The cross-sectional microstructure and
elemental analysis were investigated using TEM, STEM, and XEDS to study the
structure defects which corresponding to the QST parametric changes. The TEM
samples preparation was done using FIB (FEI Helios 450s). TEM (Titan 3TM G2 60-
300) and STEM (FEI Osiris) equipped with XEDS (BRUKER) were used to
investigate the microstructure and interfaces between the layers.

4.2.2 Thermal stress study by using in-situ annealing equip with TEM

This experiment, the sample has been prepared by using FIB (FEI Helios
450s), and loaded on the heat source fixture which was built-in the TEM (Titan 3TM
G2 60-300). This TEM is capable to taken the image in real time during thermally
stress on the device which is very powerful tool to observe the material structure with
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very high resolution in the level of nanometer scale. The thermal stress was started
temperature from 25 °C, then increased to 150 °C, 250 °C and 350 °C., each step the
thermal stress was 30 minutes applied.

4.2.3 Thermal stress study by using laser excitation

In this experiment, the TMR reader sensors were measured the magnetic
response properties by using the quasi static tester (QST), then beam the 1,000 mW
laser onto the reader sensor area for 10 seconds. After that, the reader sensors were re-
measured magnetic response by QST again. These sequential steps were repeated for
20 cycles of each heads. The experiment was performed on tree samples when another
two heads were measured only QST without stressing which was used for reference
heads. The flow of experiment is showed in Fig. 4.4, and the laser beam stress setup is

showed in Fig. 4.5.
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Fig. 4.4 Laser stress experiment flow.
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Laser Source (LED)

Laser Beam .
Slider Substrate

Sensitive Devices Zone

(TMR, NFT, TDS) Suspension

Fig. 4.5 Laser stress on magnetic head experiment setup



CHAPTER V

RESULTS AND DISCUSSION

5.1 Thermal stress study by using heater module annealing

Normally, the resistance of the TMR device can be changed when the
magnetic field has been applied in direction perpendicular to the device. The change
in resistance is due to spin-dependent transportation across the spacer layer. It relates
to the relative angle between the magnetization direction of free layer and pinned
layer. As the free layer magnetization direction aligns in parallel with the direction of
the pinned layer, the electrons can easily transport through the interface between those
2 layers and exhibit a low resistance. On the other hand, if the magnetization direction
of free layer is in the opposite direction to the pinned layer, electrons transport
through the interface is difficult, and a high resistance results. This device has been
designed that the magnetization direction of free layer can be moved freely when the

pinned layer is fixed via magnetic coupling of antiferromagnetic layer [1-2].

Results from QST measurements before and after applied thermal stress are
shown in Fig. 5.1 (a) - (c) and be summarized in Table 1. The result from Fig.5.1 (a)
shows that at higher temperature, the percentage change in resistance at zero field
(%AMRR) values start to increase, as seen by an increase of the mean value and STD
of the % AMRR in Table 1. For the percentage change in QST amplitude after thermal
stress with the stress temperature (%oAAmplitude), It was found that some devices
have more increasing percentage at higher temperature when some devices have more
reducing percentage than others, as shows in Fig 5.1 (b). In Table 1, the STD of the
%AAmplitude starts to increase at higher temperatures, when the mean value of
percentage change in amplitude is almost constant because we observed both
increased and decreased amplitude. Fig. 5.1 (c) shows percentage change in QST

asymmetry (%oAAsymmetry) after thermal stress.
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Fig. 5.1 Percentage change of QST parameters versus stress temperature ; (a)

%AMRR versus stress temperature, (b) Y%oAAmplitude versus stress temperature, and

(c) %AAsymmetry versus stress temperature.
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Table 5.1 Statistical values of the measured QST parameters versus stress

temperature.
Temperature ( °C) 25 150 200 225 250

% AMRR Mean 0.38 -0.19 -0.06 2.08 6.28

STD 0.24 1.67 0.82 1.63 4.57

% AAmplitude Mean 1.03 2.49 3.70 1.95 2.06

STD 1.94 3.19 4.04 7.15 10.91

% AAsymmetry Mean -0.06 -1.00 -0.11 -0.22 -4.44

STD 1.47 2.06 1.99 4.67 7.01

It was found that at the higher temperature, the %AAsymmetry decreased,
obviously at 225°C. In addition, at stress temperature about 250°C, a device was
observed a noisy curve from the QST measurement and the appearance of a spike
peak known as Barkhausen jump, which is clearly seen on the forward QST test at
180 Oe as shows in Fig 5.2. This Barkhausen jump normally can be caused by multi-
domain of ferromagnetic layers such as free layer or pinned layers has suddenly

switched during QST measurement [51].



(a)

(b)

Amp (uv)

Amp (uv)

5000

2500

-2500

-5000

7500

5000

2500

-2500

-5000

-7500

Transverse.1. DFH
Bias: -0.2596 Part ID: WHG2954E Head SR 2
p—]

Forward

]
Reverse

e 0

T T O 5O 0 O 5 ol 5 T ST Sl O 5 O S el O 5 e e O 1)
-500 -400 -300 -200 -100 0 100 200 300 400 500
Magnetic Field (Oe)
Transverse.l. DFH
Bias: -0.3234 Part ID: WHG2940T Head SR 2
—-->— ——)
Forward Reverse

T
S

LELELEL
|

TrTT

1{1'1»/
Z| A

[~ Barkhaysen Jimp

0 R B P A L)

.!_i"l' TrrT

o T o T T W T T o P 5 o 0 W i G P o W T B O

-500 -400 -300 -200 -100 0 100

Magnetic Field (Oe)

200 300 400 S00
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For microstructural analysis, the cross-sectional transmission electron and
scanning transmission electron micrographs of the thermal stressed device at 250°C
are in Fig. 5.3 (a) and (b). The micrographs clearly show the interfaces between layers
in the multilayer TMR device structure. As shown in Fig. 5.4 (a) and (b), at the MgO
barrier, we observe the recrystallization and discontinuity of the MgO atomic planes
in some part of the layer, which is not found in the reference device without thermal
stress. Normally, the MgO barrier layer requires good crystallinity to maximize
electron transport and minimize electron scattering. The result from EDX analysis of
MgO layer also shows inhomogeneity of Mg in MgO layer. This layer defect could
cause electrons scattering that induce high resistance and noisy signal. It can also be
possible that the high percentage change in resistance and the noisy transfer curve
could be affected from the degradation of barrier layer caused by inhomogeneity of

Mg due to thermal stress.

NiFe/Fe/CoFeB/CoFe : Free :
sl .M.zowarri” =%

g B 8
CoFe/CoFeB/Ru/CoFe: Pinned/SAF ‘;

Fig. 5.3 Cross-sectional electron micrographs of TMR device after induce thermal
stress at 250°C in (a) TEM mode and (b) STEM mode.
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Fig. 5.4 Cross-sectional electron micrographs at barrier layer of TMR device (a)

normal and (b) after applying thermal stress at 250°C.

The EDX analysis on AFM layer also indicated the Mn depletion within IrMn
layer as shown in  Fig. 5.5. The function of IrMn AFM layer in TMR device is to pin
the pinned layer. The depletion of Mn could lead to a poor magnetic exchange-
coupling force to the pinned layer and cause magnetic multi-domain in the reference
layer. If a portion of the multi-domain has suddenly switched, the QST transfer curve
could exhibit Barkhausen jump. Thus, the Mn depletion may be a part of Barkhausen
jump at 180 Oe forward QST test. Others layers are also analyzed, but no abnormal

defect was observed as show in Fig. 5.6.



Fig. 5.5 (a) XEDS analysis of normal AFM of TMR device, and (b) the Mn
depletion of the IrMn AFM layer of the thermal stress TMR device.
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Fig. 5.6 (b) XEDS analysis of Co/Fe/Ni composition for normal TMR device and (b)
for the thermal stress TMR device.
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From the microstructural analysis observation, we believed that one of the
major reasons of increasing the %AMRR could be due to the barrier layer change
such as re-crystallization and atomic interfacing with the adjacent ferromagnetic
layers of both pinned and free layers after the thermal stress. This can cause an

obstruction of electron transportation as a result of higher resistance behavior.

In some cases of the increasing of %AAmplitude can be due to an
improvement of crystal structure of some devices materials caused by the annealing
process induces structural relaxation and help to increase the amplitude values.
However, for some devices the thermal stress from annealing can create some

structure defects and cause the reduction of the amplitude value.

The %AAsymmetry decreased can be caused by the changing of bias point of
the devices, possibly due to the modification of synthetic pinning structure such as re-
crystallization, interface effects between layers or materials inter-diffusion affecting to

magnetic coupling to the pinning behavior.

5.2 Thermal stress study by using in-situ annealing equip with TEM

To be able to observe the changing in the microstructure of the materials in
different layers of TMR structure, the slider was prepared by FIB before investigated
in the transmission electron microscope. A special TEM holder with a heater was used
to anneal the sample inside the microscope and simultaneously investigated by high
angle annular dark field scanning transmission electron microscopy (HAADF-STEM)
and electron energy loss spectroscopy (STEM-EELS) in the Link6ping FEI Titan3 60-
300, equipped with a Gatan Quantum ERS. The electron microscope was operated at

the working acceleration voltage of 300 kV.
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The in-situ real-time annealing TEM study showed the images of sample
stressed temperature lower than 250 °C were hardly observed the change in
microstructure of the TMR, when the 350 °C image was observed part of ultra-thin Ru
layer interfaces that was not an abrupt as original at 25 °C. This is a sign indicate a
diffusion of materials via the interfaces. The observation of changing in Ru layer
could imply that materials compose of TMR which have atomic weight less than Ru
(101.07) such as B (10.81), Fe (55.85), Ni (58.70), Co (58.93), Mg (24.31), O (15.99)
and Mn (54.94), could diffuse to adjacent layers and causing instability. The AFM

layer was also observed structure change at this stress temperature, see Fig. 5.7.
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(b)

Fig. 5.7. (a) TEM image (STEM mode) of TMR on in-situ annealing equipment at 25
°C, and (b) after thermal stress to 350 °C, observed diffusion of Ru into adjacent soft

magnetic layers and the crystal structure changes of [rMn AFM layer
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5.3 Thermal stress study by using laser excitation

After the TMR devices were thermally stressed by the laser beam, percentage change
of QST has investigated as the results shown in Fig 5.8. The MRR and asymmetry
parameters were not observed significantly change, when the amplitude parameter
was observed decreasing on HD#1 (-7.45%), HD#2 (-24.56% ) and HD#3 (-63.43%

), respectively.
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Fig. 5.8 QST percentage change parameter after laser stress; (a) MRR parameter, (b)
amplitude parameter and (c) asymmetry parameter.
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The QST amplitude decreasing is possibly due to heat generated of laser beam
onto TMR area which high enough to make change in magnetic property of the TMR
that could be observed the lower TMR response, or amplitude degradation. The
temperature of stress on TMR device was calculated by using COMSOL
MUTIPHYSIC software. It was found that the stress temperature on the TMR

structure was about 427 °C. as shows in Fig. 5.9.

Fig. 5.9 Temperature calculation of laser beam stress on magnetic head by COMSOL
MULTIPHYSIC, T ~ 427 °C on TMR area.

There has been reported that at the annealing temperature at of about 300 —
400 °C, boron (B) from CoFeB could diffuse into MgO layer, depending on the
imperfect crystallite condition or pinhole on MgO layer [15, 16]. The MgO layer
(barrier layer) is very critical layer to create electron tunneling effect of the TMR
device, so if it has contamination such as B, the magnetic response could be reduced
[13]. The amplitude degradation at about 427 °C by the laser stress was possibly cause

B diffusion into MgO layer as one of the suspected potential root cause.
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STEM images analysis results of the degradation TMR devices shows in Fig
5.10., all specimens of HD#1, HD#2 and HD#3 were hardly observed abnormality.
The XEDS analysis results in Fig 5.11. shows Mn depletion on AFM layer, and very
obvious at air baring surface (ABS), on the right hand side of the image. The
function of AFM layer is to pin the pinned layer by magnetically exchange coupling.
The pinned layer is required strongly fixed magnetization for reference angle to
achieve the effective TMR effect. The depletion of Mn area could reduce
effectiveness of the TMR because the magnetization of the pinned layer at that area
could be moved freely, and cause none-active TMR zone as a result of amplitude

degradation.

The stripe height (SH) and Mn depth were measured for calculation the AFM
loss ratio as shows in Table 15.1., and do scatter plot graph with percentage of
amplitude degradation as shows in Fig. 5.12. We found that degree of degradation

depends on ratio of active and non-active zone for individual TMR element.



63

(@) STEM image of HD#1 (b) STEM image of HD#2

(c) STEM image of HD#3

Fig. 5.10 STEM images of (a) HD#1, (b) HD#2 and (c) HD#3.
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(b)

(c)

(d)

ﬂ

Fig. 5.11 XEDS analysis of (a) HD#1, (b) HD#2, (c) HD#3 and (d) Control head,
observe Mn depletion on AFM layer.



Table 5.2 Stripe height, Mn depletion depth, AFM loss ratio and Amplitude

degradation.

HD# SH* (nm) Mn_Deplition_Depth (nm) AFM_Loss_Ratio Amp_Degradation (%)
HD#1 32 3 0.09 -7.45
HD#2 22 3 0.14 -24.56
HD#3 26 5 0.19 -63.43

Note:
*SH : Stripe height

AFM Loss Ratio = [Mn_Deplition_Depth] / [SH]

-10

Amplirude degradation (%)

AFM Loss Effect on Amp Degradation

.00 0.05 &10 0.15 0.20 0.25
N
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»
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Fig. 5.12 Graph of amplitude degradation with AFM loss effect.



CHAPTER VI

CONCLUSIONS

The investigation of thermal stress influence on actual TMR stack structure in
HDD recording head has been carried out by using QST measurement on the
electromagnetism of the TMR reader structure. It was found that as the temperature
increases, the percentage of change in resistance tends to increase. The percentage of
change in asymmetry decreases while the percentage of change in amplitude exhibits
both increasing and decreasing. We found that the degradation of MgO barrier layer
and the Mn depletion in IrMn antiferromagnetic layer are the major reasons that cause
the high percentage change in TMR resistance and some cases on the appearance of
Barkhausen jump after the structure has been thermal stressed. This seems individual
devices have individual characteristic, especially the defected devices. They would

have obviously deviated from normal population after been thermally stressed.

On a unique characterization, the in-situ annealing STEM results showed the
change in microstructure of the TMR stack after annealing above the temperature at
about 250 °C. At 350 °C, the STEM micrograph showed some part of the interfaces of
an ultra-thin Ru layer could not maintain an abrupt as the original structure (at 25 °C).
This is a sign indicated a diffusion of top and bottom materials along the interfaces.
The observation of changing at the ultra-thin Ru layer interface could also imply that
other materials contained in TMR structure which have atomic weight lower than Ru
(101.07) such as B (10.81), Fe (55.85), Ni (58.70), Co (58.93), Mg (24.31), O (15.99)
and Mn (54.94), can diffuse to adjacent layers and causing the instability on TMR
structure. We also found the structural deformation in the AFM layer at this stress

temperature.

Considering the future technology on HAMR, the laser stress experiment on

the TMR structure using 1,000 mW of 650 nm laser for 10 seconds, 20 cycle showed
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only the QST amplitude degradation when other QST parameters were not obviously
changed. The temperature on TMR structure was about 427 °C, as calculated by using
COMSOL MUTIPHYSIC. STEM and XEDS analysis results indicated Mn depletion
in IrMn antiferromagnetic (AFM) layer, especially at ABS area, where the laser spot
was radiated on the surface. The loss of Mn atoms in IrMn material could reduce
effectiveness of TMR behavior. It can cause magnetization of the pinned layer at this
area to be moved freely, that cause non-active TMR zone. The main root cause in
QST amplitude degradation from the laser induced stress can be due to this Mn
depletion of AFM layer. Degree of degradation depends on ratio of active and non-

active zone for individual TMR element.
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