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CHAPTER |

INTRODUCTION

1.1 Motivation

A hard disk drive (HDD) is the permanent magnetic data storage and one of the
most important components in computers, electronic devices and cloud data storage
service facilities. Inside the HDD, there are many parts that work together. One of the
crucial parts in HDD is the head, containing data reader and writer so called “slider”. The
reader and writer are made of a multilayer thin film of different materials on the Al,O,-TiC
(AITIiC) substrate. For modern read/write head, it uses the tunneling magnetoresistive
(TMR) technology, which changes the resistance of a material in the presence of magnetic
field [1-3]. Since the HDD slider fabrication influences a quality and reliability of HDDs, it
is very important to develop the fabrication processes as well. An ion beam etching (IBE)
process is commonly chosen to fabricate a slider’s pattern underneath the slider in form
of an air bearing surface (ABS) making the slider floats or slides at a few nanometers over
the surface of a HDD'’s platter [4-6].

At the HDD reader and writer parts on the slider, there are more than 40 thin layers
of materials forming a TMR device structure. The etching yields of these different materials
in the TMR device, such as MgO, IrMn, CoFe, and NiFe were calculated to be able to
understand the mechanisms and optimize the processes [7-9]. To gain the best
performance of a HDD slider in the plasma etching process, the plasma characterization
of an industrial-size ion beam etching (IBE) system were measured and analyzed by using
the plasma probe diagnostic method.

In this thesis, the sputtering/etching yields of TMR structure materials in a
multilayer thin film of a HDD slider (Ir,,Mn,, Ir,,Mn

MgO, CoyFe,,, Co,.Fe, and NigFe,,)

767 79’ 107

were calculated by SRIM package. The initial parameters such as plasma ion types, ion



energy, angles of ion beam and materials - were put in as the staring values in the
program. The effects of those parameters were focused on the obtained etching yields
along with the energy uses/losses in ion-surface phenomena during an etching process
[10]. Then, 2-types of the special plasma probes were made to characterize the plasma
characteristics of the IBE system for ABS etching processes. The probes were adjusted
into two cases of this etching process; a system with the ion/electron compensation from
a plasma bridge neutralizer (PBN) and a system without a PBN. Naturally in IBE system,
both ions and electrons are numerously generated. The effects of parameters inputting in
the system (an incident angle, a potential difference between grids or a beam voltage, a
beam current, and a gas flow in both an ion source and a PBN) were considered from -V
curves. Moreover, the plasma parameters such as floating potential, plasma potential, ion
saturation current and ion current density (j,) in the industrial-size IBE system can be
extracted from the plasma |-V characteristic curve. The obtained ion current densities
were used to calculate the sputtering/etching rate. Finally, the sputtering/etching rates

from the experiments were compared with the simulations.

1.2 Purposes of thesis

1. To characterize the plasma in hard disk drive slider fabrication processes
2. To measure and calculate parameters that affect to ion etching performances
of materials in a hard disk drive slider

3. To verify the changes of material properties due to ion bombardments.

1.3 Scope of this thesis

1. Sputtering/etching yields of materials (Ir,,Mn,, Ir,,Mn_;, MgO, CoyFe,,, Co,.Fe,,

and Nig, Fe, ) were calculated by using SRIM package with input parameters such thation



Xi

energy (450, 550, 750 and 1000 eV), angle of ion beam (0-89 degree with 5 intervals),
and plasma ion type (Ar").

2. Sputtering/etching rate of each major materials in TMR device were calculated.

3. Special plasma probes were made and installed in the IBE system to
characterize the plasma in hard disk drive slider fabrication processes.

4. The simulated results and the experimental results were applied to calculate

the etching yields.

1.4 Process of this thesis

Simulations

Plasma characterizations

Etching yields lon saturation current

%Energy losses Plasma potentials

Backscattered ions

Floating potentials

Electron temperatures

Total etching | lon current

yields densities

Etching Rates




CHAPTER Il

THEORETICAL BACKGROUND

2.1 Introduction to Hard Disk Drive (HDD)

A hard disk drive is a permanent data storage hardware used in computers. There
are many major components in a HDD, for instance; platters, a spindle, an actuator, a
head arm and a read/write head as shown in Figure 1. The platters are a shelf of circular
disks which used to be a data storage part. They are made from either aluminium or glass
or ceramic which their surfaces are coated with a magnetic material. The platter can rotate
with a desired velocity in unit of rpm (revolution per minute) by a control of a spindle motor.
The next component is a head arm that can be moved by a small actuator. The head arm
is shifted to a parking position when there is no current flow. The last part is a read/write

head or slider.

Spindle

Acuator arm
Acuator axis

Power connector
Acuator

Jumper block

IDE Connector

Figure 1 A schematic of components of a hard disk drive [11].



This read/write head is a very tiny part installed at an apex of a head arm as shown
in Figure 2(a). The black square is called “slider” which its rim is placed by the actual
position of reader and writer that can be seen by a microscope. The slider’s function is
similar a wing making a head floating above a surface of platters at 5-10 nm height by
using the aero dynamic texture underneath the slider, facing down to the media. It is
patterned and etched in a specific form called “air bearing surface” or “ABS” (shown in
Figure 2(b)). Data reading and writing are done by the sliders moving above the surface
of the platters. The HDD sliders transform the platter's magnetic field into electrical
currents in the reading process and transform electrical currents into magnetic fields

during the writing process [12].

Figure 2 (a) A HDD slider located above a platter, and (b) an ABS under the surface

[13]-[14].

At the edge of HDD slider, there is a tiny thin section made from multilayer thin
films of tunneling magnetoresistive (TMR) materials to form a TMR surface, as shown in
Figure 3. This TMR device composed of a CoFeB/MgO/CoFeB magnetic tunneling
junction (TMJ) is also used in devices such as height-density magnetic recording heads
and magnetic random-access memory [9]. Another composition of the HDD slider in a
typical example, NiFe/CoFe/Cu/CoFe/Ru/CoFe/PtMn, has CoFe/Ru/CoFe as the synthetic
antiferromagnet (SAF) being a pinned layer that is replaced by trilayer structure and

consisting of two ferromagnetic layers separated by a thin nonmagnetic interlayer [1].



Free Layer (CoFe, NiFe)

bee crystal

Amorphous

Figure 3 (a) A Schematic of the multilayer stack composition in a HDD slider [8]. (b) A

multilayer of TMR device by TEM [9].



2.2 Basic of plasma

2.2.1 Plasma definition

Plasma is an ionized gas made up of electrons, ions and neutral particles, but
electrically neutral. The word was first used by Irving Langmuir in 1928 to describe the
ionized gas in an electric discharge. Plasma is sometimes referred as the fourth state of
matter [15]. If we continue to increase enough energy to the gas particles, plasma is
generated. Since it is common to give temperature in equivalent energy unit (eV), the
energy used to generate low temperature plasma should be more than 11600 K (the actual
temperature corresponding to 1 eV is 11600 K). Plasma can also be generated by adding
the magnetic field in the system. This field results in the electrical interaction of ions and
electrons. It has been said that 99% of matter in the universe is in the plasma state
(lighting, earth’s ionosphere, aurora, earth’s magnetosphere, radiation belts,
interplanetary medium, solar wind, solar corona, stellar interiors, interstellar medium,
laboratory plasmas such as glow discharge, arcs, fluorescent lamps, neon signs,
electrical sparks, thermonuclear fusion experiments) [16]. The plasma composition is

shown in Table 1 Plasma composition.

Table 1 Plasma composition

Plasma composition Density (1/Cm3)
Neutral molecules 10"
Radicals 10"
Electrons 10°
Positive ions 10°

From the



Table 1 Plasma composition, the number of radicals is more than ions and electrons a
million times. It may be mean that radicals are more formed easily and their lifetime is

much longer.

2.2.2 Plasma generation

The plasma can be considered as a sea of neutrals with a small fraction of positive
ions and negative electrons. The electrons do not transfer their kinetic energy in the
collisions with other molecules, and they can be accelerated with a high energy by the
electric field. When energetic electrons collide with neutral molecules, they transfer the
energies and momentum to other electrons in the molecules. The collisions can be either
elastic or inelastic. Because the mass difference of an electron (m,= 9.11 x 10™' kg) and
a molecule (m,, = 6.64 x 107 kg), elastic collisions deplete very little of electron’s energy
and do not influence the molecules:

e +Ar— e +Ar (for elastic collision)
Inelastic collisions excite the gas molecules by completely removing an electron from
argon atoms:

e +Ar— 2e +Ar

The two free electrons can be accelerated by the field further. This process is
called “ionization”. It is the most important process that makes other phenomenon occur
during that time. There is a reaction which an electron collides with a neutral atom and
excites its electron to higher states. This is called “excitation”:

e tAr— e +Ar
Then, this excited state gas can relax to the ground state by transition and emitting
photons. This process is called “glow discharge™:
Ar* = Ar + hU (photon that glow)

Those produced electrons are accelerated toward the anode (+) while the positive

ions are accelerated toward negative electrode (cathode). The collision between positive

ions and the electrode can cause the emission of secondary electrons. All of electrons



are accelerated by the field continuously. Finally, a steady state self-sustaining discharge
is obtained. Electrons in a discharge chamber can sometimes be lost by either diffusions
into the chamber walls or recombination with positive ions or attachments to neutral
molecules to form negative ions:

e +Ar = Ar (recombination)

e +Ar— Ar (forming a negative ion).

Figure 4 An argon plasma in IBE system.



2.3 Principle of sputtering/ion etching

T — Sputtered target atoms

= @

o Secondary electrons

e

Reflected ions & Neutrals

Figure 5 A schematic of sputtering process.

When a surface of any materials is knocked by an energetic ion or a neutral atom,
and its energy is more than a surface binding energy, the surface atoms can be ejected.
This phenomenon is called “bombardment” or “sputtering” which the momentum and the
kinetic energy can be exchanged. The simplest definition of a sputtering process is a
process that particles are ejected from a solid target material due to bombardments of
the target by energetic particles. The physical sputtering relies on the transfer of kinetic
energy and momentum from the incident particles to the surface atoms. Since inert gas,
such as argon gas, almost does not react with other atoms and can be accelerated easily
under electric fields, regularly, positive ions are used in this process. Typically, there are
many processes occurred as ions collide with a surface, which are shown in Figure 5:

- Reflected ions and neutrals: As bombardment processes occur, electrons
sometimes can leave and recombine with positive ions and then become a neutral
atom.

- Secondary electron emission. The energetic ions can knock the secondary

electrons of the surface atoms.



- Jon implantation: If those ions have much energy, they can implant to a surface or

it can be called ions absorbed by a target.

2.3.1 Sputtering or Etching yield

A sputtering or etching yield (S) is defined as the ratio between the mean number
of atoms removed from the target and an incident ion. It is the measure of the efficiency
of sputtering. The sputtering or etching yield can be calculated as a following expression

[171:

300 (4MM,) E,

S=— 3 —L co0s’0 (1)
4TC° (M. +M,)° E,

where O is a monotonic increasing function of M/M,,
E, is the energy of incident ions (< 1 keV),
E, is the binding energy,
M is the mass of incident ions
and M, is the mass of target atoms.
Physical factors which affect a sputtering or etching yield include [18]:

- lon energy:

There is the energy transformation between bombarded ions and target atoms.
The energy of ions should be equal or more than a binding energy of any targets. If the
energy increases, the sputtering/etching yield will also increase. The ion implantation can
occur if ions have high energy.

Incident ion:

The trend of a sputtering/etching yield depends on the atomic number of an
incident ion. The highest yields occur when the mass of incident ion match with the mass
of the target materials.

- Angle of incident ion beam:



The sputtering/etching yield also depends on an angle of incident ion beam, which
is the angle between a normal line and a surface of target. The maximum value is given
at the angle of 60 degree approximately.

- The ion flux (ion current):

Increasing in the ion flux influences an increasing in the number of ejected atoms.

2.3.2 Sputtering or etching rate calculations

The sputtering or etching rate is the number of target atoms removed per a unit of

time. This rate of each material in A/min can be calculated following in the expression:

M
Sputtering / Etching rate = 62.2—Sjp (2)
P

where M is a molar weight of the target [g/mol],
p is a density of the material [g/cms]
and | is a primary ion current density [mA/cm®].

For an example in a calculation of Si target (S = 0.45 atoms /ion for 500 eV of argon
ions at normal incident), it gives the sputtering rate of 340 A/min for an ion current density
of 1 mA/cm2[19]. In the equation (2), it indicates that the etching rate depends on many
factors. If the target material is specified, the etching rate depends only on a primary ion
current density. In this work, if the ion current density can be calculated from an |-V curve,

the etching rate of our materials in this industrial-size IBE system can be known.

2.4 lon Beam Etching (IBE)

In fabrication of many electronic devices, techniques being controllable manner
are essential. The steps that the materials are removed from the surface of a desired

region in the sample is called etching [20]. Sometimes there is a mask which is used to
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protect the desired regions of the wafer surface. The unprotected materials are etched
from the surface of target. Example of mask is a photoresist. There are two main etching
techniques which are wet etching and dry etching processes. For wet etching process,
liquid chemicals (etchant) are used, usually acid-based solutions. The surface atoms are
etched by the chemical reactions or by the dissolutions. The reaction products must be
soluble in etchant solution. In contrast, dry etching process employs plasma of gas. The
materials are removed by the chemical and/or physical reaction. The products from the
reactions may be volatile and carried away in the gas stream. lon beam etching (IBE)
technique is the dry etching process which is the important and well known technique in
fabrication of most electronic devices. The advantages of IBE are that it provides a good
control of both a structural size and shape, even on a sub-micron scale and at low process
temperature [21]. Other advantages of this dry etching process -especially IBE process
— are that there is no photoresist adhesion problems, anisotropic etch profile is possible
as shown in Figure 6(b), chemical consumption is small, a disposal of reaction products
less costly and suitable for automation. The anisotropic profile is defined as the profile

with the directional etching - the film is not etched under the mask.

Film to be etched

Before Etch

After Etch — Anisotropic etch After Etch — Isotropic etch

Figure 6 Directionality of etching.
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IBE which is used to fabricate electronic devices employs a broad beam area ion
source to direct an energetic beam of a noble gas, such as Ar, Xe, Ne or Kr, to remove
materials by physical sputtering [22]. The IBE system consists of 3 main parts: an ion
source, ion-optic grids and a plasma bridge neutralizer (PBN). An ion source is a plasma
source having a set of ion-optic grids that enable extraction of a stream of ions. The ion-
optic grids are served to determine the energy of the incident ion beam and angular
divergence of the ions within the beam. PBN is the electron source that is used to balance

the net charge in the beam and to prevent charging of the target surface.

2.4.1 lon source

lon production is done in the discharge chamber by subjecting a gas to an energy
field. Free electrons are excited by the field until they have enough energy to break gas
molecules into ions and electrons that can further ionize gas molecules ensuring that the
gas is thus ionized and plasma is established. The ion source generates a low
temperature plasma with slow (cold) ions and low ion temperature. These energetic ions
can be extracted with a well-defined energy.

The energetic electrons collide with gas molecules and create new species. There
are many collision processes occurring in an ion source:

- lonization: electrons are removed from gas molecules or atoms and then positive
ions exist simultaneously.
- Electronic excitation: when the free energetic electrons transfer the energy to

other electrons in gas molecules, they excite some those electrons to higher



12

energy levels. When they fall back to lower levels, they emit energy usually in the
form of photons of visible light.

Molecular fragmentation: the collision of electrons and molecules makes the
fragmented, resulting in unsatisfied bonding which is chemically reactive. These
usually are called radicals.

Radicals: they have no net charge. So they cannot be accelerated or cannot be
attracted by any fields or any charge particles, respectively. Their lifetimes are

long when are compared to others.

2.4.2 lon-optic grids
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Figure 7 (a) A schematic of the set of ion-optic grids and (b) their final energy of

the accelerated ions.

The set of the grids has important roles for extraction and acceleration of ions to
the required energy. This set of grids consists of three grids as shown in Figure 7(a), which
has a specific hole pattern with several apertures forming beamlets. A combination of all
these individual beamlets then forms the broad ion beam. Grid curvature and inter-grid
separation are also significant design features which depend on the application required,
for example depending on the target size to be sputtered for deposition or substrate size
and etch rate for etch applications. In a grid system, specific potentials or voltages
applied between the first two grids provide the driving force for the ions. The inner grid in
contact with the plasma, known as the “screen grid”, is the one that determines the beam
voltage or energy. This is biased a positive potential relative to ground. The second -
“accelerator” grid - is biased negative with respect to the ground, and offers the extraction

voltage, which is the potential difference for the beam ions. The last grid - “decelerator”
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grid - is normally grounded and helps beam collimation reducing divergence of the beam,
minimizes electron back-streaming and re-deposition of sputtered material back onto the
accelerator grid. The final energy of the accelerated ions is equal to the set beam energy
or voltage (V;), as shown in Figure 7(b). It shows that the final ion energy depends on the

potential of the screen grid with respect to the ground.

2.4.3 Plasma bridge neutralizer (PBN)

The third element in IBE system is a plasma bridge neutralizer or PBN which is
basically an electron source. It is usually located in the etching chamber between the ion-
optic grids and the sample holder illustrated in Figure 8. Normally, the PBN is not used in
the general sputtering system [23]. In this IBE system, since the grids confine electrons
into the generator chamber, the electrons in the etching chamber is rare. The purpose of
this PBN is to balance the charge of the ions in the beam in order to reduce space-charge
effects causing beam divergence through mutual repulsion of the ions and to prevent
charging of the target surface. The PBN is not used to form neutral atoms within the beam,
but to eliminate any net charge of atoms within a given volume of the etching beam. The
electrons provided by the PBN do not reenter the grid set due to the negative potential on

the accelerator grid.



15

|||—'_L|

Supplied electrons to
PBN balance the charge on

the substrate

i ¢ °
i g 5
Arr—— e e
O .

T € e e
rAr— e ¢
A 11

HOT
T

Ar—-——> J:' Rotating

T sample holder
(11'ids Suppressor grid’s negative

[T AL B

JquUIeYd ISIeYIsI([

potential prevents the
electrons from the PBN

Figure 8 An industrial-size IBE system with the ions/electrons compensation by a PBN.

2.5 Plasma characterization

2.5.1 Plasma probes

o — e

=)

Figure 9 Langmuir probe [24].

The device used to diagnose the electron temperature, electron density and the
plasma potential is called “plasma probe” or “Langmuir probe” as shown in Figure 9. Its

name was obtained after Nobel Prize winning physicist Irving Langmuir. The plasma
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characterization by Langmuir probe can be done by inserting an electrode into the plasma
and electrically biasing with respect to a reference electrode to collect electrons and/or
positive ion current. For a single plasma probe, the current (I) collected to a small disc
inside the plasma is given as:

N
I=AD nq Vi (3)

i=1

where A is the total collecting area of the surface of the flat probe that is given by

A =TT and n, is the number of species with their charges g.. vi is the average velocity of

v= G) [v (v)av (4)

In the equilibrium, the velocity distribution function f, or Maxwellian distribution for

species:

each species i is shown as [25]:

2 1 (3)?
f( ) 75k exp L(V) (5)
N

|

The plane of disc probe is considered and defined it in the y-z plane. A particle

gives the current only if it has the same component of velocity — v,. The current to the
probe thus does not depend on the y and z-component of velocity. The current from each

species (electron or ion) can be written as:

2TUKT,

| = nqA\_/yQZ

1
- - 2TTKT, 2 —*mv
where vj = J- -

—o\ M

;jis y and z. Particles with x-component

of velocity less than v, are repelled.

2qV
Vmin (7)

m;

Integrals of y and z components of velocity give a unit, then the total current of each

species to the probe will be:
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(v, ) =ngA _[ vy

min ' '

2.6 Plasma characteristics

From plasma probe measurement, the data can be analysed as a plot of |-V
characteristics of plasma. The information about the plasma characteristics in the IBE

system are extracted and discussed in this section.

2.6.1 lon currents to the probe

When the bias potential V. on the probe is enough negative with respect to the

plasma potential (Vp), the ion saturation current |, is collected (the range of V. € (-00, A)

bias
in Figure 10 The ideal I-V curve.). It continues to be collected until the probe bias voltage

reaches V. At this point, ions begin to be repelled. For V

bias

>>V,, all positive ions are

repelled and ion current vanishes. For a Maxwellian ion distribution, the ion current 1(V,..)

onV,. is given by:
e(V.—V_. ) )
p bias ,Vb. SV
_liseXp - ias P
[ Vpias) = | (©)
—1 ;vbias S Vp
1S

where e is the charge of electron and k is the Boltzman constant. When T, is comparable

to the electron temperature T, the ion saturation current is given by:

1

Iis :Zenivi,thAprobe (10>
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where n; is the ion density, v, = /8KT /Ttm, is the ion thermal velocity. The fact that
the ion current is defined by the electron temperature occurs when T, is much greater than

T, thus the ion saturation current is determined by the Bohm ion current [26]

2.6.2 Electron current to the probe

From the previous section, all electrons are repelled for V. <<V, so that |, = 0

but there are some electrons which are collected by the probe if V. < V.. In the

bias
Maxwellian electron velocity distribution, the electron current increases with increasing

potential exponentially. As the probe potential V, __is much more than the plasma potential

bias

V,, there are only electrons move to the probe causing the electron saturation current |

occurs (the range of V.. € (V,, 90) in Figure 10 The ideal |-V curve.). The electron current

bias

can be written in the function of V,.__ as:

bias
-

I p bias 1 Vbias =
IesexD o ias p
Ie (Vbias) 4 K (12)
aF ;vbias - vp
es
~
The electron saturation current | is:
1
les - _eneve,thAprobe (13)

where n_ is the electron density, the electron thermal velocity is v, = ,/8KT_/Ttm_ and

electron with the mass m,.
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2.6.3 |-V characteristic

When the probe is biased negative and positive potentials with respect to the
ground, the current from electrons and/or positive ions can be measured, as described
before. The |-V curve can be plotted between the bias potential versus the measured ion
and ion currents, as shown in the

Figure 10 Note that, the current in the probe which is obtained is the total current

l(Vbias) = |e(vb\as) + l\(Vb\as)'

Figure 10 The ideal |-V curve.

- Region A — B: Most of electrons are repelled from the probe while the positive ions
are attracted to the probe. There is only ion current when the biased potential is
more negative until the ion saturation current | is occurred. Electrons can toward
to the probe causing the electron current occurs when the bias potential is
increased. The bias potential is the floating potential V, where the contributions of

=0).

the ion and electron currents are equal (I,
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= Region B — C: In this transition region (V, < V_ .. < V,), the probe will only collect

V |. In the

electrons having kinetic energy more than the value of eV . - V,

Maxwellian plasma, this region of the curve is exponential.

- Region C - D: For a more positive bias potential, all of ions are repelled while the
electrons are the attracted charges by the probe. Electrons are responsible for
the electric shielding of the probe called the electron saturation current | in this

case.

Inl

/ >\

/

Figure 11 A plot of In|l| versus a bias potential.

Moreover, the electron temperature of the plasma can refer to an energy transfer
which occurs from the collision of electrons can be analysed from this curve. The |-V curve
will be plotted to the curve of a In|l| versus a bias potential as shown in the Figure 11. The
electron temperature can be calculated from the slope of this plot from its linear part,

using equation (9),

—e(V —V ias)
Ie (Vbias) = les exp . . (14)
I<'I'e
e(V, —Vyige)
infl_ (v, | =) — —2—22 (15)
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Since the | is the constant, the derivative of In‘le(V )‘ with respect to V

bias bias will
be:
din|l (V... )le e
‘e blas‘ - (16)
dvbias KTe
e
Slope = — (17)
kTe

The above equation shows that the slope of the In|l|-V plot is the inverse of the

electron temperature in the unit of electron volt (eV). Sometimes the floating potential can

be calculated from an equation (6) with the fact that I(V,,.) = 1.(V,.o) + (V.0
1
KT, |2 —eV
(V)= L, —neA exp (18)
2Ttm,, KT,

This means that the slope of plasma I-V curve determine electrons collision in the
system.

Another important parameter in the plasma characterization is the ion current
density, j,,. This value indicates the ratio between the number of ions that forward to a
probe and an area of the probe. It can be used to calculate fir the sputtering/etching rate

and the ions to neutral arrival rate ratio. The ion current density is calculated by the

expression:
I
b 2
SO R ] (19)
Vprobe
15
(6.24x10 )l
Jon = probe [ions/m2] : (20)
V

probe
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2.7 Concept of simulation

The Stopping and Range of lons in Matter (SRIM) package is a group of programs
that is used to calculate the stopping and range of ions into matter in this work. The
statistical method — Monte Carlo —is used as a basic for this calculation. As the ions collide
with atoms of matter, many phenomena can be occurred. Some of these phenomena are
the creation of vacancies by ion collisions and recoiling atoms. As the example shown in
Figure 12, the phosphorus ions with their tracks (red dots) knock a silicon matter away
from their lattice sites — vacancy creations. The green dots are the vacancies which are
occurred by the recoiling silicon atoms [27]. The recoil atom is defined as the atom in
matter that is moved out from its lattice site and it can collide with other atoms further.
Every time there is a target/ion collision, and a green dot is formed, there is an opportunity

that the ions change their directions.

Depth vs. Y-Axis

| :
0A - Target Depth - 3500 A

Figure 12 The paths of phosphorus ions that are hitting a silicon material [27].
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Since the mass of phosphorus and silicon are almost the same, the phosphorus
ion can transfer more of its energy to silicon atom. Thus the ions can deeply penetrate into
the matter.

In Figure 13, the argon ions (light mass) collide with the Nig,Fe,, target (heavy
mass). If the mass of ion/target atoms are very different, there is the less energy that can
transfer to the target atoms. So the ions penetrate near the surface of the target as see in
Figure 13(a). This is the basic physics of the elastic collision, which both momentum and

Kinetic energy are conserved.

Figure 13 The argon ions which penetrate near the surface of Niy, Fe, 4 target at the ion

incident angle of (a) 75° and (b) 0° (normal to the surface of a target).

Moreover, the direction of incident ions causes the direction of ions in the matter
including of the occurring recoil atoms. As shown in Figure 13(a), the argon ions come
from the top with the angle of 75° the normal surface. The ion penetration into the Nig,Fe,,
target is shallower than for the angle of 0° (normal to the surface), as shown in Figure

13(b).
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CHAPTER Il

SIMULATIONS AND EXPERIMENTS

3.1 Plasma etching simulation

In this work, we used the Monte Carlo-based simulation package — SRIM (the
stopping and range of ions in matter written by James F. Ziegler) to simulate an etching
behavior and to calculate etching yields of some important layer materials within TMR
structure of HDD slider. The parameters such as; plasma ion types, energy of ions,
incident angle and composition of target material, were input into the software. We
focused on the effect of those parameters to the obtained sputtering yields at different
condition, according to the actual processes, as shown in Table 2. The procedures of

simulation will be explained as the following.

Table 2 The conditions of input parameters.

Plasma ion types Argon ion (Ar’)

lon Energy (eV) 450, 550, 750 and 1,000

Incident angle 0°-89° with 5 intervals

Target materials Ir,,Mn_, Ir,,Mn_g, MgO, CoyFe,,, Co,Fe,, and Nig,Fe,q

In calculations, we simulated the ions collide with each monolayer of the target
material. For an example of each simulation, the argon ions were chosen to etch the
Ir,,Mn,, specimen with 450 eV and its angle was set at 0° (normal to the surface plane).
In our calculations, we simulated about 100,000 of argon (Ar) gas molecules accelerated

toward the surface of target materials.
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After those parameters were input and then the simulation was started, the
software showed both the ion behaviour in the specimen and the calculated output
parameters — sputtering yields of each element, % energy losses and backscattered ions.

The front interface of the simulation program was shown in Figure 14.

3 SRINM2013.00 (o Zm

File Help, FAQ and Scientific Explanations
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Figure 14 Simulation interface panel.

After the simulation was completed, the sputtering yield for each element of the
compound materials was obtained. Other etching parameters related to the ion
bombardment products were also calculated, such as backscattered ions and % energy

losses.
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% ENERGY
LOSS lons Recoils
lonization 899 1896
VYacancies 2.57 4.25
Phonons 13.79 51.43

Figure 15 The percentage of energy loss during simulation.

The energy of ions and recoil atoms can be lost to cause ionizations, vacancies,
including phonons (phonon is the energy stored in atomic vibrations in a crystal).
lonization is the energy loss to the target electrons. The energy of ions and recoil atoms
are absorbed by the electrons in the target and then they are released as heat if the target
is metal, or as phonons if the target is an insulator. Figure 15 showed the products from
the incident ion energy into various types. For example, the ions generated phonons with
13.79% of their incident energy of 450 eV together with the recoil atoms generated an
additional 51.43% = 65.22% (total). Thus, the energy was about 65.22% x 450 eV = 293.49

eV of phonons per incident ion [27].

3.2 Experimental details on plasma characterization

In this work, the Veeco Nexus IBE350 IBE system was used to study the plasma
characteristics. This was the same system which had been used in the HDD production
line. The based pressure of this industrial-size ion beam etching system was pumped to
3.8 x 10" torr. To measure the plasma |-V curve, the plasma probes were installed at an
actual specimen holder position inside the main vacuum chamber, shown in Figure 16(a).
Normally, the plasma flat disc probe was suitable for measuring the ion current while the
wire-type probe was for electron measurement [17]. Both of them were made from metal
and were connected by a copper cable with a ceramic sheath to a circuit outside the

vacuum chamber illustrated in Figure 16(b).
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Figure 16 (a) A schematic representation of the experimental setup. (b) A schematic

representation of the special flat/wire plasma probe’s circuit.

In the fabrication process, argon ions were accelerated - from a source through a
set of ion-optic grids and eventually hit the surface of materials. In order to characterize
ions and electrons that reached the target surface, both probes were placed at the
specimen’s position. Those probes were then biased a sweep potential — vary from
negative to positive respect to ground. The |-V curves in any desired conditions were
plotted from the measured data — measured current versus bias potential. The incident
angles were varied as +20°, 0° (normal to the surface) and -30° as shown in Figure 17.
Next parameter was the beam voltage in this system, which was the potential difference
between a screen grid and a ground aimed to extract the ions. The kinetic energy of ions
was determined by this potential. Both the beam current — current that was applied to
generate the plasma - and beam voltage were set as 400, 600, 800 mA and 400, 600, 800
volts respectively.

Other two parameters causing the changes in this system were the gas flow in
PBN and ion source. The argon gas was fed to PBN unit. The PBN is the electron source
in IBE system to generate free electrons. The rate flow of an argon gas into PBN was
varied at 4, 6 and 8 sccm (Standard Cubic Centimeters per Minute). The last parameter
was the argon gas that was flowed into an ion source to generate the plasma. A flow rate
determined the number of ions in chamber before picking out to an operating chamber

by grids. This argon flow rate in this work was varied to 16, 20 and 24 sccm, respectively.
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Figure 17 The definition of the incident beam directions though out from grids — (a) +20°,

(b) 0° (normal to the surface) and (c) -30°.

For negative and positive angle, they can be implied that they are almost the same
angle such as +20° is almost equal to -30°. The difference of each is just the direction of
an incident beam which ions come from the top and bottom for positive and negative way
respectively. Because of the actual process, these angles were chosen to study. The
different ABS pattern depends on the different etching angle. Moreover, the wall angle of

ABS pattern needed these angles to be etched in this process.

3.2.1  Experimental design

The bias voltage from a power supply was biased (from -14 volts to 14 volts) to
the probe during the measurement. After that the voltage that through the fixed value
resistor were measured to calculate the plasma current. The range -14 to 0 volts were

biased and measured by a wire probe and the remaining range by a flat probe.



CHAPTER IV

RESULTS AND DISCUSSION

4.1 Etching yield simulations

From the SRIM calculations, the plots of the etching yield versus angle of incident
for 4 different kinetic energies of argon ions were shown from Figure 18 to Figure 23 for 4
different materials in TMR structure (Cog,Fe,,, Co,.Fe,., NigFe

Ir,,Mn_s, Ir,,Mn_g and

107 257 19 76’

MgO). All of these materials were classified as the ferromagnetic material (CoFe and
NiFe), antiferromagnetic material (IrMn) and insulator (MgO).

The results showed the same trends for all materials. The etching yield of those
materials increased with ion impact angle - and reached a maximum yield around 60° -
70° to the surface plane before dropped down as it gets close to 90°. It can be noticed
that the angles for each maximum yield were increasing, following the energy of ions. This
may be resulted from the penetration of the energetic ions. The ions with high energies
can more penetrate into the surface of materials than the ions with low energies. The
highest etching yield from the collision of energetic ions was about the angles between
60° - 70°. The atomic ratio of elements which was the composition of binary alloy
compounds affected to the values of the etching yields of them directly. The etching yields
of Co, Ni and Mn which was the main elemental composition of each binary alloy
compound was more than the Fe, Fe and Ir, respectively. The dependence of elemental
ratio in the compound was clearly observed in the yield of CoFe alloy materials, as shown
in Figure 18 and Figure 19. If the atomic ratio of the Co and Fe was close each other, the
etching yield value of each material was shifted toward each other, as shown in Figure 19.
On the other hand, the value of etching yields will be much different if the atomic ratio is

more different. For the equivalent ratio of atoms in a unit cell of the compound, such as
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MgO shown in Figure 21, the etching yield of each element was not almost different. Since
the atomic numbers of Mg and O were closed, their etching yields were also closed.
Moreover, the incident ion energy can help to increase the etching yield as well. As the
energetic ions collide with the surface atoms, their energies are transformed those atoms.
The incident ions with much energy can transfer more their energy. The surface atoms will
be much released.

The right y-axis of the Figure 18, Figure 19 and Figure 20 was the number of
backscattered ions that was created from the etching phenomena, as a function of
incident angle. The percentage of incident ions that transformed to backscattered ions
was getting higher as the incident angle approaches 90°. As the ions impacted on the
surface of a target at the normal angle (0°), those ions had more penetration depth into
the target material. The number of backscattered ions was increased continuously as the
incidention angle increased. Therefore, in order to decrease the number of backscattered

ions in production process, the incident angle of bombarded ion was set at about 65°.
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Figure 18 Plots of the calculated etching yields and backscattered ions versus angle of

the argon ions incident on Cog,Fe,, material using SRIM.
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Figure 19 Plots of the calculated etching yields and backscattered ions versus angle of

the argon ions incident on Co,.Fe,, material using SRIM.
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Figure 20 Plots of the calculated etching yields and backscattered ions versus angle of

Etching Yield (atoms/ion)

the argon ions incident on Nig,Fe,, material using SRIM.
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Figure 21 Plots of the calculated etching yields versus angle of the argon ions incident

on MgO material using SRIM.
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Figure 22 Plots of the calculated etching yields versus angle of the argon ions incident

on Ir,,Mn.y material using SRIM.

6
T 0.45 keV Ar’
[ e 0.55 keV Ar’ g = ey
5 i a )
= 5[ ---- 0.75keVAr - h
L o - h
S [ - - -1.00 keV Ar -7 -
(2] I - -
E 4 - - - \\
5 Mo __-" \
‘m’ [ o - = \
T 3t s,
T T N R ) \
> S0 S S \‘\\
- ;--.---- ................................ g N
= wion o e .
£ [
Q i '.
L~ s
w qF
i Ir
:".'..'.’ Fin
o B=

0 10 20 30 40 50 60 70 80 90
Angle (degree)

Figure 23 Plots of the calculated etching yields versus angle of the argon ions incident

on Ir,,Mn., material using SRIM.
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Figure 24 Plots of energy loss of incident ions.

Figure 24 showed the plots of the ion energy losses in CoyFe,, material versus
the ion incident angles from the calculations. The summation of the energy loss at any
angle was normalized to 100%. At a normal angle of incident ions, ions can through into
the surface of target plentifully. Those ions can make the recoil atoms release phonons
at most. Thus, phonons which were occurred from recoil atoms was the most at this angle
and decreased slightly as an incident angle increased. On the other hand, the ionizations
from both ions and recoil atoms would be increased. The vacancies and phonons from
ions constantly occurred which the vacancies from ions were the worst. The numbers of
incident ions that penetrated into the surface of target were more than the ions that kicked
the surface out. So the vacancies that were occurred from the incident ions directly were

low.
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Figure 25 Simulated etching yields of materials at +20°.- Figure 27 showed the
etching yields of different materials in the reader/writer of HDD slider. The total etching
yields (S;,,,) of the homogeneous binary alloy materials were calculated by the following
equation [28]:

aMasa—fBMBsB

Total ~—

S (21)

ouvla+B|v|B
where the o and 3 were the atomic percentage of target with their gram atomic mass of
M, and MB’ respectively.

These plots indicated that the total etching yields of the materials not only
depended on the incident angle but also the ion energy and the classification of materials.
For the ferromagnetic (CoFe and NiFe) and antiferromagnetic (IrMn) material, their yields
were higher than the insulator (MgO). Since ions can penetrate deeper into the surface of
the target at the incident angle of 90° to the surface, the yields were minimal with the

lowest energy of ions. These yields would be applied with the experimental results to

calculate the etching rates of all those materials.
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Figure 25 Simulated etching yields of materials at +20°.
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Figure 27 Simulated etching yields of materials at -30°.

4.2 Plasma characterizations in IBE system

The angular-dependent plasma |-V plotted at the impact angle of -20°, 0° (normal
to the surface) and +30° were shown in Figure 28. The saturation part of those curves
depended on an incident angle of ion beam. Floating potentials (V) of the plasma in this
IBE system for all cases was calculate to be at about 3 V. As the ions from a source
collided with the probe, the kinetic energy was transferred together with their charges and
momentums. This created an ion current flow into the probe and probe circuit to be
measured. Similar to electrons, they created an electron current into the probe circuit as
positive bias was applied to the probe. At the normal angle to a surface, energetic ions

can transfer their energy to a probe more than other angles. In case of the incident ion
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was normal to the surface (0°), the maximum saturated ion current was at about 5 mA.
This maximum saturated ion current also depended on the impact angle of the ions, as
shown in Figure 28. The angle at +20° and -20°, it can be considered as the same angle.
The difference of them was just the direction of an incident beam which ions came from
the top or bottom of the normal vector to the surface. Note that, the value of saturated ion
current at +20° was closer to the saturated ion current at normal angle than -30° position.
The plasma potential (Vp) can be extracted from the |-V plot as shown in Figure 29. From
the calculations, the plasma potential in this system was about 2.5 V. These parameters
can explain the plasma behaviors in an industrial-size IBE system.

As seen from Figure 28, the |-V characteristic curve showed the effects from the
ion/electron compensation by a PBN and electron filtered by the ion-optic grids in our IBE
system. The obtained |-V characteristic curve was different from the ideal curve in the
range of the measured electron currents. For this model of IBE system, a PBN was
automatically operated during the measurement which made the |-V characteristic
different from an ideal ion etching/sputtering system. The electrons were more released
from PBN when the bias potential increased. This action caused an increasing of the
electron current as the positive bias was applied to the plasma probe. Thus the electron

currents did not saturate.
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Figure 28 An |-V curve with a beam voltage, a beam current, an argon gas flow in PBN

and an argon gas flow in a source are set as 400 volts, 800 mA, 6 sccm and 20 sccm

respectively.
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Figure 29 A floating potential and plasma potential observation.
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4.2.1 Dependence on beam voltage and beam current

The potential difference between the first grid and a ground or “the beam voltage”
can be estimated to the maximum kinetic energy of argon ions in the plasma. As the
negative bias was applied to the plasma probe, the ions were attracted to move forward
to the probe surface and be measured as ion current. However, the ions that had enough
energy can only pass through the grids into an operating chamber. As the grid potential
increased, the energy and the number of ions were not increased linearly. Thus, the
energy and the number of ions did not only depend on the beam voltage, but also depend

on other plasma factors such as beam current.
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Figure 30 Plasma |-V curves of combinations of beam voltage and current,

simultaneously with an argon gas flow in PBN and an argon gas flow in a source are set
6 sccm and 20 sccm respectively. The ion impact angle was at normal incident angle for

all cases.
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A comparison data between different setting of ion beam voltages and currents
were shown in Figure 30. It clearly indicated that as the beam voltage and beam current
were increased, the number of ions that can pass through the grids was obviously
increased. The plasma flat probe can detect more ion current when these two factors

increased.

2 3 Beam current 400 mA
3 Beam current 800 mA

| (mA)

Bias V (volts)

Figure 31 Plasma |-V curves at different beam currents with a beam voltage, an argon
gas flow in PBN and an argon gas flow in a source are set as 400 V, 6 sccm and 20

sccm respectively. The ion impact angle was at normal incident angle for all cases.

Thus, the beam current was an important major parameter to set and tune the
number of plasma species in an ion source. In order to generate the plasma at the ion
source (ion gun), a high voltage current was biased to accelerate free electrons. Excited
free electrons then ionized the argon gas molecules that were fed into an ion source and
the plasma occurs, eventually. In our experiment, the beam current was increased from

400 mA to 800 mA with the fixed beam voltage of 400 V causing the amount of plasma
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species started to rise up. This increased the number of energetic ions that though from
grids to a chamber. As the beam current was increases, the total number of ions in the
chamber that can be accelerated by the grids was also increased.

As seen in Figure 31, the saturated ion current was at about 4 mA with the beam
current fixed to 400 mA and increased to about 5 mA as the beam current increased to
800 mA. This can cause an increasing in total etching rate of the system. Note that, even
the saturated ion current was different, a floating potential and the saturated electron
current of both cases were almost the same. Although the number of electrons that was
generated from the ionization process in anion source was much, it cannot pass a set of

ion-optic grids into an operating chamber.

Beam voltage 400 V
2k Beam voltage 800 V

| (mA)

_5:--.I....I....I....I....I...
-10 -5 0 5 10

Bias V (volts)
Figure 32 Plasma |-V curves at different beam voltages with a beam current, an argon

gas flow in PBN and an argon gas flow in a source are set as 400 mA, 6 sccm and 20

sccm respectively. The ion impact angle was at normal incident angle for all cases.
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To study the effect of the grid beam voltages, the plasma |-V curves at different
beam voltages were measured with a fixed ion beam current at 400 mA. The number of
ions generated in the plasma source was considered constant. As the beam voltages
were set at 400 V and 800 V, the plasma |-V curves from both conditions were shown in
Figure 32. The result indicated that the beam voltage did not result in any change of the
ion current. Even the grid voltage was increased twice, from 400 V up to 800 V, the
saturated ion currents of both cases were still remained almost the same. This can be due
to the plasma current was fixed by the beam current via the grid potential. On the other
hand, the saturated electron current was increased when a voltage biased to a screen
grid was decreased. This phenomenon may be caused by a small electric field between

the first two grids, confined electrons in an ion source of the system.

4.2.2 Dependence on PBN

: Ar flow in PBN 4 sccm
3 Ar flow in PBN 6 sccm
Ar flow in PBN 8 sccm

o = N W

| (mA)

iy ) S N I R RS R

-10 -5 0 5 10
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Figure 33 An |-V curve with a beam current, beam vlotage and an argon gas flow in a

source are set as 600 mA, 600 V and 20 sccm respectively at normal incident angle.
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For all of |-V curves, the floating potentials of each condition were about 3 volts.
lon saturations went on in the same way. They saturated at about -6 mA. In a range of
electron saturation, a blue and black curve overlapped each other while the red curve —
condition in the actual process — was less. If there was a small amount of electrons in a
chamber, the electron current would less saturate than the system having a lot of
electrons. In this system, the PBN would work automatically when there was some plasma
in a chamber. The number of electrons that was released from a PBN increased slightly
even if the number of plasma was much. Thus, there was no any difference in the electron

saturation part as seen in Figure 33.

4.2.3 Dependence of an Argon flow in ion source

6.5

Ar flow in a source 16 sccm
Ar flow in a source 20 sccm
Ar flow in a source 24 sccm

6.0 .- .\l

551

Ion saturation current (mA)
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Figure 34 (a) An I-V curve with a beam current, beam voltage were set as 600 mA, 600
V and an argon gas flow in a source were 6 sccm respectively at normal incident angle.

(b) Plots between |, and argon flow in an ion source.

The argon gas that was fed into the ion source was ionized and generated the
plasma. Theoretically, the increasing of the flow rate of argon affected the number of ions

and electrons in the ion source. The ion currents into the circular flat probe were very
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close as shown in the Figure 34(a). Although the argon was more fed into an ion source,
the number of ion passing into the operating chamber depended on the beam current. In
this case, the beam current was fixed. Thus the number of ion inside the chamber should
constant. But our measured ion saturation currents increased a little bit as shown in Figure
34(b). It may be caused the increase of rate flows. When the argon was flowed fast, the
ions were generated slightly. The ion saturation current at the rate flow of 24 sccm was
lower than the ion saturation current at the rate of 16 sccm which were used in the real
process. In the actual fabrication process, the difference of these ion saturation currents
did not affect to the etching process. So the rate of argon flow was not affected to the
number of ions in the chamber linearly. The ion saturation currents thus rarely were

affected.

4.3 lon current density calculations

The ion current density (j,) was calculated for finding of etching rates of different
materials in the TMR device structure in the following section. The simple definition of j is
the rate of ion currents passing into a probe per area of a flat probe. During the plasma
measurement, the ions were collected by the flat plasma probe with the surface area of
11.06 cm”’ (shown in Figure 35(a)). The summary of the ion saturation currents from

experiments were reported in Table 3.
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Figure 35 The (a) circular-flat probe and (b) wire probe used in measurements.

Table 3 The obtained ion saturation current from experiments with the argon flow in an

ion source and PBN are 20 sccm and 16 sccm, respectively.

lon saturation current (mA)

Condition Vieam and lgom,
+20° 0° (Normal) -30°
(1) 400V, 400 mA 3.8 3.8 3.5
(2) 600 V, 600 mA 6.0 6.0 5.6
(3) 800 V, 800 mA 9 8.8 7.8
(4) 800V, 400 mA 4.5 4.4 4.6
(5) 400V, 800 mA 4.7 4.8 4.6
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Table 4 The calculated ion current densities (jp) with the argon flow in an ion source and

PBN are 20 sccm and 16 sccm, respectively.

lon current densities (mA/cm?)
Condition Vieam aNd 1o

+20° 0° (Normal) -30°
) 400V, 400 mA 0.34 0.34 0.32
(2) 600 V, 600 mA 0.54 0.54 0.51
(3) 800V, 800 mA 0.81 0.80 0.71
(4) 800V, 400 mA 0.41 0.40 0.42
(5) 400V, 800 mA 0.42 0.43 0.42

As the beam voltage and current were increased simultaneously, both the ion
energies and numbers of ion were increased as well. From the conditions (1), (2) and (3)

in

Table 4, even though the ion current density values depended on both the beam
voltage and current, the dependence of angle to these densities was disordered.
Moreover, there was no any difference of ion current densities from a voltage-current

alternation as shown in the conditions (4) and (5).

4.4 Etching rate calculations

The following etching rate of the target with molecular weight M [g/mol] and

density p [g/cm3] can be calculated by the expression;
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M
Sputtering / Etching rate = 62.2—Sjp
P

where S is a sputtering yield [atoms/ion] and

jois primary ion current density [mA/cm®].
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Figure 36 Etching rates of materials which are ordered by the conditions in the actual

process. These rates are calculated by using the incident angle of +20°.
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Figure 37 Etching rates of materials which are ordered by the conditions in the actual

process. These rates are calculated by using the incident angle of 0°.
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Figure 38 Etching rates of materials which are ordered by the conditions in the actual

process. These rates are calculated by using the incident angle of -30°.
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The details of each condition in Figure 36, 37 and 38 were shown in the Table 4.
These conditions were used in our experiments, following the actual etching process of
the HDD slider. For conditions (1), (2) and (3), the energy of ions were varied from the
smallest to the biggest which were 400 V, 600 V and 800 V respectively. The changes of
angle did not result in the change of ion current densities. Since the beam voltage
represented the energy of ion beam, the etching rate of material depended on the
increase of ion energy which has been used. The beam voltage in the conditions (3) and
(4) was fixed at 800 V but their beam currents were very different. For the condition (4),
although the beam voltage was much, the current that was used to generate the plasma
was low. So the number of ions that can through from the source was limited. The detected
etching rate in condition (4) thus was much less than in the condition (3). The effect of
beam voltage to the etching rate was considered by the comparison of the conditions (3)
and (5). The graphs showed clearly if the beam voltage increased, the etching rates rose
as well.

The etching rates of different materials in TMR structure at different etching
conditions were illustrated in Figure 36, 37 and 38. The results showed that the insulator
or thermal barrier material such as MgO had a low etching rate compared to other
materials. This can be due to the MgO is the ionic compound which Mg and O are bonded
with the ionic bond. This bonding is a type of chemical bond that involves the electrostatic
attraction between the oppositely charged ions. Otherwise, the other materials were the
metal compound which can be easily etched by energetic ions.

The difference in the composition of the materials can also affect the total etching
rate of the materials, as can be seen from the results of CoFe and IrMn materials in Figure
36, 37 and 38. This was due to because the opportunity in etching more occurs with the
main atomic composition in compounds than others. As the much difference of the atomic
ratio, it resulted in both the wide spaces and the far distance between same atoms. If the
atoms were far each other, there was a soft interaction between them. Those atoms can
be etched easily. Compare between the same type of materials, CoFe and NiFe, both

were classified as magnetic materials. The different in etching rate of these 2 magnetic
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materials were varied due to their compositions. In the condition (3) of Figure 36, the
etching rates of Co,.Fe,, Nig,Fe,, and CogFe,, were approximately 2000, 3100 and 6800
A/min, respectively. The composition of Co,.Fe,; and Nig,Fe,, were near. Their etching

rates were closed which were less than the CogFe, 's.
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Figure 39 Etching rate of Coy,Fe,, material.
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Figure 40 Etching rate of Co,.Fe,, material.

4000
I -20 degree

| [ 0 degree
[C1+30 degree

3000 -

[

[—3

[—3

<
I

Etching Rate (Angstrom/min)
>
=

3 4
Condition

Figure 41 Etching rate of Nig,Fe,, material.
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Figure 42 Etching rate of MgO material.
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Figure 43 Etching rate of Ir,,Mn,, material.
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Figure 44 Etching rate of Ir,,Fe,, material.

Figure 39 - 44 showed the dependence of incident angle of ion to the etching rate
of different materials in TMR structure. The ions can penetrate deeper into the target as
they come closer to the normal direction. The etching rates of the angle position at -30°
and +20° were almost the same.

Most of calculated etching rate values were close to the etching rates in the actual
process [6]. However, the difference between the calculated etching rates and actual
etching rates may be due to the mechanism of the actual process. In the actual process,
the sample holder was always rotated and tilted during the etching. The rates of etching
can be measured as the average value for all of the samples. In this work, the probes
were placed facing direct to the ion beam during the measurement without rotation.
Another reason was that the electrical conductivity of the probe was much better than the

actual sample which composed of many materials on AITiIC substrate. This issue can
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make the measured etching rates slightly higher than actual values obtained from the

electron microscopy results after etching.



CHAPTER V
SUMMARY AND CONCLUSION

In this thesis, the plasma characteristic and ion etching performance in the IBE
system that used in HDD slider fabrication were studied. The etching yield, % energy loss
and the number of backscattered ions of the reader and writer materials in TMR device
structure were calculated by using the Monte Carlo-based simulation package, SRIM.

Those materials were Ir,,Mn_g, Ir,,Mn_;, MgO, CoqFe,,, Co,.Fe,. and Nig,Fe,,. They were

769
classified as ferromagnetic (CoFe and NiFe), antiferromagnetic (IrMn) and insulator
(MgO). The calculated results showed that the maximum etching yields were optimized
at the incident angle between 60° and 70°. The atomic ratio of elements which was the
composition of binary alloy compounds affected to the values of the etching yield of them
directly. If the atomic ratio of the elements was close to each other, the values of etching
yields of each material were shifted toward each other. On the other hand, the yield would
be much different if the ratio was not close to unity. The percentage of incident ions that
transformed to backscattered ions was getting higher as the incident angle approaches
Q0°.

The plasma characterizations were done on the industrial-size IBE system to be
able to get more information about the etching process. The plasma |-V characteristic
curves obtained from the measurement were slightly different from the ideal curve that
normally obtained from the sputtering process. This was due to the PBN that was installed

in this IBE system. The function of this PBN was to balance the charge in a beam on the

target surface. Thus, the saturation electron current could not be reached.
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The increasing of etching yield depended on the ion energy and composition of
the composite materials. Increasing the ion beam voltage and current caused more
energetic ions travel plentifully through grids from an ion source which increased more
accelerated ions toward the surface of the target. The ion current densities of each
material were calculated mathematically. The changes of parameters, such as the beam
voltage, beam current, incident angle argon flow in a PBN and in a source had different
effects to the IBE processes. The argon flow rate that fed into a PBN and a source to
generate the plasma could increase the number of ions from the ionizations. The beam
voltage did not result in any changes of the ion current but increased the kinetic energy
of ions that were accelerated toward the target. The percentage of incident ions that were
transformed to backscattered ions was getting higher as the incident angle approaches
90°. The energy and the number of ions which were through the grids depended on the

plasma beam current.
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