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ABSTRACT

Magnetoresistive Random Access Memory (MRAM) is a potential memory in the
future, with its advantage on non-volatility. Magnetic tunnel junctions (MTJs) are the
basic unit in MRAM. Among all mechanisms of MTlJs, spin-orbit-torque MTJ (SOT-MTJ)
and tunneling magnetoresistance (TMR) - based MTJ are two key elements in producing
effective MTJs. SOT-MTJ provides a low-energy-consuming way to write in MTJs, using
tungsten as its spin source layer. On the other hand, TMR-based MTJ suggests that
CoFeB/MgO/CoFeB series provide the highest TMR ratio, where different states can
easily be distinguished. Based on the two key elements, we deposit a stack of
Ta/W/CoFeB/MgO/CoFeB/W/Ta thin film and modulate it to the best parameters. In
order to strike the balance between low power consumption and high endurance, it is
crucial to acquire a reasonable coercivity field (Hc) for the two magnetic layers, free layer
and fix layer, in MTJs. In this thesis, we demonstrated the thickness modulations of PMA
and IMA MTls, and the Hc change based on these modulations. Also, we demonstrated
the process of MTJ fabrication. In the future, these devices can not only be memories, but
potentially also be used in simulating behaviors of biological neurons and synapses in

artificial intelligence field.

Keywords: Magnetoresistive Random Access Memory (MRAM), Magnetic tunnel
junction (MTJ) MTJ, Spin-orbit-torque (SOT), Tunneling magnetoresistance (TMR),

CoFeB/MgO/CoFeB series
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Chapter 1  Introduction

1.1 Magnetization

1.1.1 Ferromagnetic (FM) Materials

Considering the magnetic properties, materials can be categorized into
ferromagnetic (FM), ferrimagnetic, paramagnetic and diamagnetic materials. In our
experiments, we mainly focus on the properties of ferromagnetic materials, e.g. CoFeB
(CFB). For ferromagnetic materials, all segments are aligned to the same direction as
shown in Figure 1.1.

In Figure 1.2, we can attain hysteresis loop by scanning external field over a FM
material. The coercivity field (H.) is the applied external field when magnetization (M)
is zero, which depicts how hard switching magnetization is. It is worth noticing that when
the external field is applied to the same direction of magnetization, it is called easy axis;
that is, when we scan z field for thin films with perpendicular magnetic anisotropy (PMA),
and x or y field for thin films with in-plane magnetic anisotropy (IMA), it is called easy

axis. IMA and PMA will be further discussed in the next section Chapter 1.1.2.
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Net

magnetisation

Figure 1.1 Schematic representation of ferromagnetic (FM) material.[1]

Coercive Field

Saturation _
magnetization \

Soft magnet

<«— Hard magnet

—]

H

Hysteresis width

Figure 1.2 Illustration of hysteresis loop and coercivity field (Hc) [2]

In-plane Magnetic Anisotropy (IMA) and Perpendicular Magnetic

Anisotropy (PMA)

IMA and PMA property refer to the direction of magnetic anisotropy of a thin film.
In our experiment, the magnetic anisotropy depends on the thickness of the CoFeB (CFB)
layer. When the CoFeB layer is thin enough, 1.6nm to 2.0nm, approximately, PMA

dominates the anisotropy. On the contrary, IMA property dominates when CoFeB layer is

2
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thicker than 3nm.

IMA systems have a longer history than PMA systems, since TMR effect was
proposed in 1975[3]. TMR effect will be discussed later in Chapter 1.2.2. CoFeB-MgO
system is so far the most common system for MTJ structures. With its wide adoption,
this system has a highest TMR ratio of 604% recorded in 2008[4]. As for the PMA system,
the first system of Co/Pd is proposed in 1985[5]. Later, the first PMA system of
CoFeB/MgO was proposed, in a Ta/CoFeB/MgO/CoFeB/Ta structure with a high TMR
ratio of 120% in 2010[6].

This direction of anisotropy results from the competition between interfacial
perpendicular anisotropy of CoFeB/MgO surface and the in-plane bulk anisotropy. Since
the interfacial anisotropy is inversely proportional to its effective anisotropy,
perpendicular anisotropy only exists when the layer is thin enough. The anisotropy is
demonstrated as Figure 1.3, when CoFeB has an easy axis on in-plane direction at 2.0 nm,

and an easy axis on out-of-plane direction at 1.3 nm.

M (T)
o

= = = = |nplane

et e o - - = e Ot 0F plane

-0.5 o] 05 l 1.0
uoH (M

—’a——‘u--"’c"-—,.

5nm Ta [ teores = 1.3 nM

1 o~
10 nm Ru b 2 o~
- I g E O%—\
5nm Ta = [ « 5 0
5o 8 ] T
: -1t . 1 L I o
-1 0 1 2
o teores (NM)
-D.5 0 0.5 1.0

ot (T)

Figure 1.3 The PMA property of CoFeB/MgO depends on its thickness.[6]

3
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1.2 Magnetoresistance (MR)

1.2.1 Giant Magnetoresistance (GMR)

Giant magnetoresistance is one crucial origin of magnetoresistance. Proposed in
1988[7], GMR usually consists of three layers, FM/normal metal (NM)/FM. When the
two FM layers are in parallel (P) or antiparallel (AP) state, they show different resistance,
which is referred to as “GMR ratio”. Due to Mott’s explanation in Figure 1.5, spin-up
electrons pass through the two FM layers without scattering in P state, while all electrons
are scattered in AP state[8, 9]. GMR ratio is usually less than 70% in room temperature,
including Co/Cu - 65%][10], NigoFe2o/Cu - 18%[11], NigoFexo/Ag - 17%[12] and

NigoFezo/Au - 12%][13], the highest recorded in each structure.

R/R(H=0)

(Fe 30A/Cr18A);,

(Fe 30 A/Cr 12A)5

(Fe 30 A/Cr9A),

0SH HS

1 1 1 1 T 1 1 1 L
0 10 20 30 40
Magnetic field (kG)

Figure 1.4 Illustration of a GMR signal[7]
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up spin  down spin up spin  down spin
R, H R R,
Ry R R

Figure 1.5 Schematic of Mott’s model (a) In P state, spin-up electrons passes through
the two FM layers without scattering (b) In AP state, both spin-up and spin-down

electrons are mostly scattered. [8, 9]

1.2.2 Tunneling Magnetoresistance (TMR)

Similar to GMR, TMR also consists of three layers. TMR effect was proposed by M.
Julliere in 1975[3]. Instead of the sandwich FM/NM/FM structure in GMR, the three
layers in TMR are FM/insulator/FM. TMR ratio is usually much larger than GMR ratio,
and was recorded 604% for in-plane systems, and 120% for out-of-plane systems[4, 6],
as mentioned in Chapter 1.1.2. Both records are found in CoFeB/MgO/CoFeB series,
making CoFeB/MgO system a common TMR structure. Since TMR plays a crucial role
in MTJs, there are many reviews about the effect[ 14, 15].

TMR ratio is defined as the ratio difference between P and AP state, and can be
explained by spin-dependent tunneling and Julliere model[3, 16]. When the sandwich
structure is at P state, the electrons with same spin are easier to tunnel, e.g., spin-up and
spin-up state of the two FM layer, and results in a lower resistance. On the contrary, when

the sandwich structure is at AP state, only a part of electrons can act as carriers, and results

5
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in a high resistance, as shown in Figure 1.6. A giant TMR ratio can be achieved when the

lattice structure of the three layers matches, and perform coherent tunneling, as shown in

Figure 1.7(b)[17, 18]. By ab initio calculation, it is theoretically predicted that

Fe/MgO/Fe sandwich structure could achieved a TMR ratio exceeding 1000%.

Experimentally, CoFeB/MgO/CoFeB shows the highest TMR ratio after ex-situ annealing,

when the three layer are all bee (001)-oriented, and A; symmetry Bloch state dominates

coherent tunneling[19].

RA (k2 pm?)

25| T=20K S
T=203K “j
20
|
15
10+ —
— —
—_—
gl 1 I 1 1
-200 -100 0 100 200

H (O}

Figure 1.6 Illustration of a TMR signal[20]
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Figure 1.7 A schematic of (a) incoherent tunneling in amorphous Al-O barrier and (b)

coherent tunneling dominated by A; in Fe/MgO/Fe structure[18]
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1.3 Hall Effect

1.3.1 Anomalous Hall Effect (AHE)

The anomalous Hall effect (AHE) roots from the traditional Hall effect (HE),
proposed by E. H. Hall in 1879, which depicts the transportation phenomenon of electrons
under external magnetic field, as shown in Figure 1.8(a)[21]. In his theory, current-
carrying charges will be “pressed” to a side by Lorentz force and deviate toward a
transverse direction. Soon later in 1881, he proposed AHE, reporting that the same
phenomenon is ten times larger in ferromagnetic irons, as shown in Figure 1.8(c)[22].
AHE signal provides an easy method to distinguish whether a solid contains

ferromagnetic material or not.

(e) Spin Hall effect (f) Quantum Spin Hall effect

Figure 1.8 The Hall effect family[23]
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1.3.2 Spin Hall Effect (SHE)

SHE was theoretically proposed by M. I. Dyakonov and V. 1. Perel in 1971[24], and
experimentally demonstrated by Y. Kato and J. Wunderlich in 2004 and 2005[25, 26].
Different from the FM materials in AHE, SHE depicts the transport phenomenon of
electrons in heavy metal (HM) materials, e.g. Ta or W. When a charge current (J.) flows
into HM, it generates spin current (Js) due to spin-orbit interaction, as shown in Figure
1.8(e)[27]. Typically, J¢ is in x direction, the generated Js is in the z direction and the spin
polarization is in the y direction.

SHE provides a crucial method to manipulate the free layer in SOT MT]J structures,
which will be further discussed in Chapter 1.4.1 and Chapter 1.4.2. HE, AHE and SHE
are also crucial origins of the quantum Hall effects in Figure 1.8(b)(d)(f), when the

materials are in strong magnetic fields.

Figure 1.9 With spin Hall effect, incoming charge current can be converted into spin

current.[28]

1.4 Magnetic Tunnel Junctions (MTJ)

1.4.1 Spin-Transfer Torque (STT) MTJ

STT MTJ and SOT MT]J refers to different types of manipulation methods. The

8
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mechanism of STT MTJ was first theoretically predicted by Berger and Slonczewski in
1996[29, 30], and later experimentally demonstrated in 2004[31]. A common STT MTJ
is shown as Figure 1.8, based on TMR effect. The two FM layers usually have different
H.. The one with smaller H. can be called free layer (FL). The one with larger H. can be

called reference layer (RL) or fix layer.

¢ FL
FL
(CoFeB)
I
RL
(CoFeB)

Figure 1.10 Schematic of an STT MTJ[32]

Since STT MTJ usually consists of two FM layers, we could detect these two layers
by scanning an external field over its easy axis, as shown in Figure 1.11. The minor loop
denotes the switching of the free layer, switching at a smaller Hc. The major loop denotes
the switching of the reference layer. This switching can also be induced by applying

current.
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Figure 1.11 Illustration of a double loop signal and a minor loop[33]

1.4.2 Spin-Orbit Torque (SOT) MTJ

SOT MT]J is a modification of STT MTJ. Different from STT MTJ, the spin source
of SOT MTI is provided by SHE, as shown in Figure 1.12. Since the writing current is
large in STT MTJ and sometimes leads to breakdown of MgO barrier, SOT MTJ is
proposed to enhance the endurance[34]. The SOT channel is typically a HM layer, e.g.
Ta, W, Pt and etc.[35, 36], due to their strong spin-orbit coupling effects. Among these

materials, we use W as our SOT channel.
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Figure 1.12 Schematic of an SOT MTJ with W, as its spin source layer[37]

1.4.3 Resistance Area (RA) product

It is demonstrated in different structures, including Fe/MgO/Fe and Fe/Al,Os3, that
log(RA) is proportional to tmgo, as shown in Figure 1.13[20, 38]. According to the
Wenzel-Kramer-Brillouin (WKB) approximation, the slope of log(RA) and tmgeo is
41t (2m@)*/? /h, where m, @ and h are, respectively, the electron mass, the potential

barrier height and the Planck’s constant[39].
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Figure 1.13 RA product shows an exponential trend to MgO thickness.[20]

1.5 Motivation

To sum up the history and development of MTJ, different mechanism and physical
structures, e.g. TMR, SHE and SOT MTJ, have been proposed to enhance the
performance and make it more practical to integrate MTJ into other devices. The high
TMR ratio provides clear signal change between P and AP state; the SHE and three-
terminal SOT MTJ structure together reduces the chances of writing current to pass the
thorough MTJ, which enhances the durability.

In order to acquire better control of these fundamental effects and mechanisms,
modulation of MTJ thin films plays a crucial role. Upon modulating MT]J thin films, we
demonstrate the application of TMR effect by MOKE detection, attain good control of H.
and collect different magnetic properties, including annealing time, angle dependence and
etc., on the two FM layers, the free layer and the fix layer[6, 40, 41]. With these

information, better control on switching states of MTJ could be achieved, and will be

12
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helpful for further application[42, 43].

Furthermore, we also demonstrate a possible device fabrication process and electric
detection of the three-terminal SOT MTJ devices. With device fabrication, we make thin
films detectable by electric signals, rather than optical signal on thin films. We also

perform different etching processes, e.g. stop-on-W and stop-on-MgO[44, 45].

13
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Chapter 2 Sample Preparation

2.1  Thin Film Deposition

2.1.1 Magnetron Sputtering and Annealing

We use magnetron sputtering to grow thin films. Magnetron sputtering is a type of
physical vapor deposition (PVD). The principle of magnetron sputtering lies in using
plasma to bombard the target surface. These bombarded target fragments may condense
on the anode substrate as a thin film. After growing the thorough thin film, we anneal the

thin film with 400°C for 20 minutes.

[ Anode (+) | Substrate
‘ Thin film
Ar gas — @) T A Ar atom
= © r ©
® « Electron
. ‘ © Ar"ion
‘ * . Target (fragment)

Plasma

Target (bulk)

Cathode (-)

Cooling water A Cooling water 4
— To vacuum

Magnets

Power suppl\

—+||||'— OR —@—
DC

RF

Figure 2.1 Illustration of magnetron sputtering[46]
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2.2 Post Process for Device Manufacture

2.2.1 Photolithography

We use photolithography to define our device, pillar and electrode. Photolithography
refers to step (2) to (5) in Figure 2.2. After photolithography, we then etch the sample and
wash off the photoresist.

Our photolithography contains spin coating, soft baking, exposure and development.
These four steps are conducted as followed. Firstly, photoresist is coated onto our sample.
The photoresist is positive, which will be washed off after development. Secondly, the
sample is soft baked for 100 seconds under 100°C. Thirdly, the sample with photoresist

is exposed under UV light. Lastly, the sample develop will be developed by TMAH.

light source

(1) Substrate processing (2) spin coating photoresist (3) soft baking (4) Exposure

caide laper onke e

substrate —) RSt substrate ey substrate

(5) development (6) Hard baking (7) Etching (8) detection

Figure 2.2 Common process of photolithography[47]

2.2.2 lon Beam Etching (IBE)

Ion beam etching (IBE) is a type of physical etching. With IBE, we remove unwanted
materials and transfer patterns onto our samples that are defined by mask and photoresist.
IBE is preferred for etching stacks of multiple materials, e.g. MRAM, comparing to

15
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complex chemical etching.

The setup of ion beam etching is as shown in Figure 2.3. There are three parts in IBE,
including discharge chamber, the grids and the neutralizer. Ion production is done in the
discharge chamber by subjecting argon gas to an RF field. Free electrons are excited by
the RF field and will ionize argon to form plasma, once they have enough energy. The
grid is important for extraction and acceleration of ions to the required energy. The
neutralizer balances the charge of the ions, which can reduce space-charge effects.

During the etching processes, the parameters I use are as followed: etching angle at
80 degree, rotary 12 rpm. The etching time stops until the signal of desired materials (e.g.
W or Mg) rises. The angle here is defined by the angle between the thin-film plane and
the incident beam; that is, the ion beam is pointing nearly parallel to the plane normal.
For the etching on second step, which will be specified in Chapter 2.3.1, we clean the
sample at low angle afterwards. In this cleaning process, the parameters are: etching angle

at 20 degree, rotary 30 rpm, 10 seconds.

ION GUN Matenal
Ar' ions removed
R (==
__é (izEmE (il Rotating
s \-.\\_,/- : \:::::::::_— platform
Gas'\—l\ Neutralizer
Grids Substrate

Figure 2.3 Schematic of ion beam etching[48]
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2.2.3 Electron Beam Evaporator (EBE)

The setup of EBE is as shown in Figure 2.4. Similar to magnetron sputtering, EBE
is atype of PVD. Instead of plasma, EBE uses accelerated electrons to bombard the target
surface. The surface molecules will then be evaporated, travel toward the substrate and

deposit as thin film. In our experiment, we use EBE to grow a 100 nm-thick SiO; layer.

Radiation heating

| —
0 23 Lk

i Substrate
Crystal thickness
monitor

Evaporant

Water cooled crucible
&~ containing materials

gun High vacuum chamber

Figure 2.4 Illustration of E-beam evaporator[49]

2.3 Device Fabrication

2.3.1 MT]J Fabrication

The process of fabricating our device is as shown below.

In the first step, we define the device. We coat the photoresist onto the thin film and
divide every device into two parts by lithography, which will later be top and bottom
electrode. The details of photolithography are mentioned in Chapter 2.2.1. The mask
pattern of this step is as shown in Figure 2.5(a) and the schematic is as shown in Figure

2.6(a). We then etch the thin film without covered photoresist as shown in Figure 2.6(b).
17
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The parameters of etching are: etching angle at 80 degree, rotary 12 rpm. The angle here
is defined by the angle between the thin-film plane and the incident beam. Afterwards,
we use acetone and isopropyl alcohol (IPA) to strip off the photoresist, Figure 2.6(c).

In the second step, we define the pillar. Again, we transfer the pattern of the second
mask Figure 2.5(b) onto the thin film with lithography and the schematic is as shown in
Figure 2.6(d). We then etch the pillar until W or MgO as shown in Figure 2.6(¢e)[44, 45].
After the second etching, I perform cleaning to the sample. The parameters of cleaning
are: etching angle at 20 degree, rotary 30 rpm, 10 seconds. Apart from the first step, we
grow 100-nm-thick SiO; as in Figure 2.6(f). Afterwards, we use acetone and IPA again to
strip off the photoresist, Figure 2.6(g).

In the third step, we define the top electrode. This “top” electrode refers to the top
of the pillar as in Figure 2.6(h). Likewise, “bottom” refers to the bottom of the pillar. The
mask of the third lithography is shown in Figure 2.5(c). We deposit Ta(9nm)/W(90nm) as

electrode atop of pillar.

(2)

(©)

Figure 2.5 Mask patterns of different MTJ fabrication steps (a) 1°*! lithography (b) 2"

lithography (c) 3™ lithography
18
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(h)
(2

Figure 2.6 Schematic of different MTJ fabrication steps (a) 1% lithography (b) 1
etching (c) thin film after 1 process (d) 2" lithography (e) 2" etching (f) E-gun

evaporation by SiO; (g) thin film after 2" process (h) 3™ lithography and electrode
p

Since we fabricate 30 devices at a time, the arrangement of these devices is as shown
in Figure 2.7 and Table 2.1. We define the pillar size as (a x b) um’d. Side “a” ranges
from 2 to 12 while side “b” from 2 to 10, both of them are counted by twos. Thus, we get

30 devices.

20
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b%. : = = K
=
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Figure 2.7 (a) The definition of pillar size (b) The arrangement of 30 devices

* Pillarsize:axb

2x2 2x4 2x6 2x8 2x10

2 4x4 | M6 | 4x8 | 4x10

6x2 | 6x4 | 6x6 | 6x8 | 6x10

8x2 8x4 8x6 8x8 | 8x10

10x2 10x4 10x6 10x8 10x10

12x2 12x4 | 12x6 12x8 12x10

Table 2.1 The devices are arranged based on their pillar sizes as Figure 2.7.
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Chapter 3 Measurement

3.1 Thin Film Measurement

3.1.1 Magneto-Optical Effect (MOKE)

The Magneto-Optical effect (MOKE) brings out the change of magnetization by
using the change in polarization of light. Based on its geometry, MOKE can be
categorized into three modes, as shown in Figure 3.1. We use (a) Polar and (b)
Longitudinal mode in our experiments, on detecting samples with out-of-plane and in-
plane magnetization respectively. This method provides a fast and harmless measurement
on detecting thin film magnetization.

The setup of polarizer and analyzer is as shown in Figure 3.2. Both polarizer and
analyzer are polarizing filters arranged in different angles. They are sheets that transmit
only the component of light polarized along the transmission axis. The polarization of
light changes, as it goes through the sequence of polarizer, sample, analyzer, and the
detector. The natural light is not polarized at first. After passing the polarizer, the light
become linear. This outgoing beam then hits the magnetic sample and undergoes some
change in polarization. The analyzer is placed in a near extinction, which the light can
barely pass without the change in sample. Finally, the signal is collected by a detector that

gives its voltage.
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Name (a) Polar (b) Longitudinal (c) Transverse
Geometry

KM
Detection QOut-of-plane in-plane
(olarzaion | Powtor [H-f  [nene[H—~
Measurement Kﬁ I;;,igiast fon Imnf;sﬂtr)ém ent

Figure 3.1 Three geometries of MOKE includes (a) Polar (b) Longitudinal and (c)

Transverse.[50]

Detector

Analyzer

Polarizer

Electromagnet

Figure 3.2 Schematic of MOKE setup[51]

3.2 Secondary Ion Mass Spectrometry (SIMS)

SIMS is a powerful chemical characterization technique, detecting secondary ions
with a mass spectrometer. In our experiment, SIMS detection is carried out during etching,
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which determines where to stop on a specific layer.

The setup of SIMS detection is shown as Figure 3.3. During etching, there are some
secondary ions ejected by high energy. These ions will be guided toward the detector with
an applied electric field, and recognized by their mass-to-charge ratio with mass
spectrometry. As the etching process goes, SIMS provides a real-time signal as shown in

Figure 3.4, with a good end point resolution of +5A.

To pre-pump and
exhaust

I

Plasma bridge
Antenna connected to neutralizer

1.8MHz, 2kW 3-Grids
@ © @ @ optics

Turbo pump

to 10rpm

Plasma source

Argon inlet —p— B omm

@ ®0 @

Mechanical
shutter

Secondary lons Mass
Spectrometer

Figure 3.3 Schematic of SIMS detection during IBE[52]
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Secondary
ions

signal mass A
intensity
| mass B .
T -

.

time

Figure 3.4 SIMS provides real-time signal during etching[52]

3.3 MTJ Measurement

3.3.1 TMR Measurement

An illustration of TMR measurement is shown below in Figure 3.5. The green line
denotes the current between top electrode and bottom electrode, which will be referred to
as “top-to-bottom”. The red line denotes current between two bottom electrodes, and will
be referred to as “bottom-to-bottom”. Based on the TMR effect mentioned in Chapter

1.2.2, we can detect TMR signal by measuring the resistance.

Figure 3.5 Schematic of current flow during TMR measurement
25
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Chapter 4 Results and Discussion

4.1 PMA Thin Film

4.1.1 Half MT]J Structure

In order to fabricate an MTJ, the first goal is to form a double loop as Figure 1.11.
This double loop can be differentiated into PMA thin films and IMA thin films as in
Chapter 1.1.2, which differs in their direction of magnetization. I will focus first on PMA
thin films, and will discuss IMA thin films later in Chapter 4.2.

We start with half structure; the bottom half is Ta/W/CFB/MgO/Ta and the top half
1s MgO/CFB/W/Ta. From previous studies, we learned that the bottom and top structures
have different interfacial dead layer[6, 40] and different thickness range to achieve
PMAJ41]. Therefore, we try to get smallest H. of bottom half structure and largest H. of
top half structure, by modulating thickness of different layers. It will be helpful since they
will be free and fix layer respectively after combination.

We modulate the CoFeB thickness of the two structures. In Figure 4.1(a), we deposit
a Ta(2)/W(4)/CFB(t)/MgO(1.5)/Ta(4) structure, where t =1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 2.2.
Among all thicknesses, we find CoFeB(1.6) to be the best thickness in the bottom half
structure. (The thickness here and later will all be measured in nm scale.) In Figure 4.1(b),
we deposit a MgO(1.5)/CFB(t)/W(0.5)/Ta(4) structure, where t = 1.4, 1.6, 1.8, 2.0, 2.2,
2.4,2.6,2.8. Among all thicknesses, we find largest H. when CoFeB thickness is between

1.6nm and 2.0nm.
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Figure 4.1 (a) Among all thicknesses with good hysteresis loop, CFB(1.6) shows the

H, (Oe)

smallest H.. (b) For 1.6 < tcrp< 2.0 nm, it shows the largest H.

4.1.2 Full MT]J Structure

After we find the optimized structure of each half, we combine the two half
structures into a full structure. In Figure 4.2, we deposit Ta(2)/W(4)/CFB(1.6)/MgO(1.5)/
CFB(t)/W(0.5)/Ta(4), where t=1.6, 1.7, 1.8, 1.9. However, we don’t see any double loops
as expected at first.

Since modulating CoFeB thickness doesn’t provide double loop, we modulate MgO
thickness. In Figure 4.3, we deposit Ta(2)/W(4)/CFB(1.6)/MgO(t)/CFB(2.0)/
W(0.5)/Ta(4), where t = 1.2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8. However, this doesn’t provide
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evident double loop either.
We then modulate W thickness. In Figure 4.4, we change W thickness from 0.5nm to
0.7nm, and deposit Ta(2)/W(4)/CFB(1.6)/MgO(1.2)/CFB(2.0)/W(0.7)/Ta(4). It then

shows double loop.

TaS(g%/W(4)/CFB(1 B8)/MgO(1.5)/CFB(t)/W(0.5)/Ta(4)

5001 CFB1.6 1
495 ]
s
2 490 ]
S CFB1.7
P
§ 485 ]
©
S 480 ]
'ﬁ CFB1.8
~
S 475 ]
=
B m'g
465/ ]

200 -100 0 100 200
H, (Oe)

Figure 4.2 It doesn’t show double loop after combining two half layers into a full

MT]J structure, with fix layer CFB thickness from 1.6 to 2.0.
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£ 500,
- 495
& 490]
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MgO1.5 |

\ % Yeoie
§ n\ MgO1.7 1
B adted .

o

i I\ MgO1.8
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Figure 4.3 Since it doesn’t show double loop after modulating CFB thickness, we

therefore modulate MgO thickness.

Ta(2)/W(4)/CFB(1.6)/MgO(1.2)/CFB(1.8)/W(0.7)/Ta(4)

420

i
o
o

380+

MOKE signal (arb. units)

360+

B

("J’f-l..ll.l--.Il‘...l'..l

-200

-100 0 100 200
H. (Oe)

Figure 4.4 1t shows double loop after modulating W thickness.

4.1.3 Short Conclusion

For half MT]J structure, we can easily determine the best thickness with appropriate
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H.. In this case, CFB(1.6) and CFB(2.0) for bottom and top half structures respectively.
For full MT]J structure, it doesn’t show double loop at first, after modulating MgO
thickness. It shows double loop after modulating W thickness. At this thickness, W can

stop Ta diffusion into CFB layer.

4.2 IMA Thin Film Annealed without External Field

4.2.1 Half MT]J Structure

Similar to PMA MTJ, we modulate IMA MTIJ from its half structure. For bottom
half MTJ, Figure 4.5(a), we deposit a Ta(2)/W(4)/CFB(t)/MgO(1.5)/Ta(4) structure,
where t = 2.0, 2.5, 3.0, 3.5, 4.0, 4.5. It’s worth noticing that the CoFeB thicknesses here
are much thicker than PMA thin films, due to higher contribution of bulk anisotropy in
Chapter 1.1.2. Among all thicknesses, CFB(3) shows the smallest H.. For top half MTJ,
Figure 4.5(b), we deposit a MgO(1.5)/CFB(t)/W(0.5)/Ta(4) structure, where t = 3.0, 3.5,
4.0,4.5,5.0,5.5. H; are large enough for CoFeB thicker than 4nm.

In Figure 4.6, we measure the hysteresis loop of these bottom and top half structures,
the same structures in Figure 4.5. As shown in the figure, as-deposited samples show

smaller H.. We extract H. of these different thicknesses and make it into Figure 4.7.
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Figure 4.5 (a) CFB(3) shows the smallest Hc. (b) H. are large enough for CFB
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Figure 4.6 (a)(b) As-deposited thin films show smaller Hc. These thin films are the same

structures as in Figure 4.5.

@ e+ (o) R —
Ta/W/CoFeB(t)/MgO/Ta MgO/CoFeB(t)/W/Ta
45| ™ 400C, 20 mins | 180 | B 400C, 20 mins
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° [
T ° =
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04 = ] 1 0 ) o ¢ e L
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CoFeB thickness (nm) CoFeB thickness (nm)

Figure 4.7 H. extracted from Figure 4.5 and Figure 4.6. (a)(b) After annealing,

coercivity significantly increases.

Since the sample are IMA, we further investigate its behavior on xy-plane. We
measure the hysteresis loops of bottom half structures, Ta(2)/W(4)/CFB(t)/
MgO(1.5)/Ta(4) structure, where t = 3.0, 4.0, 4.5, and extract their H. into Figure 4.8. In
Figure 4.8(a), CFB(3), H. doesn’t fluctuate at different angle. In Figure 4.8(b)(c),

although H. fluctuates at different angle, there are no evident regulation.
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Figure 4.8 H. extracted from Figure 4.7. (a) For CFB(3), no angle dependence is
observed. (b)(c) For CFB(4) and (4.5), although H. fluctuates at different angle,

there are no evident regulation.

4.2.2 Full MT]J Structure

Similar to PMA thin films, we combine the two half structures into full structure. In
Figure 4.9, we deposit Ta(2)/W(4)/CFB(3)/MgO(1.5)/CFB(t)/W(0.5)/Ta(4), where t = 3.5,
4, 4.5, and Ta(2)/W(4)/CFB(3.5)/MgO(1.5)/CFB(t)/W(0.5)/Ta(4), where t = 3.5, 4, 4.5.
However, it doesn’t show double loop at first when we modulate free layer CoFeB
thickness.

In  Figure 4.10(a), we  modulate MgO layer and  deposit
Ta(2)/W(4)/CFB(3)/MgO(t)/CFB(4)/W(1)/Ta(4), where t=1.2,1.3,1.4,1.5,1.6, 1.7, 1.8,
1.9. Layers with MgO thickness between 1.2-1.5 nm and fix-CFB(4) starts to show
evident double loops. In Figure 4.10(b), we change fix layer CFB thickness to Snm, and
deposit Ta(2)/W(4)/CFB(3)/MgO(t)/CFB(5)/W(1)/Ta(4), where t = 1.0, 1.1, 1.2, 1.3, 1.4.

In Figure 4.11, we deposit a thinner MgO layer with thickness at 1nm, and deposit
Ta(2)/W(4)/CFB(3)/MgO(1)/CFB(t)/W(1)/Ta(4), where t = 4.0, 4.2, 4.4, 4.6, 4.8, 5.0. It

shows double loops for fix-CFB thickness from 4—4.8 nm.
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Figure 4.9 It doesn’t show double loop for free-CFB(3) and free-CFB(3.5).
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fix-CFB(4). (b) It does not show evident double loop for fix-CFB(5).
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Figure 4.11 For thinner MgO thickness fmgo (1), it shows double loops for fix-CFB

thickness from 4—4.8 nm.

Based on the successful thin films above, we also modulate the annealing time. We

deposit a series of Ta(2)/W(4)/CFB(3)/MgO(t)/CFB(4)/W(1)/Ta(4), where t = 0.8, 0.9,

1.0,1.1,1.2, 1.3, 1.4, 1.5, and anneal these structures for 20, 30, 40, 50 minutes, as shown

in Figure 4.12 (a)(b)(c)(d), respectively. At all annealing time, there are some structures

that show double loop. With longer annealing time, the double loops become sharper.

However, the signal-to-noise ratio gets larger as well. In Figure 4.13, we scan the minor

loop of the thin films in Figure 4.12.
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Figure 4.12 Samples are annealed for (a) 20 (b) 30 (c) 40 (d) 50 minutes. With longer
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annealing time, the double loops become sharper.
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4.2.3 Short Conclusion

For half MTJ structures, we find appropriate H. for bottom half structure
Ta(2)/W(4)/CFB(3)/MgO(1.5)/Ta(4), and for top half structures MgO(1.5)/CFB(t)/
W(0.5)/Ta(4), where t = 4.0, 4.5, 5.0, 5.5. We also find that annealing can significantly
increase coercivity, when comparing as-deposited thin films and annealed thin films.
These thin films do not show obvious regulation of easy and hard axes.

For full MTJ structure, we modulate fix layer CoFeB thickness and MgO thickness,
and obtain double loop in the structure Ta(2)/W(4)/CFB(3)/MgO(t)/CFB(4)/W(1)/Ta(4),
where t = 1.2, 1.3, 1.4, 1.5. When applying different annealing time to the thin films, 20,
30, 40, and 50 minutes, many thin films still show double loop. However, these double
loops do not have easy and hard axes behaviors either. We also scan the minor loops of

these thin films, and attain their behavior under smaller external field.

4.3 IMA Thin Film Annealed with External Field

4.3.1 Half MT]J Structure

As demonstrated in Chapter 4.1 and Chapter 4.2, we successfully modulated double
loops for PMA and IMA thin films. However, in Figure 4.8, we demonstrated that there
are no evident regulations at different angles for our IMA thin films. Therefore, we will
anneal these modulated thin films with external field 8000 Oe, to see whether they show
easy and hard axes behaviors.

Here, we select thin films with better Hc, Ta(2)/W(4)/CFB(3)/MgO(1.5)/Ta(4) and
MgO(1.5)/CFB(4)/W(0.5)/Ta(4), for bottom and top half structures respectively. In
Figure 4.14, bottom structures show easy and hard axes behaviors, while top structures
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do not. With the hysteresis loops of Figure 4.14 and some other hysteresis loops at other
angles, we extracted their H. into Figure 4.15, we can see that the bottom half structures

are strongly dependent on angle, while the top half structures are not.

(a) (b)
............... [ J
13,0 | Bottom half MTJ - CFB(3) Top half MTJ - CFB(4)
=0 deg - 0 deg 20min
1 —o—90deg 5 12 —o— 50 deg _.----"""""‘ ............
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Figure 4.14 (a) For bottom half MTJ, easy and hard axis can be easily distinguished,
but coercivity of easy axis does not increase after annealing with external field. (b)
For top half MTJ, hysteresis loops don’t show evident easy and hard axes behaviors

after annealing.
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Figure 4.15 (a) For the extracted H. of bottom half structure, the regulation of easy

and hard axes are clearly shown. (b) For the top half of MTJ, the coercivity does not
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have strong regulation to angle.

4.3.2 Full MT]J Structure

Although the top half structure didn’t show evident hard and easy axes behaviors,

we still select a full structure with double loops, from Figure 4.12(c), which is annealed

for 40 minutes. We choose Ta(2)/W(4)/CFB(3)/MgO(t)/CFB(4)/W(1)/Ta(4), where t =

0.9, 1.0. For the two thin films, Ta(2)/W(4)/CFB(3)/Mg0O(0.9)/CFB(4)/W(1)/Ta(4) shows

double loop, as shown in Figure 4.16.

In Figure 4.17, we compare their H. with different annealing time. However,

different annealing time doesn’t change H-.
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Figure 4.16 (a)(b) It shows double loops only for MgO thickness at 0.9nm, after

annealing for 40 minutes.
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4.3.3 Short Conclusion

For half MTJ structures, we choose bottom half structure Ta(2)/W(4)/CFB(3)/
MgO(1.5)/Ta(4), and top half structure MgO(1.5)/CFB(4)/W(0.5)/Ta(4). Bottom half

structures show evident easy and hard axes behaviors under 80000e. As for top half
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structure, however, doesn’t show evident easy and hard axes behaviors.

For full MTJ structures, Ta(2)/W(4)/CFB(3)/Mg0O(0.9)/CFB(4)/W(1)/Ta(4) shows

double loops. For different annealing time, H. doesn’t change.
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4.4  Failure Analysis for MTJ Devices

4.4.1 Case 1l of Stop-on-W

We try to fabricate MTJ thin films into devices. The fabrication processes are
illustrated in Chapter 2.3.1. In the 1% step, we define the device and electrodes by
lithography and etching. In the 2™ step, we define the pillar by lithography, etching and
E-beam evaporator. In the 3™ step, we define the electrode by lithography and depositing
Ta and W. In the following chapter, we will demonstrate these processes. The two cases
in Chapter 4.4.1 and Chapter 4.4.2 uses PMA thin films, while the case in Chapter 4.4.3
adopts IMA thin films.

Firstly, we detect the P-MOKE signal of the four thin films. All of them are deposited

in the same layer order, as shown in Figure 4.20. Sample 1 and 2 show only single loop,
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while sample 3 and 4 have double loop in Figure 4.18.
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Figure 4.18 MOKE signal of four samples. (a)(b) PMA sample with one single

hysteresis loop. (¢)(d) PMA sample with double hysteresis loops.

The OM image of the 1% lithography is shown in Figure 4.19. We define the devices

and the electrode pads of “top” and “bottom” in the 1% step, which suggests how the

electrode is connected to the top or bottom of the pillar. The 1% etching signal in Figure

4.20 shows the etching process. We etch to the Si substrate in the 1% step.

(2)
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(c) (d)

Figure 4.19 OM images of 1 lithography (a) Sample 1 (b) Sample 2 (c)(d) Sample 3
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Figure 4.20 SIMS signal of 1% Etching (a) Sample 1 and 2 (b) Sample 3 and 4

The OM image of the 2™ lithography is shown in Figure 4.21. We define the pillar
in the 2" step. As shown in the 2" etching signal, Figure 4.22, we stop on the W layer

for the 2™ etching. We stop at about 7 seconds after W signal reaches 12 on intensity.

(b)
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(d)

Figure 4.21 OM images of 2" lithography (a) Sample 1 (b) Sample 2 (c) Sample 3 (d)
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Figure 4.22 2" etching (a)(b)(c)(d) stands for sample 1 to 4 respectively.

The OM image of after depositing electrode in the 3™ step is shown in Figure 4.23.

We deposit the Ta and W electrode in the 3" step. Figure 4.23(a) shows that the electrodes
46
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on well deposited in sample 3, while some electrodes are not in sample 4.

(a) (b)

Figure 4.23 OM image of 3™ lithography (a) Sample 3 (b) Sample 4

After the three steps, we detect the electric signals. However, the signals don’t show
as expected. Sample 1 & 4 overflowed on signal. Little signal shows on sample 2 and 3.

For sample 2, in Figure 4.24 and Figure 4.25, only 1 device show TMR signal on
both top-to-bottom and bottom-to-bottom detection.

For sample 3, 4 devices show TMR signal on top-to-bottom detection and 3 devices
on bottom-to-bottom detection, as in Figure 4.26 and Figure 4.27. The highest TMR ratio
of top-to-bottom is about 5.19%. We then count the TMR resistance and TMR ration of

top-to-bottom signal in Figure 4.28, and that of bottom-to-bottom signal in Figure 4.29.

47

doi:10.6342/NTU202404513



(a)852.4

862.2 -
862.0 -
861.8 -
861.6
861.4 -
861.2 -
861.0
860.8 -
860.6 -

Resistance (Q)

860.4

= BiTima
Y

(b)B 37.2

837.0

Resistance (Q)

836.0

8358

836.8 |

836.6 -

836.4 1

836.2 -

o e S
n o / -'-
a .ln’
200 0 200
H_ (Oe)
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Figure 4.29 Bottom-to-bottom signal for sample 3 (a) Resistance relation to pillar area
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442 Case 2 of Stop-on-W

After the case above, we perform similar fabrication process again. During last
fabrication, some processes were not well performed; therefore, this time, we make sure
that every step is performed correctly.

As shown in Figure 4.30 and Figure 4.31, again we perform 1* etching to the device,
until Si shows larger signal than Ta. We then perform 2™ etching until W signal raises to
12, based on the etching time acquired in 1% etching. Since the whole fabrication process

is similar on OM image, we demonstrate only the crucial etching processes here.
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Figure 4.30 1% etching signal of the sample
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Figure 4.31 2" etching signal of the sample

After the whole fabrication, we detect the TMR signal on both top-to-bottom and

bottom-to-bottom, respectively in Figure 4.32 and Figure 4.33. For top-to-bottom signal,

only four devices show TMR loop, with the highest switching ratio at 2.51% this time.

As for bottom-to-bottom detection, three devices show TMR loop.
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443 Case 3 Stop-on-MgO

Since we failed on previous attempts, we decide to change the stop layer to MgO
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this time. The 1% process in Figure 4.34 is similar to Chapter 4.4.1, case stop-on-W.
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Figure 4.34 1% etching signal of case stop-on-MgO

In Figure 4.35, 2™ lithography, we make sure the pillar is clear shown under OM
image. For the 2™ etching this time, Figure 4.36, we stop on MgO layer, when Mg signal

reaches 3 on signal. In Figure 4.37, we can still clearly see the pillar after depositing SiO>

with E-gun evaporation and lift-off.

(b)

(©) (d)
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Figure 4.35 (a)(b)(c)(d) OM images of 2" lithography
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Figure 4.36 2™ etching signal of case stop-on-MgO
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Figure 4.37 OM images of 2" E-gun evaporation

For the 3™ lithography, Figure 4.38, we can see the pillar after lithography. We then

deposit Ta and W atop.

(b)

(©) (d)

Figure 4.38 OM images of 3™ lithography
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After fabrication, we again detect the signals. For Figure 4.39, only one device of

sample MgO 1.0 shows TMR loop for top-to-bottom detection. Other devices fail for both

top-to-bottom and bottom-to-bottom detection, Figure 4.40 and Figure 4.41 respectively.

We then count the distribution of resistivity for top-to-bottom for the two samples.
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Figure 4.39 (a)(b) One device of sample MgO 1.0 shows TMR loop for top-to-bottom
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Figure 4.40 Fail devices of sample MgO 0.9 and MgO 1.0 for top-to-bottom signal (a)
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Figure 4.42 Resistance distribution of sample MgO 0.9 and MgO 1.0

4.44 Short Conclusion

We demonstrate a workflow of MTJ device fabrication, including three cases, two
stop-on-W and one stop-on-MgO.

In the first stop-on-W case, we demonstrate our process of three lithography steps,
with etching, E-gun evaporation or depositing electrodes afterward. After fabrication,
some devices show TMR loop, on either top-to-bottom or bottom-to-bottom detection.

We perform stop-on-W case the second time. It shows similar results. Some devices

show TMR loop, on the two detection.

For the third time, we change the stop layer to MgO. One device shows TMR loop
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on top-to-bottom detection.
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Chapter5 Summary

Firstly in PMA MT]J thin films, we determine the best thickness with appropriate H.,
For half MTJ structure, we find Ta(2)/W(4)/CFB(1.6)/MgO(1.5)/Ta(4) and MgO(1.5)/
CFB(2.0)/W(0.5)/Ta(4), to be the best structures, for bottom and top half structures,
respectively. Later in full MTJ structure, we modulate CoFeB, MgO and W thickness and
acquire double loop in the structure Ta(2)/W(4)/CFB(1.6)/MgO(1.2)/CFB(2.0)/
W(0.7)/Ta(4).

Secondly in IMA MT] thin films, we find Ta(2)/W(4)/CFB(3.0)/MgO(1.5)/Ta(4) and
MgO(1.5)/CFB(t)/W(0.5)/Ta(4), where t = 4.0, 4.5, 5.0, 5.5, to be the best structures, for
bottom and top half structures respectively. For full MTJ structure, double loop can be
obtained in the structures Ta(2)/W(4)/CFB(3)/MgO(t)/CFB(4)/W(1)/Ta(4), t = 1.2, 1.3,
1.4, 1.5. For as-deposited thin films and thin films with different annealing time, we
demonstrate that annealing can significantly increase coercivity, while double loops exist
in different annealing time, 20, 30, 40 and 50 minutes. Also, we find out these thin films
do not have evident regulation on different angle.

Thirdly in IMA MTJ thin films annealed by external field 80000e, bottom half
structure Ta(2)/W(4)/CFB(3)/MgO(1.5)/Ta(4) shows evident easy and hard axes behavior,
while top half structure MgO(1.5)/CFB(4)/W(0.5)/Ta(4) does not. Full MTJ structures,
Ta(2)/W(4)/CFB(3)/Mg0O(0.9)/CFB(4)/W(1)/Ta(4), shows double loops. Also, annealing
with external field does not increase coercivity.

Lastly in MTJ fabrication, we demonstrate a workflow to fabricate an MTJ device
with two methods, stop-on-W and one stop-on-MgO. In the stop-on-W cases, we

demonstrate the fabrication process and TMR detection. Some devices show TMR signals,
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in both top-to-bottom and bottom-to-bottom detection. As for the stop-on-MgO case, one

device shows TMR loop in top-to-bottom detection.
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