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Abstract

Magnetic random access memory (MRAM) is gaining intensive interest for
embedded and stand-alone memory applications. Its inherent non-volatility is
believed to address the large stand-by energy consumption issues in the present
memory hierarchy. In recent years, the spin-transfer torque (STT)-MRAM
has gradually matured and started to appear in the market. Typically, STT
writing of perpendicular magnetic tunnel junction (pMTJ) is limited to a few
nanoseconds. Because STT is collinear with intrinsic damping of the free-layer
(FL), the FL needs to wait for the thermal fluctuation to tilt its magnetization to
gain a finite torque. Further, it requires a large enough STT current to overcome
the damping torque, which consumes a great amount of writing energy.

One can overcome these issues by using different writing mechanisms that do
not directly compete with the intrinsic damping. Among several proposals, the
most attractive ones are the voltage control of magnetic anisotropy (VCMA)
and the spin-orbit torques (SOT). In particular, VCMA promises low power
operation of MRAM as it allows modification of the FL. perpendicular magnetic
anisotropy (PMA), a parameter directly linked to the writing current/energy.
In this thesis, we will study VCMA both as the writing mechanism and as the
assisting mechanism to SOT.

First, we study the conventional VCMA write mechanism. Under a constantly
applied in-plane field, a voltage pulse across the MTJ stack instantly changes
the equilibrium magnetization direction from perpendicular to in-plane, thereby
inducing high angle precessional switching. This writing mechanism is
demonstrated to be 10x faster (0.5-1ns) and 100x lower energy (10-40fJ) when
compared to the STT devices of the same diameter.

Next, we solve the technological challenges of the conventional scheme: 1)
integration of an in-plane field generator and 2) prolonged write duration due
to pre-read operation. Challenge 1 is solved by using the magnetic-hard-mask
(MHM) design, and we demonstrate that the MHM cell can implement field-free
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VCMA switching while maintaining the same write error rate as the standard
devices. To solve challenge 2, we propose a deterministic writing scheme, with
which the parallel (P) state is written by a single-pulse and the anti-parallel
state is achieved by a double-pulse. This scheme manifests energy consumption
similar to the conventional scheme while removing the long pre-read duration.

Furthermore, the temperature dependences of VCMA device properties are
investigated. We observe a high decreasing rate of the critical VCMA switching
voltage (36.6mV/K) due to the large decrease in PMA and minor variation
in the VCMA coefficient (£). On the other hand, the decreasing rate of the
breakdown voltage is 3.8mV /K. From the application point of view, the MTJ
has a larger write-to-breakdown margin at elevated temperatures, which can
mitigate the risk of MTJ degradation.

In the last part, VCMA is implemented as an assisting effect to improve SOT-
MRAM, forming the voltage-gate assisted spin-orbit torque (VGSOT)-MRAM.
With the present £ = 15fJ/Vm, we demonstrate a 25% reduction in SOT
switching current, corresponding to total switching energy of 30fJ at 0.4ns
for 80nm devices. Based on the experimental results, we further project the
device parameters required at 30nm pMTJ. We show that VGSOT-MRAM with
improved £ = 300fJ/Vm and 0gy = 0.45 is enough to suit both high-density
and high-performance embedded memory applications. Notice that these values
are much lower than the requirements in VCMA-MRAM (£ > 800fJ/Vm) and
SOT-MRAM (93[{ > 2)



Beknopte samenvatting

Magnetische werkgeheugen (MRAM) wint aan belang voor verschillende
ingebedde en alleenstaande geheugen toepassingen. Door zijn inherente niet-
vluchtigheid kan hij de grote stand-by energieconsumptie problemen oplossen
die in de huidige geheugen hiérarchie aanwezig zijn. Recent is spin-transfer
torque (STT)-MRAM geleidelijk aan verbeterd en is nu beschikbaar. Schrijven
in perpendicular magnetic tunnel junctions (pMTJ) gebeurd met STT en
is gelimiteerd tot een paar nanoseconden. Omdat STT collineair is met de
intrinsieke demping van de free-layer (FL), kost het tijd voordat er in de FL, op
basis van thermische fluctuatie van de magnetisatie, voldoende koppel ontwikkelt
door de STT elektrische stroom. Daarenboven vereist het een grote STT stroom
om het demping koppel te overwinnen. Dit zorgt voor een groot energie verbruik
tijdens het schrijven van het geheugen.

Deze problemen kunnen echter opgelost worden door een ander schrijfmecha-
nisme te gebruiken dat niet in directe competitie is met de intrinsieke demping.
Van verschillende voorstellen lijken de voltage control of magnetic anisotropy
(VCMA) en de spin-orbit torques (SOT) de grote kanshebbers. VCMA zorgt
voor een lage vermogen werking van MRAM aangezien het de perpendicular
magnetic anisotropy (PMA) van de FL kan aanpassen. PMA is gelinkt aan
de vereiste stroom/energie voor een schrijfopdracht. In deze thesis, zullen
we VCMA bestuderen, zowel als schrijfmechanisme alsook als een assisterend
mechanisme tot schrijven met een SOT stroom.

Allereerst, bestuderen we het conventionele VCMA schrijf mechanisme. Tijdens
een constant aangelegd evenwijdig magnetisch veld, kan een spanningspuls over
de MTJ ogenblikkelijke veranderingen in het magnetisatie evenwicht aanbrengen
van loodrecht op het vlak naar in het vlak. Deze verandering veroorzaakt
schakelen door een precessie onder grote hoek. Het is aangetoond dat dit
schrijfmechanisme 10x zo snel is (0.5-1ns) en met een 100x lagere energie
(10-40£J) dan schrijven met STT in apparaten van dezelfde grootte.
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Vervolgens, zoeken we oplossingen voor de technologische uitdagingen van
het conventionele schrijfschema: 1) integratie van een evenwijdig met het
vlak magnetisch veldgenerator en 2) een langdurige schrijftijd door de vooraf
leesoperatie. Uitdaging 1) is opgelost door gebruik te maken van een magnetic-
hard-mask (MHM) in het design. Zo een MHM zorgt voor VCMA schrijven
zonder magnetisch veld, maar nog steeds met dezelfde schrijffout proportie. Voor
uitdaging 2) stellen we een deterministisch schrijfschema voor: de parallel (P)
toestand wordt geschreven door een enkele spanningspuls en de anti-parallel (AP)
toestand met een dubbele spanningspuls. De schrijfenergie met dit schrijfschema
is nog steeds vergelijkbaar met het conventionele schema, maar de langdurige
pre-leesopdracht is niet meer nodig.

Daarnaast, bestuderen we de temperatuur afhankelijkheid van verschillende
eigenschappen in VCMA apparaten. We zien enerzijds een snelle daling in
de kritische VCMA schakelspanning (36.6mV /K), doordat er een grote daling
in PMA en een kleine variatie in de VCMA coéfficiént (£). Anderzijds, is de
snelheid van doorslagspanning slechts 3.8mV /K. Vanuit een applicatie oogpunt
zal een grotere schrijf-tot-doorslag marge van de MTJ bij hogere temperaturen
zorgen een verlaagd risico op MTJ degradatie.

In het laatste deel wordt VCMA geimplementeerd om SOT-MRAM te assisteren,
namelijk een voltage-gate assisted spin-orbit torque (VGSOT)-MRAM. Met de
huidige £ = 15£J/Vm, verlagen we de SOT schakelstroom met 25%. Dit komt
overeen met een schakelenergie van 30 fJ tijdens een 0.4 ns schrijfpuls in een 80
nm apparaat. Op basis van experimentele resultaten maken we een projectie
van de apparaat eigenschappen die nodig zijn voor een 30 nm grote pMTJ.
Wij tonen aan dat VGSOT-MRAM met een betere £ = 300fJ/Vm en gy =
0.45 genoeg is om zowel voor hoge densiteit en hoge performante ingebedde
geheugenapplicaties te dienen. Deze waarden zijn bovendien veel lager dan de
vereisten in VCMA-MRAM (¢ > 800fJ/Vm) en SOT-MRAM (fsg > 2).
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Chapter 1

Introduction

Since ancient time, humans record information in the forms of symbols,
characters, and texts on visible items to the naked eye such as slabs, planks,
and papers. In 1947, the first germanium point-contact transistor [1] was
invented, and later the well-known metal-oxide-semiconductor field-effect-
transistor (MOSFET) [2] made significant changes to our lifestyles. The industry
rapidly entered the information revolution bringing our lives into the digital
age, a period of information technology (IT). Since then, integrated circuits (IC)
and semiconductor devices have vigorously progressed. Moore’s law [3] predicts
the number of transistors on an IC chip doubling every two years, and the
reality surprisingly obeys it over the past half-century. All these events allow
us to calculate and memorize a huge amount of data on today’s information
and communications technology (ICT) systems.

The modern computers are designed with the architecture based on the report
firstly proposed by John von Neumann in 1945, in which the input/output
mechanisms and how the central processing unit (CPU) worked with the main
memory were described [4]. This Von Neumann architecture later reached a
bottleneck mainly due to the tremendous increase in the speed of the CPU and
the size of the memory without a corresponding increase in the data transferring
rate. This has led to today’s memory hierarchy to mitigate the latency problems.
The advancement of the memory technologies is therefore said to be the enabler
for high computer performance [5].
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1.1 Memory Hierarchy: Present and Future

In the ordinary computer systems, the performance is boosted by combining
different types of memory technologies in order to improve the computational
speed and maintain the data storage capacity, so-called memory hierarchy.
Generally, there are three components: cache memory, main memory, and
storage memory, as shown in Figure 1.1. The commercialized technologies
responsible for the corresponding parts are: static random access memory
(SRAM), dynamic random access memory (DRAM), and Flash memory/Hard-
disk-drive (HDD). In the following, the fundamental working principles of these
semiconductor memory technologies are briefly reviewed.

i Corresponding

Capacity Speed i Technology
sub-ns i

I

|

i SRAM

I

I

I

|

! DRAM

I

I

i

|

i

i Flash/HDD

I

Figure 1.1: A general memory hierarchy on the computer. Adapted from
[5, 6, 7].

Static Random Access Memory (SRAM): SRAM is a volatile memory
that is typically composed of six transistors (6T), as shown in Figure 1.2(a).
The two cross-coupled inverters formed by the four transistors in the middle
are for storage, and the two access transistors on the sides are for writing and
reading. SRAM is the fastest memory technology to date, for which the access
time is in the range of (sub-)nanosecond [5]. Since it merely consists of silicon
based transistors, it is integrated as embedded cache memory next to the CPU.
On the other hand, as a volatile memory, SRAM retains its bit only when the
power is supplied, which consumes stand-by power. Its 6T feature also makes
it expensive and remarkably area consuming. Therefore, SRAM is suitable as
cache memory only, and the computer requires other technologies to make up
the deficiency of capacity.
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Figure 1.2: Schematics of (a) SRAM with six transistors, (b) DRAM with
one transistor and one capacitor, (c¢) Flash memory with one transistor and
one floating gate, and (d) HDD with a magnetic head and a magnetic recording
platter.

Dynamic Random Access Memory (DRAM): DRAM is made up of one
transistor and one capacitor (1T1C), as shown in Figure 1.2(b). It writes/stores
the data through charging and discharging the capacitor. Due to the latency in
charging the capacitor, the access time is in the range of few tens of nanoseconds.
Since the capacitor (oxide) is leaky, DRAM needs to be refreshed intermittently,
typically every 64ms. The term ‘dynamic’ refers to the need for this refresh
operation. Once the power is turned off, the stored charges flow out. For
these reasons, DRAM consumes larger energy than SRAM. On the other hand,
DRAM’s simple structure allows it to be densely integrated to compensate for
the area disadvantage of SRAM.

Flash Memory: Flash memory is a type of non-volatile memory that serves
as a storage medium. Each memory cell resembles a typical MOSFET, except
there are two gates: control gate and floating gate [Figure 1.2(c)]. The control
gate is on top of the floating gate. When programming, a positive voltage is
applied to the control gate to induce electrons being injected from the channel
to the floating gate. These electrons are trapped in the floating gate and cause
electric field screening, leading to a shift in MOSFET’s threshold voltage [8]. To
erase the charges, a negative voltage is applied to the control gate to repel them
away from the floating gate. These operations, however, require 20V stress
which degrades the oxide layer gradually. Hence, the endurance is limited to
the order of 10° cycles. In NAND Flash architecture, the cells are connected in
series. When reading, the data needs to be accessed sequentially which increases
the read latency. Overall, the characteristics of NAND Flash make it suitable
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for massive data storage.

Hard-Disk-Drive (HDD): HDD uses a rotating platter that is coated with
ferromagnetic materials for recording. The magnetization of the ferromagnet
(FM) represents the binary logic states. A magnetic head, placed on an actuator,
is on top of the platter for reading and writing, as sketched in Figure 1.2(d).
The operating speed of HDD is specified by the time required to move the head
to a track and the physical rotational speed of the platter. Hence, the average
latency is long among conventional memory technologies. The advantages of
HDD are low fabrication cost and large capacity.

To summarize the commercialized memory devices, Table 1.1 compares the
performance metrics for these technologies.

Table 1.1: Performance metrics for the commercialized memory technologies.
Data collected based on Ref. [7, 9, 10].

Parameters SRAM | DRAM | NAND Flash HDD
Cell size (F?)" >150 6-10 <4 2-3
Read latency (ns) <1 30-50 10° 5—8x10°
Write latency (ns) <1 30-90 10° 5—8x10°
Endurance (cycles) >10'° >10'° 10° 10*
Retention volatile | volatile >10 years >10 years

*F: feature size, the minimum printable size in a technology node.

1.1.1 Challenges in Modern Memory Hierarchy

As Moore’s law persistently proceeds, ICT systems with conventional memory
hierarchy (Figure 1.1) are facing three challenges. The first challenge regards the
overall performance. There are two major latency gaps in the modern hierarchy,
one lies between the cache memory and the main memory (Gapl), and another
one lies between the main memory and the storage memory (Gap2). Gapl
is ascribed to the speed limit of DRAM. Due to its operating principle, the
access time of DRAM is typically in the range of tens of nanoseconds, whereas
cache SRAM can be as fast as sub-nanosecond [7, 12]. Gap2 stems from the
latency of massive data storage technologies whose speeds are in the range
of hundred-microseconds to milliseconds. Although, in the modern hierarchy
[Figure 1.3(a)], these latency gaps are somewhat fetched up by the introductions
of embedded DRAM (eDRAM) to Gapl and storage class memory (SCM) to
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(a) Present Hierarchy (b) Future Hierarchy

Figure 1.3: Memory hierarchy (a) at present and (b) in the future. Adapted
from Ref. [7, 11].

Gap2, advancing in the technology node brings up the second challenge: power
consumption.

The rapid increase in power consumption is primarily due to the scaling
characteristic of the transistors and the increased memory density. Particularly,
the simultaneous refresh of a large DRAM array to retain the cell information
has to account for the extensive raise in the stand-by power. Such stand-by
energy becomes comparable to the dynamic operating power consumption
[7, 13].

Last but not least, despite stacking the memory layers based on speed and
capacity enables better computing performance, this design leads to a slow
start-up, long idle times, and low power efficiency. Because of the volatile
nature of cache memory and main memory, during system booting and shutting
down these devices have to transfer their data to the storage level, causing
redundant time for system backup [11]. Design of a new memory architecture
which made up completely with non-volatile memory technologies [Figure 1.3(b)]
is believed to address the large stand-by power issue and additionally allows
instant resuming to the state prior to interruption [7, 11].

Apart from the above-cited challenges, there are new concepts and applications,
e.g. neuromorphic computing, Internet of Things (IoT), and machine learning,
that requires alternative memory technologies whose performances are more
suitable than the commercialized ones. In search of alternatives, several
technologies are being intensively studied as the enablers, these are termed as
“Emerging Memory Technologies”.
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1.1.2 Emerging Memory Technologies

As discussed in the previous section, various new technologies are being studied
as the enablers for new applications and opportunities. Among many different
concepts, resistive RAM (RRAM), phase change RAM (PCRAM), ferroelectric
RAM (FeRAM) and magnetic RAM (MRAM) are of great interest. In the
following, the basic working principle and the potential applications for these
emerging memory devices are discussed.

RRAM: RRAM is a collective name referring to a group of memory
technologies that can be switched between low resistance state (LRS) and
high resistance state (HRS) by a reduction-oxidation reaction. Based on the
materials used, it can be categorized into conductive bridge RAM (CBRAM) and
oxide RAM (OxRAM), as shown in Figure 1.4(a) and (b). By applying voltage
pulses, metal cations (CBRAM) or oxygen ions (OxRAM) migrate in the oxide
layer to form/eliminate the conducting filament and achieve resistive switching
[14, 15]. The filament formation mechanism relies mostly on the materials used
and is less dependent on the physical size of the cell; therefore, these devices
have good scalability in write performance. RRAM is also fascinating for its
simple three-layered stack structure and low fabrication cost. RRAM cell is a
simple 2-terminal device. Figure 1.4(c) shows the schematic of a RRAM cell
which is made up with one transistor and one resistor (1T1R). Considering
RRAM’s overall characteristics, it can potentially target the SCM applications
and also more recently by replacing Flash in the field of micro control unit

(MCU) [7, 8].

(b) Top electrode () BL
X n
(XX ] 0 [ ]
Metal
oxide % Oxygen ion I I
(%\ Filament Gate
Oxygen

Q‘) vacancy

Figure 1.4: Schematics of (a) the RRAM unit cell and the working principle
for (b) CBRAM and (c¢) OxRAM. Reproduced from Refs. [5, 16].
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PCRAM: In PCRAM, a phase change material, such as chalcogenide glass,
is connected to the top electrode on one side, and on another side first to a
resistive heater then to the bottom electrode [5]. Figure 1.5 shows a schematic
of a PCRAM unit cell. The basic working principle is to alter the phase between
amorphous and crystalline upon heating and cooling. Such heat is generated by
applying a current through the heater to induce Joule heating. The two phases,
amorphous and crystalline, have different resistances, high and low, that can
represent the two logic states. The advantage of PCRAM is its small unit cell
size, it is therefore suitable for application in storage class memory [7].

Top electrode

Phase change material
...

Oxide

isolation S

region

Bottom electrode

Figure 1.5: (a) Schematic of a PCRAM wunit cell showing the amorphous and
crystalline phases in the programming region. Reproduced from Refs. [5].

A The amount of polarizatons:
__ of aferroglectrics
I’ state @/

» Electric
field

Figure 1.6: (Left) FeRAM unit cell. (Right-top) The crystal structure of
a ferroelectric material and (right-bottom) the ferroelectric hysteresis curve.
Reprinted from Ref. [8].

FeRAM: FeRAM is a non-volatile RAM that combines a ferroelectric
capacitor and a transistor as shown in Figure 1.6 [8]. The cell is accessed



8 INTRODUCTION

via the transistor, which enables the switching of the ferroelectric state in the
capacitor. The typical capacitor material is lead zirconate titanate (PZT), which
can be polarized up and down upon electric field application. Its polarization
state retains without external electric field applied. More recently, hafnium
oxide (HfO2) has gained a great deal of attention as it is a common material in
CMOS techonology, and it exhibits ferroelectric properties through engineering
with dopants [17]. The ferroelectric HfOy possesses better coercivity than
the traditional PZT, making it better in data stability. However, the major
challenge in FeRAM is the endurance. Operation of FeERAM requires the electric
field that is close to the breakdown value. In addition, read cycles are also
counted as to the total number of endurance cycles. Due to the endurance
limitation, despite FeRAM having faster write/read speed, its applications may
be somewhat limited to MCU with small storage capacity [7].

STT VCMA
Wri1e/l/ead Write/rRead
Unit cell M T
structure
Write Spin polarized .
medium current Spin current Voltage

Figure 1.7: MRAM cell structure for different write mechanisms: spin-transfer
torque, spin-orbit torque, and voltage control of magnetic anisotropy.

MRAM: MRAM is a class of memory technology that exploits magnetic
materials for reading, data storage, and writing. By its writing mechanisms,
MRAM can be subdivided into spin-transfer torque (STT), spin-orbit torque
(SOT), and voltage control of magnetic anisotropy (VCMA). The unit cell
structures of these devices are shown in Figure 1.7. Both STT and SOT use
current for writing, whereas VCMA writing is voltage-mediated. The working
principle of MRAM will be discussed in more detail in the next section (Section
1.2). Among the emerging memory technologies, MRAM has advantages of
fast write/read speed, small cell size, long retention, low power, and ideally
unlimited endurance. With these merits, MRAM is highly potential for a wide
range of applications such as cache memory, main memory, MCU, and Internet
of Things (IoT) [18, 19, 20].
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To summarize, Table 1.2 compares the performance metrics of different emerging

memory technologies.

Table 1.2: Performance metrics for emerging memory technologies. Data

collected based on Ref. [7, 21, 22].

Parameters RRAM | PCRAM | FeRAM MRAM
Cell size (F?) 6-10 4-19 15-35 6-14
Read latency (ns) <10 <10 <10 <10
Write latency (ns) 100 100 30 0.1-10"
Write power (J/s) 107* 1074 107°¢ 107%-107%"
Endurance (cycles) 10° 10° 10*3 10%°
Retention >10 years | >10 years | >10 years >10 years

*Differ by write mechanisms (see Section 1.2.4).

1.2 Magnetic Random Access Memory: Device

Design and Operation

In the previous section, it was pointed out that MRAM shows great potential for
future applications in many fields. In this section, more details in the MRAM
system will be discussed from the aspects of stack design and working principle.

The basic operations of a memory technology include reading, retention of
data storage, and writing. In MRAM, these operations are enabled by the
combination of a transistor and a magnetic tunnel junction (MTJ). The
development of the MTJ structure can be dated back to the first discovery
of the tunneling effect by M. Julliere in 1975 in a Fe/Ge/Fe stack [23]. Two
distinct resistances are observed in accordance with the orientations of the two
ferromagnets, parallel (P) and anti-parallel (AP), which provide the prototype
of reading operation as ‘1’ or ‘0’ for the logic states. As an intrinsic nature of a
ferromagnet (FM), the magnetic anisotropy brings an energy barrier between
the two states, enabling non-volatile data storage. To switch between the two
states, the write mechanism has evolved from magnetic field switch in the old
days to spin-transfer torque (STT) of today, and to spin-orbit torque (SOT) and
voltage control of magnetic anisotropy (VCMA) in the future. In the following
discussions, the state-of-the-art MTJ and the fundamentals of the operation
principles are reviewed.
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1.2.1 Perpendicular Magnetic Tunnel Junction

In the early stage of MTJ development, research focused on the in-plane
magnetized magnetic tunnel junction (ipMTJ). However, on the basis of device
scaling and power reduction, MRAM has evolved into today’s perpendicular
magnetized magnetic tunnel junction (pMTJ). The current pMTJ can be
categorized into bottom-pinned (BP) and top-pinned (TP) stacks, as shown in
Figure 1.8. Both stacks are assembled with some common components.

Bottom-pinned Top-pinned
Capping Capping
layers layers

Free-layer Upper
Hard-layer
Tunnel Spacer 1
barrier Lower
Reference- @ Hard-layer ‘
layer Spacer 2
Spacer 2 Reference-
Upper layer
Hard-layer
Tunnel
Spacer barrier
Lower
Hard-layer Free-layer
Seeds Seeds

Figure 1.8: The state-of-the-art stacks for bottom-pinned (left) and top-pinned
(right) magnetic tunnel junctions.

Seeds: Seed layers serve as the crystalline/amorphous template to provide
the layers above with a specific texture. Difference seed layers are observed to
impact the physical properties such as crystalline structure and orientation of
the layers grown above. Modification in these physical properties can vary the
magnetic [24, 25] and transport properties [26, 27, 28].

Hard-layers and Spacer 1: Both lower hard-layer (HL) and upper hard-
layer are magnetically hard compared to the reference-layer (RL) and the free-
layer (FL), and they are antiferromagnetically coupled by a non-magnetic spacer
(Spacer 1) through interlayer exchange coupling (IEC) to form so-called the
synthetic anti-ferromagnet (SAF). The purpose is to imitate the antiferromagnet
used in the older generations of MRAM technology (with ipMTJ) that pins the
direction of the RL. Typical materials used for the HLs are [Co/Pt]x [29, 30, 31]
and [Co/Pd] multilayers [32, 33]. Each Co/Pt and Co/Pd interface provides a
strong interfacial perpendicular magnetic anisotropy through spin-orbit coupling,
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making the hard-layer insensitive to any disturbance. In the advanced pMTJ,
the upper HL in the BP stack (or the lower one in the TP stack) is reduced
or removed, with only a thin Co layer remaining which subtracts the entire
thickness of the MTJ without paying penalties on the magnetic and transport
properties [34].

Spacer 2: A second spacer (Spacer 2) is adopted to couple the RL
ferromagnetically to the adjacent SAF. Through IEC, the RL is pinned and
becomes robust against disturbances such as external magnetic field and spin
torques.

Reference-layer: The RL is placed at the opposite side of the tunnel barrier
against the FL, forming the key FM/barrier/FM structure for pMTJ operation.
Recent studies focus on using FeB and CoFeB as the RL since these materials
are lattice-matched with MgO barriers. In addition, they provide high spin
polarization [35, 36] and tunneling magneto-resistance ratio (TMR) when
combined with the MgO barrier [37, 38].

Tunnel barrier: The tunnel barrier is typically an oxide layer which filters
the Bloch state of the tunneling spins, resulting in TMR effect. In the early stage
of MRAM development, AlyO3 was used as the barrier [39, 40] material. Later,
MgO was discovered to outperform AlyOs [38, 41] in all aspects. Intensive
studies are performed on MgO thereafter, and to date, no other oxide can
surpass the performance of MgO based devices.

Free-layer: For the FL, CoFeB and FeB are the top research objects not only
due to high TMR, but also low damping constants [42] which makes the writing
of MTJ devices more efficient. In addition, it is important that the FL possesses
high thermal stability in order to have long data retention. This recently led to
the design of double-MgO FL, e.g. MgO/CoFeB/Ta/CoFeB/MgO structure [43,
44]. The Ta layer in the middle couples the two CoFeB layers ferromagnetically
such that they behave as a single magnetic recording layer. By doing so, there
are two additional interfaces contributing interfacial perpendicular magnetic
anisotropy, and the total volume of the FL can be almost doubled. Since data
retention is exponentially proportional to the volume and anisotropy, double-
MgO FLs often have retention much longer than conventional single MgO FL
[43].
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Capping layers: Capping layers are crucial to the properties of the adjacent
ferromagnets. Especially in the BP stacks, capping layers can effectively
modify the thermal budget [45], damping constant [46], perpendicular magnetic
anisotropy [47] and other magnetic properties [48] of the FL.

1.2.2 Read mechanism

In order to identify ‘1’ and ‘0’, any memory cell must offer two distinguishable
states. In MRAM, this is accomplished by the tunneling magneto-resistance
(TMR) effect which gives two distinct resistances in an MTJ. The key
components include two FMs and a sandwiched oxide, i.e. FM/oxide/FM
structure. The oxide layer, MgO, is thin enough to allow electrons tunneling
through. A general picture of the concept is given in Figure 1.9. When electrons
pass through a ferromagnet, they are polarized based on the orientation of the
magnetization, and the amount of polarization depends on the spin-dependent
density of states (DOS) at the Fermi-level:

_ D+(Er) — D/ (EF)
~ Dy(Er)+ Dy(Er)

with Dy and D| being the DOS of the up- and down-spin electrons, respectively.
When there is a potential difference, the conductance (G) of the junction is
dependent on the orientation of the two ferromagnets. To be more specific,
the DOS of the first FM and the DOS of the second FM define the tunneling
probability:

P (1.1)

GP 0.8 DT’l(EF)D¢72(EF) + D\L71(EF)Di’2(EF) (12)

Gap x DT,1(EF)D¢72(EF) + D¢71(EF)DT72(EF) (1.3)

Here, Gp and G4p denote the conductance in the P state and in the AP state,
respectively. Then, the TMR ratio can be derived:
2P1P2 o GP_GAP RAP_RP

1-PP, Gap Rp %] (14)

TMR =

Up to here, the general picture of the TMR effect is explained using the
Julliere’s model which, however, fails to explain the high TMR phenomena
in the crystalline MgO based MTJs [37, 41]. In fact, for crystalline MgO
combined with body-centered-cubic(001) (BCC) FMs, e.g. CoFeB and FeB, the
electrons with different band symmetries have dissimilar tunneling probabilities.
Especially, it correlates with the thickness of the MgO barrier. Electrons
with different symmetries are subjected to different decay rates, resulting in a
spin-filtering effect and giant TMR [50, 51].
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(a) Parallel state (P) FErmeT (b) Anti-parallel state (AP)
Col® LQIW Ge Ty

Barrier Barrier

Figure 1.9: Schematics of the tunneling magneto-resistance effect in the
magnetic tunnel junction formed by a tunnel barrier and two ferromagnets: (a)
the parallel state in which the two ferromagnets orient in the same direction,
and (b) the anti-parallel state in which the two ferromagnets orient in opposite
directions. Reproduced from Ref. [49].

1.2.3 Retention of Data Storage

The non-volatile nature of MRAM cell is attributed to the magnetic anisotropy
in the ferromagnet. The sources of the anisotropy include magneto-crystalline
anisotropy (MCA), interfacial perpendicular magnetic anisotropy (iPMA), shape
anisotropy and magneto-elastic anisotropy (MEA). These will be discussed in
Chapter 2. Overall, the effective magnetic anisotropy provides the magnetization
of the FL with an energetically favorable axis, so-called the easy axis. In pMTJs,
this corresponds to the out-of-plane axis (z-axis). The two directions, +z and
—z, are energetically equivalent in an ideal case, i.e. no external forces to make
them asymmetric. In presence of such anisotropy, an energy barrier exists
in between the two directions, allowing the FL to stably point in one of the
directions even within small disturbance like thermal fluctuation. An ordinary
energy profile for a magnetic anisotropic system is shown in Figure 1.10(a).

For pMTJ devices, the energy barrier (Ej) and the thermal stability factor A
can be expressed as [52]:

1
Eb = KeffV = iﬂOMSBk,effVFL [J} (15)
Ey
A=— 1.6
T (1.6)

where K¢y is the effective magnetic anisotropy energy density, Vrr, is the volume
of the FL, pg is the vacuum permeability, Mg is the saturation magnetization,
By ey is effective anisotropy field, kg is the Boltzmann’s constant and 7" is the
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Figure 1.10: (a) Data storage mechanism, showing two magnetically stable
states separated by an energy barrier. (b) Retention as a function of thermal
stability factor (A) for a single cell.

ambient temperature in Kelvin. The thermal excitation rate for a single cell
can be estimated with the Arrhenius equation:

f = foexp(=A) [s] (1.7)

with fo being the attempt rate, typically 1 GHz. As shown in Figure 1.10(b),
the required A to achieve 10 years retention is approximately 40 for a single
cell, and it should be higher (A > 60) to meet the required number of failures
in time (FIT) for memory arrays > 1Mbits [52].

1.2.4 Write mechanisms

For MRAM technologies, data writing refers to the mechanisms that can rotate
the magnetization of the FL to obtain the magnetic states at will. In the early
stage of MRAM development, the magnetic states were switched by the magnetic
field. However, to generate a large enough magnetic field, the required current
flowing through the metal line is enormously increased in the scaled devices since
it is inversely proportional to the volume of the storage layer. This is because
when the device size is reduced, one must increase the magnetic anisotropy to
overcome the loss of volume in order to maintain its retention (Equation 1.5).
Therefore, magnetic-field-driven MRAM devices cannot be scaled beyond 90nm
node [53]. So at a certain time, MRAM technology was believed not to be a
feasible solution. It was not until the proposal of spin-transfer torque MRAM
[54] that the research interest revived, though spin-transfer torque had been
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predicted for a decade [55, 56]. Following upon the heels of STT-MRAM, spin-
orbit torque (SOT) [57] and voltage control of magnetic anisotropy (VCMA)
MRAMs [58, 59] were proposed and attracting great attention. In the following,
these writing mechanisms are introduced.

Spin-Transfer Torque (STT)

Spin-transfer torque refers to the transfer of angular momentum of the spin
polarized current to the ferromagnet. It has been used to switch the FL
magnetization in spin-valve (SV) and magnetic tunnel junction (MTJ). To
explain the STT effect, we consider the relatively simple structure: two
ferromagnets and a metal sandwich (Figure 1.11). Notice that this SV
device has giant magnetoresistance (GMR) instead of TMR, yet it yields good
explanation on the phenomenon. The situation in MTJ devices is more complex
which depends on several factors [60]. When electrons passing through one
ferromagnetic layer, they are polarized in the direction of the magnetization
producing the majority spin. Within the spin diffusion length, the polarization
of the polarized electrons is preserved and is able to exert a torque on another
ferromagnet. In the case of writing the parallel state (P), electrons are injected
from the pinned layer to the free layer. The majority electrons, said up-spin,
tunneling through the barrier and transfer their angular momentum to the
free layer, resulting in the parallel orientation as shown in Figure 1.11(a).
In the contrary, to achieve an antiparallel (AP) configuration, electrons are
injected from the free layer side to the pinned layer. The majority electrons
will pass through the interface while the minority electrons are scattered back
to the free layer. These reflected electrons exert a torque to force the free
layer aligning antiparallelly to the pinned layer, as shown in Figure 1.11(b).
Since the pinned layer is stabilized by the adjacent antiferromagnet or the
synthetic antiferromagnet, it is more robust compared to the free layer, and its
magnetization remains stable during the write operation.

In SV devices, switching occurs upon reaching the critical current, or in pMTJ
devices it occurs at the critical voltage [62]:

STT 2eapioMs By ey V

IC,SV 7777/ (18)
2eapuoMsBy e VR
Vil ~ o (1.9)

where « is the Gilbert damping constant which represents the relaxation rate of
the magnetization to its equilibrium position and R is the median resistance
of AP and P states. The STT efficiency 7 is a parameter related to the spin
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Figure 1.11: [llustration of STT effect in a spin-valve. (a) The AP to P
transition. Electrons are injected from the pinned layer side. The majority spin
exerts a torque on the FL to reverse it. Before switching the electrons also
recetve torques from the free layer so that it is reversed at the initial switching
state. (b) The P to AP transition. Electrons are injected from the free layer side.
The majority electrons pass through the barrier, while the minority electrons
reflect at the interface to exvert torques on the free layer itself. Reproduced from

Ref. [61].

polarization. Intuitively from both equations, to reduce the write current/voltage
of STT-MRAM, decreasing damping constant, and enhancing STT efficiency
are the primary targets.

Spin-Orbit Torque (SOT)

Spin-orbit torque refers to the torque applied on the magnetization by the
spin current which is generated from the spin-orbit coupling (SOC) effect (see
Chapter 2), contrary to STT whose torque is applied by spin-polarized current
induced from polarization. In recent MRAM research, SOT attracts a great deal
of attention as it offers an alternative write mechanism with faster switching
and lower energy than the STT mechanism [57, 63]. The physics behind SOT
includes the spin Hall effect (SHE) and the Rashba effect [64].

The Spin-Hall effect (SHE) is a spin-orbit interaction phenomenon that converts
a charge current into spin current due to different spin-dependent scattering
mechanisms. When a charge current travels in a heavy metal layer, the SOC
effect leads to the deflection of electrons of different spins in different directions,
shown as the green arrow in Figure 1.12(a). Currents with pure spin directions
are then produced transversely to the applied charge current [65, 66]. As an
example, if the charge current is traveling along +x direction, the electrons
deflected in +z (—z) direction contains spin in +y (—y) direction. Different
from the spin-polarized current in STT mechanism, the spin current generated



MAGNETIC RANDOM ACCESS MEMORY: DEVICE DESIGN AND OPERATION 17

by SHE contains equal amount of electrons with contrary spin directions at
the opposite surface (interface). The number of electrons in the charge current
being converted into the spin current by SHE is characterized by the spin Hall
angle Ogp, the ratio of the spin current to the charge current.

I
Osy = % (1.10)

Considering a simple system with a heavy metal(HM)/FM structure, the critical
current to induce magnetization switching is characterized as [67]:

gsor , 2eMstry (Brers  Bo
¢ hlsm 2 2

> tsoTWwsoT (1.11)

where B, is the applied in-plane magnetic field in the = direction, tgor is the
thickness of the SOT layer, and wgor is the width of the SOT track. It can be
clearly seen that a larger fsy is responsible for lowering the switching current.

Spin Hall Rashba

Figure 1.12: [llustration of spin-orbit torques. (a) The spin-Hall effect.
Electrons with opposite spin directions +y and —y flowing in the +x direction
are deflected in —z and +z directions, creating a spin current with pure spin
(green arrow) at the top and bottom interfaces. The electrons at the heavy
metal/ferromagnet interface (red arrow) electrons with spin in —y direction
will then apply anti-damping torque (Tap) and field-like torque (Trr) on the
ferromagnet. (b) The Rashba effect. Electrons traveling at the interface with
strong spin-orbit coupling and structural inversion asymmetry induce a Rashba
magnetic field (Br) in the plane. Reproduced from Ref. [68].

The Rashba effect occurs when electrons travel at the interface with strong
spin-orbit coupling and structural inversion asymmetry (STA). With SIA, an
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electric field perpendicular to the interface is created due to the difference in
crystal electric fields above and below. Electrons flowing at such interface induce
a Rashba magnetic field (Bg) in the direction of k x E [69], with k and E being
the direction of the electron flow and the electric field, respectively. For the
same electron flow as we discussed in the spin Hall effect, the resultant Rashba
magnetic field is in the same direction as the anti-damping torque to accelerate
SOT switching, as shown in Figure 1.12(b).

SOT-MRAM shows great potential in cache memory applications, as SOT
enables ultra-fast, energy efficient and MTJ degradation-free writing of MRAM
devices. However, to generate the spin current, SOT-MRAM requires a three-
terminal structure as shown in Figure 1.7, which enlarges the unit cell size. To
breakthrough this physical limitation, a modified cell structure that exploits a
hybrid switching mechanism (VCMA and SOT) has been proposed [70]. Studies
on such VCMA-SOT induced switching will be discussed in Chapter 6.

Voltage Control of Magnetic Anisotropy (VCMA)

VCMA, as its name suggests, allows controlling of the magnetic anisotropy and
magnetization reversal with voltage (electric field) applied instead of current. It
was first experimentally observed in 2007 in a liquid electrolyte system [71] and
first realized in 2009 in a solid-state system [58]. When a FM/oxide interface is
charged /discharged, the interfacial perpendicular magnetic anisotropy (iPMA)
is reduced/enhanced, corresponding to the reduction/increase in the energy
barrier as shown in Figure 1.13(a). The physical background behind the VCMA
properties will be introduced in Chapter 2. If the anisotropy of the ferromagnet
is initially close to the transition between perpendicular and in-plane, applying
corresponding voltages to the system can effectively alter its anisotropy and
the equilibrium effective field (Bf;i ) [72]. As shown in Figure 1.13(b), when

é:? 7 is switched from perpendicular to in-plane by voltage, the magnetization

will precess about the new E:? 5 to induce precessional switching [59]. The
required time to switch from up to down corresponds to the period of a half
precession. More details regarding the VCMA induced switching mechanisms
will be studied in Chapter 3-4.

VCMA effect in the recent MRAM research is attractive and important. On one
hand, as a write mechanism, VCMA enables switching of the magnetization with
power consumption several orders lower than that of all other emerging memory
technologies [73], expect for FeRAM. On the other hand, as an assisting effect,
VCMA can effectively reduce the switching energy of STT-/SOT-MRAMs
at a shorter write duration [70, 74]. Moreover, since the electric current is
not required, the MgO barrier can be made much thicker than in STT/SOT
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devices to suppress the writing energy. Hence, VCMA devices are more adapted
to advanced usages such as neuromorphic computing and machine learning,
which require intensive writing with extremely low energy consumption, than
STT/SOT devices.

B o)

—a— Trajectory]

Figure 1.13: (a) Reduction of the energy barrier when a voltage is applied.
(b) VCMA induced precessional switching. The effective field direction can be
manipulated by voltages to change the FL precessional axis.

1.3 Summary

In this introductory chapter, we reviewed the ordinary memory technologies
(SRAM, DRAM, Flash, and HDD) that are commercialized in the modern
ICT systems. The challenges in the modern hierarchy were pointed out, which
becomes the driving force for developing faster speed and lower power memory
devices for new memory architecture and applications. We also briefly introduced
the fundamentals of emerging memory technologies. For applications such as
storage class memory and microcontroller, RRAM, PCRAM and FeERAM are
the top choices. As for the non-volatile cache and main memory applications,
MRAM is believed to be the most suitable one among them. As scaling and
improvement of ordinary memory devices continue, the study of new memory
technologies aims at overcoming the bottlenecks of the ordinary ones to make
new applications available.

1.4 Thesis Objectives

Around the time this thesis is written, STT-MRAM has reached maturity
for mass production. Many major foundries have announced their prototype
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products. However, power consumption and reliability issues will always come
back when programming STT-MRAM at GHz speed due to the long incubation
delays and large current injection. In the road to advance MRAM applications
toward ultra-low power and faster speeds, the VCMA effect is of considerable
importance. This Ph.D work will focus on implementation of VCMA effect in
the novel MRAM devices, where the VCMA effect acts either as a main writing
mechanism or as an assisting effect. For the former case, we further propose and
study the solutions to the challenges in the conventional VCMA write scheme,
namely in-plane field integration and pre-read operation issues. In the latter
case, we combine VCMA to SOT effect, aiming to develop and benchmark a
writing scheme that will suit non-volatile sub-30nm devices.

1.4.1 Thesis Outline

To conduct the studies on MRAM writing properties with VCMA effect, this
thesis is organized as follow:

Chapter 2 - Voltage Control of Magnetic Anisotropy: Physics and
Usages. In this chapter, we will review the necessary knowledge relevant to this
dissertation. We will start with the physical origins of the ferromagnetism and
various contributions to the magnetic anisotropy. Based on the different origins
of magnetic anisotropy, numerous voltage control of anisotropy (VCMA) effects
are introduced. From the perspectives of memory applications, the electronic
based VCMA effect is emphasized and adopted for writing the MRAM devices.
To assist understanding the general pictures of the magnetization energy and
dynamics, two modeling domains (energy and time) in two different perspectives
(macro-spin and micro-magnetic) are also introduced. In the end, the concept
of precessional switching is reviewed as the background of conventional VCMA
write mechanism.

Chapter 3 - VCMA Write Mechanism: Conventional Scheme. In
search of alternative MRAM writing mechanisms beyond spin-transfer torque,
VCMA promises ultra-low power and GHz writing speed. In this chapter, we
will discuss the variations of the switching properties by changing the intrinsic
(MgO barrier thickness) and extrinsic (amplitude of operating voltage and
in-plane field) parameters. Further, by performing simulations, we correlate the
experimental results to the modelings. Finally, the merits and challenges are
stated, where the solutions to the challenges will be discussed in Chapter 4.

Chapter 4 - External-Field-Free and Deterministic Solutions to
Conventional VCMA Write. After pointing out the challenges in the
conventional VCMA operation scheme, we propose and demonstrate the novel
solutions to the two fundamental operation challenges: Challenge 1: In-
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plane field generator to manage field free operation and Challenge
2: Deterministic switching to remove the pre-read operation. For
Challenge 1, two methods are investigated: in-plane polarizer (IPP) and
magnetic-hard-mask (MHM). We first study them with micro-magnetic
simulation, and we will find out the pros and cons of each methods. For
demonstrations, we will use the MHM concept and show that it is a credible
solution for device integration and scaling. For Challenge 2, we propose a new
switching scheme that utilizing an asymmetric stability in both states. It will be
demonstrated that the pre-read operation is not necessary, while 100% switching
probability is achievable without knowing the initial state.

Chapter 5 - Operating Temperature: Impact on Magnetic and
VCMA Writing Properties. Commercial devices should be able to sustain
higher operating temperatures, e.g. 85°C, in order to adapt the variation in
ambient temperature. In Chapter 5, we will study impact of temperature on
both the magnetic and switching properties of the VCMA devices.

Chapter 6 - Hybrid MRAM: VCMA-Gate assisted Spin-Orbit
Torque. Besides the challenges stated in Chapter 4, how to improve the
VCMA efficiency to avoid compensating retention at sub-30nm MTJ size is
still vague. A similar issue happens in SOT-MRAMs. The spin-Hall angle
will be insufficient for scaled MTJ to maintain its data retention. Fortunately,
VCMA and SOT effects occurs at two different interfaces, making a hybrid
switching mechanism possible, so-called Voltage-Gate assisted Spin-Orbit Torque
(VGSOT). In this chapter, we will discuss the properties of VGSOT writing.
Based on the experimental results and the macro-spin model, we also study
the criteria for implementation of VGSOT as the credible solution for the next
MRAM generation.

Chapter 7: Conclusion and Outlook. Results and learnings in this work
are concluded. In the perspective of long term development, the challenges
remained in the VCMA- and VGSOT-MRAM technologies are also highlighted.






Chapter 2

Voltage Control of Magnetic
Anisotropy: Physics and
Origins

2.1 Introduction

As pointed out in Chapter 1, voltage control of magnetic anisotropy (VCMA)
has become research of great importance and has the potential to bring MRAM
technologies to a new era. In fact, intensive studies on the VCMA effects
started merely a decade ago, and the physics behind them are just progressively
established. This chapter provides the reader with the fundamental background
of the VCMA effect which can serve as the basis to understand this thesis work.
We first briefly introduce the fundamental of magnetic phenomena specifically
for ferromagnetic materials in Section 2.2. As the prerequisite for the VCMA
effects, various sources of magnetic anisotropy contributions are discussed in
Section 2.3. Recognizing these magnetic anisotropy contributions leads us to the
field of the VCMA mechanism. Various types of VCMA effect will be presented
in Section 2.4. Section 2.5 presents the methods to calculate the magnetic
energy and the magnetization dynamics, these methods will also be used in
the experimental chapters. Finally, Section 2.6 reviews the preceding works on
the understanding of precession switching mechanism. The knowledge gained
from those studies is helpful for comprehending how VCMA writes the MRAM
devices.

23
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2.2 Magnetic Phenomena in Ferromagnet

2.2.1 Magnetic Moment

The magnetic moment refers to the object that produces a magnetic field. In
a classical view, it is explained by Ampere’s circuital law which relates the
magnetic field to the circulating electric current loop, as shown in Fig 2.1. The
magnitude of the magnetic moment (m) of an electric current (I) loop with an
area (5) is given by:

|m| =1S [J/T) (2.1)

In a magnetic material, the magnetic moment is generated by the orbital

H

Figure 2.1: Magnetic moment (m) and magnetic field (H) of an electric
current (I) loop with area S. Reprinted from Ref. [75]

angular momentum and spin angular momentum of the electrons. The orbital
angular momentum is associated with the motion that an electron orbits around
the nucleus. An electron possesses a charge ¢ = —e, and its orbital motion
creates a current loop I = —ew/2m, where w is the angular frequency of the
orbiting electron. The area of the orbital motion is 772, with  being the
distance between the electron and the nucleus. Then, the classical form of the
orbital magnetic moment (my) derived from Equation 2.1 is:

—6&)7"2

2

mrp = (22)
The electron angular momentum (1) can be expressed as I = m.wr?, where
m. is the mass of the electron. Combining with Equation 2.2, we obtain an
expression:

i (2.3)

myp = —
2me

In a quantum mechanical view, the orbital angular momentum is quantized.
The orbital quantum number, denoted as [ (here the symbol is in light type
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to avoid confusing with the classical angular momentum !), has non-negative
integer: 0, 1, 2, 3, etc. These orbital quantum numbers correspond to the
electron orbits s, p, d, f, and so on. For each orbit, the magnitude of the
quantized orbital magnetic moment is:

eh

myp = —
2me,

mp (24)

where m; is the magnetic quantum number which can take the integers: —I,
—I41, --- 1 — 1, l. In this equation, the quantity eh/2m. is defined as the Bohr
magneton pp = 9.274 x 10724 [J/T], a physical constant for expressing the
magnetic moment of an electron caused by orbital or spin angular momentum.

In addition to the orbital angular momentum, the spin angular momentum of
an electron also contributes to the magnetic moment. Electron by its nature
has an intrinsic spin angular momentum, whose spin quantum number m; takes
the value of either +% or —%. The spin magnetic moment associated with the
spin angular momentum along the quantization axis is expressed as:

ms = —gupmMs (2.5)
where g >~ 2 is called the g-factor.

In the case of a multi-electron atom, the orbital angular momenta of individual
electrons are combined to get the total orbital angular momentum L=Ymg.
Likewise, the total spin angular momentum is S = Ymg. Subsequent calculation
of the total magnetic moment follows the Hund’s rules and Pauli exclusion
principle to maximize both L and S. Further derivation of the total magnetic
moment is out of the scope of this thesis, but it is worth noting that only the
valence electrons in the partially filled outer shell contribute to the magnetic
moment since both L and S are zero for the full shells and sub-shells.

2.2.2 Spin-Orbit Coupling

So far, the magnetic moment is discussed from the aspect of considering the
nucleus as the frame of reference. However, motion is relative, from the frame
of reference of an electron it appears that the positively charged nucleus is also
circulating the electron, and thus generating a magnetic field on the electron. A
general picture for the concept of SOC is shown in Figure 2.2. The phenomenon
that the magnetic field generated by the orbital motion of the nucleus (ESOC)
interacts with the spin angular momentum is known as the spin-orbit coupling
(SOC). In general, the energy of SOC is expressed as:

-

Esoc =ML -S (2.6)
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where L and S are, respectively, the total orbital angular momentum and total
spin angular momentum, and A characterizes the strength of the interaction
which is proportional to Z4 (atomic number) [76]. Indeed, due to quenching
of the electron orbital momentum, the orbital moment is small, but in heavy
metals (HM) the SOC strength is largely increased and has strong impacts on
the magnetic anisotropy. We will see later in Section 2.3 that SOC is of key
importance for the interpretation of magnetic anisotropy.
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Figure 2.2: [llustration of the concept of spin-orbit interaction. (a) From the
nucleus frame of reference, the electron circulates the nucleus to create orbital
angular momentum L. (b) From the electron’s frame of reference, the nucleus
revolves around the electron generating a magnetic field (ésoc) acting on the
electron spin, (S).

2.2.3 Exchange Interaction in Ferromagnet

In previous sections, we have discussed that both orbital and spin angular
momenta of the electrons contribute to the magnetic moment in response to
the external magnetic field. However, it is known that ferromagnetic materials
have a net magnetic moment even without magnetic field applied, so-called
spontaneous magnetization. Such an appearance of an ordered spin alignment
is a consequence of exchange interaction, which arises from the Coulomb
interactions between electrons in combination with the Pauli exclusion principle
[77]. To be more specific, it is the spin-spin direct exchange interaction that
couples the spin moments together. For two spins with angular momenta ,S_"a
and S';,, the exchange energy between them is:

Epe = —2J.25, - S, (2.7)

where J., is the exchange integral. If J., > 0, the electron spins are aligned
in parallel resulting in a ferromagnetic ordering, whereas J., < 0 leads to an
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anti-ferromagnetic ordering. The sign of J., is related to the inter-distance of
the spins [78].

2.3 Magnetic Anisotropy

In the previous section, the exchange interaction aligns the spins either in
parallel or in anti-parallel configuration. In a macroscopic view, such interaction
is isotropic meaning there is no preferential direction for the aligned spins.
However, in a ferromagnetic material, the spontaneous magnetization usually
points in some favorable axes, namely the easy axes. These easy axes arise
as a consequence of the magnetic anisotropy. Magnetization pointing along
the easy axes are in the states with local energy minima. In contrast,
those directions along the local energy maxima are called the hard axes. In
general, four distinct contributions constitute the effective magnetic anisotropy:
magneto-crystalline anisotropy, interfacial anisotropy, shape anisotropy, and
magneto-elastic anisotropy. These contributions are discussed in the following
sections. We will also exemplify the applications of these anisotropies in MRAM
technologies.

2.3.1 Magneto-Crystalline Anisotropy

Magnetic crystalline anisotropy (MCA), denoted as K., arises primarily
from the spin-orbit interaction [79]. Although calculation of MCA is rather
complicated mainly due to its small amplitude in light elements compared to
the exchange interaction [80], theoretical calculations of MCA were carried out
[80, 81, 82] on the basis of SOC. Since SOC couples the spin moment to the
orbital moment and the orbital moment in the crystalline material is bonded to
the crystal lattice through crystal field, the spin moment is therefore indirectly
coupled to the lattice. This is where the MCA originates from, and the easy
axis (axes) provided by MCA is (are) related to the crystal structure. The
Bruno model [81] relates the MCA to the difference in the orbital magnetic
moments along the easy and hard axes:

A
AEsoc = %(m;‘“y —mhardy > (2.8)
where m$**¥ and m?2"¢ are the orbital magnetic moment along the easy and hard

axis, respectively. This equation states that the orbital moment is larger along
the easy magnetization direction, and MCA is proportional to the difference
between the orbital moments along the easy and hard directions. Generally,
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MCA can be characterized by uni-axial and cubic anisotropy. Typical easy
axis/axes for the uni-axial anisotropy is the c-axis for hexagonal systems, and
for the cubic anisotropy are the principal axes <100>.

In the state-of-the-art pMTJ stack, the magnetic materials used are typically
3d transition metals (Co and Fe). The bulk MCAs of these layers are weak
and can often be neglected [83]. However, in thin film layered systems, another
important contribution arises significantly: the interfacial anisotropy.

2.3.2 Interfacial Anisotropy

In 1954, L. Néel [84] first proposed the concept of magneto-crystalline surface
anisotropy which could originate from lacking of neighboring atoms. Later,
P. Bruno [85] extended the theoretical calculations that included spin-orbit
coupling and orbital magnetic moment to derive the anisotropy at the surface.
Additionally, his model can be applied not only to the surface but also to the
interface with broken symmetry. The anisotropy associated with the surface or
interface is denoted as K, or K;. More recently, Y. Suzuki and S. Miwa [86]
completed the expression of interfacial perpendicular magnetic anisotropy which
took into account Bruno’s model [85] and the intra-atomic magnetic dipole
operator [87, 88]. Here, we briefly discuss these two contributions.

Bruno’s model treats the anisotropy with SOC energy, which is then directly
related to the orbital magnetic moment (Equation 2.8). The microscopic origin
of the surface anisotropy can be qualitatively explained using the ligand field
model [75]. To illustrate this concept, a model with a free d atom presented
in the middle of the other four ions in a planar geometry is considered, as
shown in Figure 2.3. The four neighboring ions can be either negatively or
positively charged. An external magnetic field is applied along the +2z direction
such that the orbital angular momentum is quantized, and m; can take the
values of —2 < m; < 2. Noted that here m; represents the same meaning as
L, used in Figure 2.3 and in Ref. [75]: the magnetic quantum number. In
such configuration, the electron suffers from the effects of Coulomb repulsion or
attraction depending on the sign of its neighboring charges. Now the in-plane d
orbits, d., and d,2_,2, are degenerated. The corresponding orbital moments
perpendicular to the plane are quenched. On the other hand, the orbital motion
perpendicular to the plane is less perturbed due to the lack of neighboring ions,
and the corresponding in-plane orbital moment remains unquenched. For this
‘free monolayer’ system, the orbital moment is predicted to be larger in the plane
than perpendicular to the plane, resulting in an in-plane surface anisotropy.

To this point, the ligand field model qualitatively explains Bruno’s model that
the magneto-crystalline surface anisotropy is related to the anisotropic orbital
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Orbital d-shell moment in an atom
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Figure 2.3: Illustration of the directional quenching of the d orbital moments
of an atom in a free thin film by the ligand field effects. The magnetic field (H)
is applied in z direction and the magnetic quantum number takes the values
of =2 < L, < 2. Two in-plane d orbits, d., and dy2_,2, are quenched by
the four meighboring charges such that their corresponding orbital moments
perpendicular to the plane are zero. The remaining perpendicular orbits create
in-plane magnetic moments and in-plane surface anisotropy. Reprinted from
Ref. [15]
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Figure 2.4: Illustration of the anisotropic bonding in a sandwiched system
that generates interfacial anisotropy. The atom(s) in black, light gray, and dark
gray represents the center atom, in-plane neighboring atoms of the same type,
and out-of-plane neighboring atoms of different types, respectively. Bonding of
these ions forms five 3d orbits. Reproduced from Ref. [15]

moments. In more realistic cases, we consider a magnetic monolayer sandwiched
by two layers other than the one being sandwiched, as shown in Figure 2.4.
Now the center atom is bonded to different ions above and below to form three
additional perpendicular orbits: d., d;. and ds,2_,2. Then, the interfacial
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anisotropy direction is determined by the strength of the in-plane and out-of-
plane bondings. For example, assuming the in-plane Co-Co bonding strength
is normalized to 1, for out-of-plane Co-X bonding strength < 1 the resulting
anisotropy is in the in-plane direction. This occurs when X = Cu and Ag [89)].
On the contrary, for X = Au, Pt, Pd, and Ta, the out-of-plane Co-X bonding
strength is larger than 1 [75], resulting in an interfacial perpendicular magnetic
anisotropy (iPMA).

Although Bruno’s model allows qualitative prediction for the anisotropy axis, it
remains illustrative and is too simple to estimate the MCA energy. As pointed
out by C. Andersson [90], the MCA is not directly proportional to the orbital
moment in the case of Co in conjunction with heavy metals whose spin-orbit
interactions are strong. This leads to the discussion of another contribution to
the interfacial anisotropy other than Bruno’s orbital contribution: the magnetic
dipole operator T [87, 88]. The major difference is that the orbital term
considers only the orbital moment, whereas the magnetic dipole operator term
takes into account the orbital moment acting on the spin moment (both up-
spin 1 and down-spin |). Hence, the magnetic dipole operator is related to the
quadrupole moment when SOC is strong. S. Miwa modeled the charge density in
a MgO /Pt monolayer/Fe structure [91]. Since the dielectric/metal interface has
an atomically inhomogeneous electric field due to strong electrostatic screening
effect in metals, the anisotropic charge distribution causes anisotropy in the
spin moment. As a consequence, an interfacial anisotropy is added in addition
to Bruno’s model. These two contributions, orbital moment (L) and magnetic
dipole operator (T/), yields the expression for the anisotropy energy [86]:

A A ' /

AFE ~ _E“ALC’W +(AL¢ ) + ﬁ((ATc,m> + (AT 1)) (2.9)
where (AL¢) = (AL.) — (ALy) ((AT&) = (AT.) — (AT.,)) is the difference
between angular momentum along z direction and z direction for the orbital
(magnetic dipole) term. For materials with weak SOC, such as Fe and Co
without contacting Pt, the orbital magnetic moment is then:

Amp =my o —mpy = =SE(ALey) + (ALcy)) (2.10)

where my 1 and mp, ,, are the orbital moments perpendicular to the plane and
in the plane, respectively. Combining Equation 2.9 and 2.10 with magnetic
dipole terms being neglected yields AE = 4#%BAmL, the same expression as
Equation 2.8 (Bruno’s model). In summary, for the light elements, Equation
2.8 yields a satisfactory explanation for the interfacial anisotropy, while for
the heavy metals such as proximity magnetized Pt, treating both orbital and
magnetic dipole contributions is required [86].
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In MTJ stacks, there are two types of interface that induce interfacial perpen-
dicular magnetic anisotropy (iPMA): ferromagnet/oxide and ferromagnet /heavy
metal. The first one can be seen on the two sides of the MgO barrier, such as
MgO/CoFe and MgO/Fe interfaces. Their iPMA arises from the hybridization
between Fe (Co) 3d orbitals and oxygen 2p orbitals [92, 93]. The other type
of iPMA is employed in the HL, which is typically composed of [Co/Pt]y or
[Co/Pd]x multilayers. Each Co/Pt (Co/Pd) interface has a strong iPMA through
SOC [94] making the HL invulnerable against disturbance.

2.3.3 Shape Anisotropy

The shape anisotropy (Kj) is linked to the geometry of the ferromagnet. It
originates from the dipole-dipole interaction between spin moments in the
ferromagnet. Considering a thin film ferromagnet with uniformly magnetized
magnetic moments, a magnetization perpendicular to the film will leave magnetic
poles spreading across a large area. This leads to a demagnetizing field to force
the magnetization aligning along the longest axis to reduce total magnetic
energy. Generally, the shape anisotropy for a homogeneously magnetized thin
film ferromagnet can be expressed as:

1
K;= fiqug(Dz —D,,) (2.11)

where Mg is the saturation magnetization of the ferromagnet and D, , . is the
demagnetization factor. Depending on the dimensions, the demagnetization
factors have been numerically calculated for ellipsoids [95, 96], rectangular
prisms [96], and circular cylinders [97].

The shape anisotropy was applied in the older generations of MRAM technology,
whose MTJ stacks were in-plane magnetized. Both P and AP states were
stabilized by patterning the MTJ pillar into an ellipsoidal shape. Research on
in-plane MTJ has become less interesting as it limits the density of memory
arrays. This has led to the use of pMTJ stacks, whose cylindrical shape allows
densely packed arrays. In fact, a circular ferromagnetic thin film has an easy
plane shape anisotropy, since the directions in the plane are isotropic. However,
if such film is in conjunction with oxides and heavy metals, e.g. oxide/FM/HM,
the interfacial perpendicular anisotropy is sufficiently strong to overcome the
shape anisotropy, resulting in perpendicularly magnetized FL. and pMTJ.
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2.3.4 Magneto-Elastic Anisotropy

The magneto-elastic anisotropy (K,.), also referred to as the strain anisotropy,
is an additional anisotropy when a ferromagnet is subjected to mechanical
stresses. In the previous sections, we have discussed that the fundamental
origins of the magneto-crystalline anisotropy are the spin-orbit interaction and
the crystal field. If the lattice is deformed by a stress, change in the inter-
atomic distance modifies the strength of the MCA, so-called the magneto-elastic
anisotropy. Such strain can be induced by various sources, such as thermal
stress associated with differences in thermal expansion coefficients, intrinsic
stress brought about by the nature of the deposition process, and stress due to
lattice mismatch between the adjacent layers [85, 98, 99]. The determination of
magneto-elastic anisotropy is experimentally difficult due to its various origins.
In fact, in most of the calculations for the magnetic properties of the sputter-
deposited MTJ stacks, the magneto-elastic anisotropy is negligible since the
shape anisotropy and the interfacial anisotropy dominate in the evaluation of
the effective magnetic anisotropy [83, 100].

2.3.5 Exchange Anisotropy

When a ferromagnet is in conjunction with an antiferromagnet, the surface
ions of the antiferromagnet tend to align the magnetization of the ferromagnet
to its direction through exchange interaction, hence it was termed as the
exchange anisotropy [101, 102]. Unlike other anisotropy contributions, exchange
anisotropy provides the FM with an easy direction instead of an easy axis. As
a consequence, the magnetic hysteresis loop of the FM is shifted, as shown in
Figure 2.5. The amount of shift is called the exchange bias shift B,. Since AFM
has a net zero magnetization, it is robust against external disturbance, and the
adjacent FM is pinned. Application of the exchange anisotropy can be seen in
the MRAM technologies. In the in-plane MTJ generations, the RL was typically
pinned by the antiferromagnet IrMn [103], whereas in the perpendicular MTJ
generations it is pinned by the SAF structures [Co/Pt]x/Ru/[Co/Pt]y [20] or
[Co/Pd]x/Ru/[Co/Pd]x [32].

2.3.6 Effective magnetic anisotropy

Since those five anisotropy components mentioned above do not necessarily
provide the ferromagnet with the same easy axis, the overall anisotropy is
determined by their sum, so-called the effective magnetic anisotropy (K.ry).
As an example, we consider a general system compatible with the free-layer
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Figure 2.5: (a) Schematic of a coupled FM/AFM system. (b) Hysteresis
loop of the ferromagnet, showing a unidirectional bias shift By due to exchange
interaction.

(FL) of the pMTJ stacks: MgO/CoFeB/Ta, the effective anisotropy K.ss can
be evaluated as:

K; pgojcoreB n K; coreB/Ta

Kepg [J/m®] = Kme + Ka + Kpe + (2.12)
trr trL
K;
=Ky + (2.13)
trr

where tgy, is the thickness of the CoFeB FL. Here, Ky describes the total
volume anisotropy contribution including the magneto-crystalline anisotropy,
shape anisotropy, and strain anisotropy, while K; indicates the total interfacial
contributions from both MgO/CoFeB and CoFeB/Ta interfaces. The exchange
anisotropy is not included as it will provide an easy direction which is not
preferable for the FL.

For such MgO/CoFeB/Ta system, K, is negative producing an in-plane
anisotropy, while K; is positive as discussed in Section 2.3.2. Below a critical FL
thickness, K.y is positive such that the system has an effective perpendicular
magnetic anisotropy (PMA); or if the FL is above the critical thickness, Ky s
is negative then the system exhibits an effective in-plane magnetic anisotropy
(IPA).
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2.4 Voltage Control of Magnetic Anisotropy

Voltage control of magnetic anisotropy refers to any direct/indirect voltage-
mediated modulation of magnetic anisotropy. The first demonstration on
voltage actuation of magnetic properties was carried out on a ferromagnetic
semiconducting system [104]. However, it did not attract much attention from
MRAM researchers. The potential applications of the magnetic semiconducting
systems were somewhat limited because the Curie temperature (above which
the ferromagnetism disappears) of these materials are typically much lower
than room temperature (< 50K). Research interests on the VCMA effects were
ignited only after the experimental results from M. Weisheit [71] in 2007 and T.
Maruyama [58] in 2009. M. Weisheit presented a 1% change in the coercive field
of a Fe/Pt stack which was immersed in a liquid electrolyte for gating, and T.
Maruyama reported an 8.8kJ/m? change in magnetic anisotropy energy density
under an electric field of 45mV /nm on the MgO barrier. Their experiments and
key results are shown in Figure 2.6.
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Figure 2.6: First experimental observation of the VCMA effect. (a) A change
in the coercive field of the immersed FePt (FePd) system is observed through
gating the liquid electrolyte solution. (b) An all-solid-state system compatible
with MRAM application shows a change in magnetic anisotropy upon voltage
application. Reproduced from Refs. [58, T1]

To date, studies have identified various mechanisms that can lead to the
modulation of magnetic anisotropy upon voltage applications. Microscopically,
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VCMA phenomena can be classified into electronic based and ionic based.
Electronic based VCMA effects refer to any mechanism without ionic motions,
whereas ionic based VCMA effects involve ionic motions such as diffusion and
reduction-oxidation (redox) reaction. In the following sections, we will briefly
review the different mechanisms.

2.4.1 Electronic VCMA
Pure Electronic VCMA

The pure electronic VCMA can be explained by the two mechanisms
corresponding to the two terms we have introduced in Section 2.3.2: the orbital
magnetic moment mechanism and the magnetic dipole (electric quadrupole)
mechanism [105, 106]. A schematic of the orbital mechanism is sketched in
Figure 2.7. As 3d electron orbits have different density of states in the vicinity
of the Fermi level, selective charge doping to the orbits by an applied voltage
induces a change in the total orbital magnetic moment, and thus modulates the
interfacial anisotropy. Such effect is fundamentally based on Bruno’s model.

The second mechanism is related to the electric quadrupole. As we discussed in
Section 2.3.2, the atomically inhomogeneous electric field at the dielectric/metal
interface that is coupled to the electric quadrupole leads to an anisotropic charge
distribution, and it induces interfacial anisotropy. An external applied electric
field can also couple to the electric quadrupole to cause additional redistribution
of the spin moment, as illustrated in Figure 2.7(b) and (c). Since the electric
quadrupole is correlated with the magnetic dipole operator, redistribution of
the orbital occupancy modulates the interfacial anisotropy energy [91].

In simple words, the pure electronic VCMA is related to the charge doping and
redistribution at the interface upon applying a voltage. Theoretical [91, 107] and
experimental [108, 109] studies have been performed to validate the mechanisms.
Experiments conducting ferromagnetic resonance (FMR) indicate an instant
VCMA response upon voltage application [110, 111, 112], which enables high
speed and low power operation of MTJ devices for MRAM applications [20, 113].
In this thesis, we will discuss in Chapters 3-6 how to use pure electronic VCMA
as the MRAM writing mechanisms. In addition, a potential indication about
either the orbital mechanism or quadrupole mechanism dominates the VCMA
effect in our MRAM system will be discussed in Chapter 5.
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Figure 2.7: Microscopic origin of the electronic VCMA effect. (a) Orbital
magnetic moment mechanism. When a voltage is applied, electrons accumulate
(deplete) at the interface. Selective doping to the 3d orbitals leads to a change
in orbital magnetic moments, and thus the interfacial anisotropy is modulated.
(b) Magnetic dipole (electric quadrupole) mechanism. Interface under applied
voltage induces charge redistribution. Such redistribution of 5d orbitals produces
the electric quadrupole and varies the magnetic dipole operator, which modulates
the interfacial anisotropy. (c) Sectional view of the voltage induced charge
density shift in 5d shell of a Pt atom. The electric quadrupole in an atom can
be modulated intensively by redistributing the orbital occupancy under an applied
voltage. Reprinted from Refs. [105, 106]

Piezoelectric VCMA

As we discussed in Section 2.3.4, lattice distortion can induce additional
contribution to the magnetic anisotropy. Based on this mechanism, if the lattice
distortion can be varied upon voltage application, another VCMA mechanism
can be realized. Experimentally this has been testified by combing ferromagnetic
materials with a piezoelectric actuator [114] or a piezoelectric material [115]. It
is therefore called the piezoelectric VCMA effect. Reversible easy axis transition
has been demonstrated using a FeNi/piezoelectric actuator hybrid structure
[114], as shown in Figure 2.8. However, the piezoelectric response time typically
falls in the range of kHz [115], which does not give too much research interest
for high speed MRAM applications.
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Figure 2.8: Piezoelectric VCMA response for a FeNi/piezoelectric actuator
hybrid structure. The magnetization rotation angle is detected by the real-
time magneto-optical Kerr effect (MOKE). The easy axis shows an in-plane to
perpendicular transition during a voltage application. Reprinted from Ref. [11/]

Other Electronic Based VCMA Mechanisms

There are yet other types of electronic based VCMA mechanisms. An
example is the voltage induced change of Curie temperature in ferromagnetic
semiconductors [104, 116]. The ferromagnetic semiconductor Mn-doped InAs
[(In,Mn)As] was incorporated as the channel layer in a MOSFET. Application of
a gate voltage was observed to modify the ferromagnetic-paramagnetic transition
temperature (Curie temperature) of the [In,Mn]As layer through altering
the hole-concentration. However, the Curie temperatures of ferromagnetic
semiconductors are typically much lower than room temperature (< 50K),
which limits the applications.

As another example, a voltage control of exchange bias in FM/AFM structures
was also reported [117, 118]. The sign of the exchange bias was reversed upon
voltage application such that the magnetization of the FM could be switched
thereupon. K. Toyaki suggested the reversal was dominated by AFM domain
wall (DW) propagation [119]. However, the transition time depended on the
domain wall propagation speed which is in the order of microseconds [119]. In
addition, this mechanism requires a certain electric field at the FM/AFM layers,
which is unlikely realized in MTJ stacks, since the voltage drop mainly occurs
in the vicinity of the MgO barrier.

Despite having drawbacks in these approaches, it is nevertheless interesting to
recognize different types of VCMA effects. After all, research never ends, and
any mechanisms may have to be revisited in the future.
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2.4.2 lonic VCMA

Another class of VCMA effects relies on the ionic motions such as ion diffusion
and redox reaction. The key structure requires an oxide with high O mobility
in conjunction with a ferromagnetic film whose magnetism can be altered
upon oxidation/reduction. C. Bi et al. have studied Co/GdOy layers and
showed that the magnetic anisotropy of Co could be reversibly manipulated
from perpendicular to in-plane by reduction of CoOy to Co [120]. U. Bauer
et al. studied a similar Co/GdOx but focused on the formation/elimination of
the Gd metallic thin film in between Co and GdOy [121]. Magnetic anisotropy
of the Co layer could be altered from perpendicular to in-plane depending on
the thickness of the Gd layer. This type of ionic VCMA was shown to be ten
to hundred times stronger than that of electronic based VCMA. For example,
these studies on Co/GdOx have coefficients of 11600 £J/Vm [120] or 5000 £J/Vm
[121], while the electronic based VCMA typically ranges in the order of few
tens to few hundreds of £J/Vm. However, despite having super good coefficients,
devices utilizing ionic motions suffer from ultra-low speed and poor cycling
endurance. To saturate the VCMA response, it often requires a few minutes
[120, 121] or even hours [122]. In addition, a recent study reported a limited
endurance (2000 cycles) even after improving the system by using HT pumping
instead of O? diffusion [123]. At the current stage, these drawbacks make ionic
VCMA effects unsuitable for MRAM technologies, and therefore they will no
longer be considered in this thesis.

2.5 Magnetic Energy and Magnetization Dynamics

In this section, we introduce how to calculate the magnetic energy and the
magnetization dynamics. These are important basis to understand this thesis
work. The simulations tools that we regularly apply to solve these properties
and assist understanding of the experimental data are also introduced. There
are two conditions for the simulation tools: macro-spin and micro-magnetic.

2.5.1 Magnetic Energy Calculation

As an axiomatic concept of thermodynamics, the magnetization of the
ferromagnet tends to relax toward the equilibrium states. At equilibrium,
there is net zero force acting on the magnetization, and the system is said to be
at the local energy minimum. Modeling the energy of the magnetization not
only allows us to extract useful parameters from the experimental data, but
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also enables prediction of the magnetization of a system under given conditions.
The total magnetic energy is constituted by several contributions, including the
relevant anisotropy energies introduced in Section 2.3, the exchange interaction
between the magnetic moments, and the Zeeman energy:

Etotal = Emc + Ez + Ed + Eme + Eea: + EZ [J] (214)

By its sequence, these are magnetic crystalline anisotropy energy (E,,.),
interfacial anisotropy energy (E;), demagnetization energy (E;), exchange
energy (Ee.), and Zeeman energy (Ez).

2.5.2 Magnetization Dynamics

In a ferromagnet, the magnetization M varies in time before relaxation because
of the magnetic fields or torques acting on it. Such dynamic motion is described
by the so-called Landau-Lifshitz—Gilbert (LLG) equation [124]:

dM

- _, o -
W:—|’Y|MXBeff+7MX —_— (215)

Mg dt
The first term on the right side of Equation 2.15 describes the precessional motion
around the effective field at equilibrium B:‘fl f with a frequency determined by

the gyromagnetic ratio v, where B, s includes the effective magnetic anisotropy
field, external magnetic field and thermal fluctuation:

éeff = gk,eff + éemt + éthermal (216)

The magnetization trajectory can be solved by integration of the LLG equation.
Figure 2.9(a) illustrates the trajectory considering only the precession term
at 0K (no thermal fluctuation). In fact, for most of the oscillatory systems
in reality, the energy dissipates in time resulting in the damping motion. It
describes the attenuation of the oscillatory amplitude, making the systems relax
toward the equilibrium state. Such damping motion for the magnetization is
described by the second term in Equation 2.15, with « the dimensionless Gilbert
damping constant. The complete spin dynamic is shown in Figure 2.9(b). One
can further include a thermal fluctuation term in the effective field to imitate
the dynamic at finite temperature, as illustrated in Figure 2.9(c).

2.5.3 Macro-Spin Simulation

In macro-spin (MS) assumption, the magnetization within a ferromagnet is
considered as spatially uniform. It can therefore be seen as a single domain
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Figure 2.9: [Illustration of the magnetization dynamic including (a) only
precession term (0K), (b) precession and damping terms (0K), and (c) precession,
damping and thermal terms (300K).
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Figure 2.10: [llustration of the magnetization reversal process under the macro-
spin assumption, with m, being the out-of-plane component of the magnetization.

ferromagnet with [M| = Mg. A typical example for the magnetization reversal
process in a uniform ferromagnetic thin film is illustrated in Figure 2.10(a).
Under this circumstance, solving the problem regarding the magnetization
behaviors in both energy and time domains is relatively simple, as demonstrated
in the following.

Solving Magnetic Energy

We consider a simple system compatible with the FL in pMTJ stacks, e.g.
MgO/CoFeB/Ta, as an example. The indispensable terms to be taken into
account are the magnetic anisotropy energy (Eqn;s), demagnetization energy
(Eq) and the Zeeman energy (Ez). Here, we consider the perpendicular
anisotropy energy contribution from the interface. The Zeeman energy is
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added in the existence of an external magnetic field. The exchange interaction
is irrelevant since the FL is seen as a single domain. These energies are
associated with the direction of the magnetization. We use the standard
spherical coordinate system [Figure 2.11(a)] to express the x, y, z components of
the magnetization. The total magnetic energy density (Eiotq1/V) is calculated
as:

Etotat/V = [Eanis + Ea + EZ]/V  [J/m?] (2.17)
K, .o
= " 5in%0 + K 00820 — M - By (2.18)
trr

K . 1
= —sin*0 + —puoM3(D, — D, ,)cos®0 —
trr 2 ’

— MgB,sinbfcosp — MgBysinfsing — MgB,cost (2.19)

where Eea:t denotes the external magnetic field and B, , . are its components
along z, y, and z directions. Figure 2.11(b) shows an example of the total
energy as functions of m, and azimuthal angle ¢ under the given conditions.
The equilibrium direction of the magnetization is reached when the net force is
zero, i.e. the first derivative OFyo1q1/0M equals zero, and the energy has a local
minimum. This energy minimum (E,,;,) is indicated in the figure in dark blue.

(a) (b)
Conditions Values
Di"(‘:r':f)i"” 100, 100, 1.7]
Ms
SN 0.0 (emu/cm?) 850
- K
(wdin?) 730
o [B*i nﬁ’%sﬂ 130, 30, 10]
-180 90

0 s 1%
@ (deg)
Figure 2.11: (a) The spherical coordinate system. (b) Illustration of the total

magnetic energy as functions of m, and azimuthal angle . The calculation
conditions are given in the table.

Solving Magnetization Dynamics

Under the macro-spin condition, the magnetic dynamic can be solved using
programming languages such as Python. In the following, a procedure to
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solve the LLG equation is presented. Equation 2.15 is first transformed into a
compatible form:

dm vl 5 [v]ex

mm X (m X Beff) (220)

o _ Borp—
dt A+az) " < Pets

where 17, (= M /Mg) is the normalized vector of the magnetization. Here, B, Ff
is a vector summation of various field contributions, including the externally
applied magnetic field (Begt), the demagnetizing field (Bgemag), the anisotropy
field (Bg), and the thermal fluctuation field (Byp).

Eeff = éeaﬁt + édemag + ék + éth (2.21)

The demagnetizing field is expressed as:
Biemag = —poMs (D - 7it) (2.22)
where D = (Dg, Dy, D) is the demagnetizing factor depending on the geometry

of the magnetic material, with D, + D, + D, = 1. The thermal fluctuation
field is a random fluctuating field which can be expressed as [125, 126]:

B* ( ) QOékBT
= \0z,0y,02
" Y Y1+ a?)poMs Vi (dt)

(2.23)

where (04,0, 0) is the 3D isotropic Gaussian distribution, kg is the Boltzmann
constant, T' is the ambient temperature in Kelvin, Vg, is the volume of the
ferromagnet and dt is the time interval for calculating the evolution.

Assuming the unit vectors along x, y and z directions of the Cartesian coordinate
system are ¢, 7 and k, the effective field can be concisely expressed as:

Bepy = Agi + Ayj + Ak (2.24)
with
Ay = B, — jioMsDymy, + 04| Byl (2.25)
Ay = By — poMsDymy + oy| By (2.26)
Ao = B. — joMsDams + ——2 4 0.1 By (2.27)
poMstrar

Because the system has a uni-axial anisotropy, provided by the interfacial
perpendicular anisotropy, the anisotropy field is added only to the k component.
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Now, it is ready to solve Equation 2.20. First, Equation 2.20 can be re-written
as:

L —Wl|Begglat . - —|yla|Beggldt . . -
dm:i(lJron) mXbeff—i_i(lJraQ) (mXbef )
(2.28)
—|yl|Begyldt . —|y|a|Beyys||Negsldt
:7(1_’_&2) mXbeff+ (1+a2) M X Neff

where b, sy is the unit vector of Bess. [N.ss| and 7.z are the amplitude and
the unit vector of the resultant vector cross product 1m X by, respectively.

- 1
bess = (ba,by,b.) = —=—(Bs, By, Bz) (2.29)
| Besl
N X beff = Neff = |Neff‘deff = |Neff|(nx,ny7nz) (2.30)

Here, Equation 2.28 indicates that the angle of precession (6,) within dt is

W (rad), for which the axis of rotation is along bess. Likewise, the
angle of damping (6;) within dt is _2”|7|a(|3jgf“N5ff|dt (rad), for which the

rotation axis is 7cf.

Now it becomes a vector rotation problem, which can be solved by applying the
vector rotation matrix. An example of the rotation matrix for the precession
term is given by:
cp+b2(1—cp) baby (1 —cp) —bosp  bpb(1—cp) +bysy
R(6y, geff) = |byb:(1 —¢p) +bzsp cp +05(1 = ¢p) byb. (1 — ¢p)basy
bobo(1—cp) —bysy bby(l—cp)+bss, ¢ +b2(1—cp)
(2.31)

where ¢, = cosf, and s, = sinf,.

Finally, one can calculate the magnetization evolution with consecutive rotation
matrices. For a magnetization with an initial direction m(t), it’s final direction
at m(t + dt) can be derived as:

T?l(t + dt) = R(Qd,ﬁeff)R(Q beff) ( ) (232)

To ensure the accuracy of the calculation, the time interval should be kept much
shorter than the time scales of the magnetization dynamic (usually in the range
of GHz), e.g. dt < 10712s.
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2.5.4 Micro-Magnetic Simulation

In reality, a uniform magnetization appears only in small media. Instead, the
exchange interaction between individual magnetic moments must be considered
to imitate the real situations. Magnetization switching processes in large media
are rather mediated by domain wall motions, as illustrated in Figure 2.10(b).
This leads to the area of micro-magnetic simulation. Gratefully, the National
Institute of Standards and Technology (NIST) develops and provides an open-
source project "Object-Oriented Micro-Magnetic Framework (OOMMF)" [127],
allowing users to perform micro-magnetic simulation at will. OOMMF supports
MinDriver and TimeDriver to compute energy minimization and magnetization
dynamics, respectively. In addition, users can define the layers, shapes, energies,
magnetic fields, and even temperature through specifying the relevant built-in
modules.

2.6 Precessional Switching of Magnetization

Switching of the magnetization at high speed and low power is a fascinating
task for the MRAM community. Before the discovery of VCMA, intensive
works have been carried out to seek the lowest switching field for magnetic field
switch MRAM. Among several ideas, such as antiparallel field, canted field, and
hard-axis field, the concept of ‘precessional switching’, which directly makes
use of the intrinsic magnetic precession phenomenon, induced by hard-axis field
pulse demonstrated sub-nanosecond switching speeds [128, 129, 130, 131]. We
will see later in Chapter 3 that the conventional type VCMA write mechanism
much resembles this precessional switching concept but in a different operation
technique. Therefore, it is worth reviewing the pulsed field-induced precessional
switching first before going to the experimental chapters. Depending on the
field magnitude, there can be three operation regimes: high field, moderate field,
and low field. In the following, we review the simulation/experimental works
regarding the switching behavior in these regimes. To discuss the precession
behavior, the simplest scenario is considered [132]: a large extended thin film
magnet with D, = D, = 0 and D, = 1, the magneto-crystalline anisotropy H},
is in x-direction, and the system is loss-free (a = 0). The pulsed magnetic field
(H,) is applied in the in-plane hard-axis, i.e. y-direction.

High Field Regime

The high field regime is defined by H, > Hj,. In this regime, the magnetization
has an equilibrium direction along y during the pulse application. Application of
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a fast rising H, will initiate a large angle precession around this axis, which can
be used to reverse the magnetization [133]. Figure 2.12 shows the projection of
switching trajectories on the x-z plane for different anisotropy field amplitudes.
hy and hy, indicate the reduced quantity, e.g. h, = H,/Mg. At hy, = h;, = 0.01,
the high field regime, the switching trajectory has a stadium shape. Maximum
m, is reached when m, = 0. The switching speed can then be defined by cutting
the field at half precession period, i.e. after 180° rotation. Further extending
the pulsed-field duration leads to a non-switch.

) hy = 0.01, variable hy

0.104 hy=0.01 —
0.05 N
~N
E 0.00
-0.05 4
-0.104
1 1] 1

m

Figure 2.12: Magnetization trajectory of a uniaxial monlossy macrospin.
Reproduced from Ref. [132].

Experimentally, this switching trajectory has been proven using a metallic
spin valve shown in Figure 2.13(a) [134, 135]. The FL has an in-plane Hj, of
TmT. Figure 2.13(b) [135] demonstrates the change in giant magnetoresistance
(GMR) as a function of field pulse duration. The switching is observed when
pulse duration t,yse ~ (n + %tp,.ec), where n is a integer defining the order of
switching process and t,,¢. is the time for one precession period. This is shown
at 140ps, 350ps, 590ps, and 800ps. In the contrary, pulses with tyuse = Ntprec
result in non-reversal. Characterization of the switching probability over a range
of Hy and t,yise is shown in Figure 2.14 for both experiment and simulation
[135]. The white colored area indicates switching with probability > 0.8, and
black colored area indicates non-switch with switching probability < 0.1. It is
clearly seen that for H, > 70 Oe (7mT), switching is periodic.
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Figure 2.13: Schematic of the configuration for pulsed field induced precessional
switching. M; and My denote the initial and final magnetization, respectively.
Reproduced from Ref. [134].
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Figure 2.14: Pulse field dependence of the precessional switching. (a)
Ezperimental results. (b) Macro-spin simulation with Hy, = 70 Oe = "mT
and o = 0.03. White: Switching with probability > 0.8. Black: Non-switch
with switching probability < 0.1. n indicates the order of switching process.
Reprinted from Ref. [135].

Moderate Field Regime

The field condition for the moderate field regime is hy > hy, > hi/2. In
this regime, the applied field competes with the anisotropy field. The energy
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landscape has a saddle point at m, = 1 and two energy minimum, one at
m, > 0 and another one at m, < 0. The initial energy is above the energy at
the saddle point, and the switching trajectory is deformed. This is shown in
Figure 2.12 for the cases hy = 0.02 and 0.016. During precession, m, reaches
the maximum before m, going to 0, leading to a bone-shape trajectory. It can
be seen as if the magnetization rotates alternatively around the two attractors.
With finite damping, e.g. a = 0.03, the magnetization may precess only half
of a period and fall into the energy minima before oscillating back across the
in-plane hard axis. This leads to switching independent of ¢,,;s¢, as shown in
Figure 2.14(b) [135] for 70 Oe > H,, > 35 Oe. Experimentally, one can roughly
observe the similar behavior but much less reliable. This can be attributed to
the thermal agitation that leads to a stochastic switching. Besides, a real system
more likely has a micromagnetic structure instead of a macro-spin behavior,
and the inhomogeneity of the parameters within a device can be sufficient to
inhibit the reversal process.

Low Field Regime

When the applied field is further reduce to below hy /2, the precession amplitude
is too weak and reversal in inhibit. As shown in Figure 2.12 at h; = 0.03 and
0.1. The magnetization can never cross the hard-axis. This is also shown in
Figure 2.14 for H, < 35 Oe (3.5mT).

2.6.1 Precessional Switching with VCMA effect

Above we have introduced the precessional switching induced by magnetic
field pulses. It is shown that the operation regimes are defined by the relative
amplitude of the applied field and the anisotropy field, where the control
parameter is the applied field amplitude. With VCMA effect, it is possible to
tune the anisotropy field under a fixed magnetic field to implement the different
operation regimes. Because the typical switching time for the precessional
reversal is typically in the range of sub-nanosecond, it requires correspondingly
a fast response of VCMA to fulfill such a switching mechanism. Among different
VCMA effects, only the pure electronic VCMA has high speed response at the
typical operating temperature range. Coincidentally, the use of MTJ makes it
possible, due to the fact that the voltage drops mainly at the MgO layer, and
the electric field across the MgO layer can induce the pure electronic VCMA
effect which allows us to directly control the anisotropy of the FL. This is what
we will study next and we will leave the VCMA write mechanisms for the next
chapters.
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2.7 Summary

In this chapter, the basis for understanding the relevant magnetic phenomena
in this thesis work was reviewed. The magnetic moment in an atom is induced
by the electron orbital and spin angular momentum. Together with exchange
interaction and spin-orbit coupling, various magnetic anisotropy contributions
are comprised in ferromagnetic materials. An externally applied voltage (electric
field) can control specific anisotropy through corresponding mechanisms such
as electron doping/redistribution, piezoelectric distortion, and ionic motions.
From the aspects of speed and reliability, the pure electronic VCMA best
suits the MRAM requirements. We also introduce the concept of precessional
switching, the knowledge gained from the preceding works will help understand
the experimental results shown in VCMA switching. In the following chapters,
we will further discuss how pure electronic VCMA effect to improve MRAM
writing performance.



Chapter 3

VCMA Write Mechanism:
Conventional Scheme

3.1 Introduction

In view of performance and process compatibility, magnetic random access
memory (MRAM) has great potential to be introduced as cache/main memories
in the advanced technology nodes as it is compatible to complementary metal-
oxide-semiconductor (CMOS) process and it shows good scalability [136, 137,
138]. The non-volatile feature enables reduction of the static power in comparison
with dynamic RAMs. In the past decades, the spin-transfer-torque (STT)
effect, as current-driven write mechanism, has been extensively studied. The
STT perpendicularly magnetized magnetic tunnel junction (pMTJ) devices
have achieved reliable writing time down to few ns [139, 140]. However, the
required switching current is dramatically increased for GHz operation, causing
degradation and reliability issues in the MgO tunnel barrier [141].

The pure electronic voltage control of magnetic anisotropy (VCMA) effect
allows instant modification of interfacial anisotropy by selective charge doping
and electron redistribution at the MgO /free-layer interface upon voltage
application[86, 107], as introduced in Chapter 2. Such effect enables a voltage-
driven magnetization switching mechanism [58, 59, 142]. Not only the tunnel
current is not required, but also the energy consumption can be much suppressed
[73]. In this chapter, we will first discuss the mechanism of conventional type
VCMA-induced switching. Then, we use imec’s standard VCMA devices to study
the switching properties. Finally, the merits and challenges for conventional

49



50 VCMA WRITE MECHANISM: CONVENTIONAL SCHEME

VCMA switching are pointed out, and the solutions to these challenges will be
proposed and discussed in Chapter 4.

Results shown in this chapter were partially published in Y. C. Wu et al.,
64" MMM Conference, EG-11 (2019) [143] and Y. C. Wu et al., AIP
Adv. 10, 035123 (2020) [144].

3.2 Conventional VCMA Write Mechanism

The ‘Conventional VCMA write’ refers to the VCMA-induced switching
mechanism proposed by T. Maruyama et al. [58]. The term ‘Conventional’
is specified to distinguish with our new concept ‘Deterministic VCMA write’
which will be discussed in Chapter 4. This section introduces the conventional
VCMA write mechanism for switching the free-layer (FL) in the perpendicular
magnetic tunnel junction (pMTJ) devices.

To explain the mechanism, we have to first recall the LLG equations (Equation
2.15 and 2.16), but with a modified form:
dM

T —[v|M x Beyy(EF) +

a - dM

MSM X — (3.1)
where B, tf(EF) replaces the ordinary BZ ## to illustrate the voltage controllabil-
ity. Here, the electric pulses are preferably expressed in the form of electric-field
across the MgO barrier (EF = V/tar40), since the VCMA effect is independent
of the MgO thickness (tarq0) if the MgO/FL interface properties remain the
same. This can be seen in most of the reports where VCMA is termed as
‘Electric-field-controlled magnetic anisotropy’ [145, 146, 147, 148].

Similar as Equation 2.21, B,s;(EF) can be expressed as:
Eeff(EF) = Ek,eff(EF) + Eext + gthermal

aékﬁcff

= ék,eff(o) + * BF + éemt + éthermal (32)

As the E'F controls the magnitude of the PMA, B'k)eff (EF) is evaluated as

the sum of the anisotropy field at zero bias B?k’e #7(0) and the linear dependent

9By ers
OEF

x EF. We refer to the parameter ag’g}f L as ‘VCMA slope’ in this

term
thesis.

The conventional writing scheme has a fundamental requirement: P and AP
states are approximately symmetric, i.e. Bf:eff(O) = B,’ifff(O). To achieve
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Figure 3.1: Illustration of the VOMA-induced magnetization precession. (a)
(b) t,1 approximately corresponds to a

Continuous precession for long t,.
half precession period, resulting in a successful switch. (c) t,o approzimately

corresponds to a full precession period. The magnetization rotates back to
the initial state causing a failed switch. Bli1*(0) and Bg}r;“l( ) indicate
the effective field directions at equilibrium for the initial state and final state,

respectively.
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such a condition, the stray field (Bsirqy) from the reference-layer (RL) and
the synthetic anti-ferromagnet (SAF) must be compensated by the external
out-of-plane magnetic field (B,) such that the FL experiences effectively zero
z-field, i.e. B, sy = |B, — Bsiray| = 0. As a consequence, But can be reduced
to §$y For simplicity, we assign the in-plane magnetic field as B, since any
in-plane directions are equivalent for the disk-shaped FL:

Eeff(EF) = Ek,eff(o) + e * EF + EI + Ethermal (33)

We have now introduced the essential variables. Next, the voltage-induced
magnetization switching is demonstrated by macro-spin simulation in the time
domain. At the initial stage without E'F', the magnetization points in the leading
z-direction. A hard-axis field B, is applied to define the axis of precession when
By cfr is removed. While the E'F is applied, the magnetization continuously
precesses roughly about B, as shown in Figure 3.1(a). One can see that
the z-component of the magnetization (m,) oscillates in time. Therefore, a
successful magnetization reversal is achieved by controlling the pulse duration
(tp). When t, is approximately equal to half-integer of the precession period
(tprec), L. tp, = (n + %) tprec, the sign of the m, is opposite to the initial state,
resulting in a ‘switch’ [Figure 3.1(b)]. Here, n = 0, 1, 2... denotes the order
of the switching events. On the other hand, if ¢, is extended to integer of the
period, i.e. t, = nitprec, the magnetization rotates back to the same direction as
the initial state, leading to a ‘non-switch’ [Figure 3.1(c)].

This type of precessional switching due to the instant change in the effective
magnetic field has been widely discussed by fast-rising magnetic field pulses along
the hard-axis [135, 134, 149]. Depending on the magnitude of hard-axis field
(Bhara) and the anisotropy field (By), the switching trajectory can be categorized
into three regimes. In Ref. [132], these regimes are classified by Bpara > B
(high field), By > Bhara > 0.5Bj (moderate field), and Bparg < 0.5By (low
field). VCMA induced precessional reversal resembles field pulsed switching in
several perspectives, yet in a different manner.The difference between VCMA
switching and pulse magnetic field switching is the field parameter which each
mechanism is controlling. We can intuitively recognize that VCMA switching
controls By to enter the three regimes, where as the field pulse case controls
Bhpara- We will come back with more discussion in Section 3.4.4.

To this point, the basis of conventional VCMA switch mechanism is presented.
In the following sections, we study the switching characteristics more in detail
using our standard VCMA pMT\J devices.



MTJ PROPERTIES 53

3.3 MTJ Properties

3.3.1 MTJ Device Preparation

The MTJs used in this study are bottom-pinned perpendicularly magnetized
stacks sputter deposited on 300 mm thermally oxidized Si(100) wafers using
a Canon-Anelva EC7800 cluster tool. The material stack is shown in Figure
3.2. From the bottom, a [Co/Pt], multilayer serves as the lower hard-layer
(HL), and the [Co/Pt]x/Co/Ir/Co forms the reduced SAF structure. The RL is
ferromagnetically coupled to the SAF structure through an RL spacer. Next,
two samples are prepared with different MgO thicknesses (tyrg0): 1.1nm and
1.5nm. These two thicknesses target the resistance-area (RA) products at 100
Q-um? and 1000 Q-pm?, respectively. We will discuss the impacts of MgO
thickness in the following context not only on the write properties but also on
the measurement techniques. Then, a 1.7nm CoFeB is deposited as the free-layer
(FL). Such thickness is chosen to meet the required perpendicular magnetic
anisotropy (PMA) for switching studies. Before capping layers Ta/Ru being
deposited, a thin Mg sacrificial layer covers the FL to protect it from sputtering
damage during heavy element (Ta) deposition [150]. After all depositions, the
films are annealed at 400°C for 30 minutes in vacuum in a 2T out-of-plane
magnetic field. Finally, the stack is patterned into circular pillars using 193nm
immersion lithography and ion beam etch (IBE), and integrated into devices
with top and bottom electrodes.

Ru (5nm)

MgO (#g0)

HI

RL spacer
Co
Ir
Co

[CorPt],

Figure 3.2: The MTJ stack for voltage-controlled switching experiments in
this chapter.
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3.3.2 Saturation Magnetization

The magnetic moments (m) of the magnetic layers are measured by a vibrating
sample magnetometer (VSM) using 8*8mm? samples before patterning into
devices. The out-of-plane magnetic field is swept between +2T, and the magnetic
moments are recorded every 50mT. Figure 3.3(a) plots the area magnetization
(M9e® = m/area) as a function of B,. Steep changes in the curves indicate
the reversals of the magnetic layers, and labels 1-8 represent the measuring
sequence and the distinct magnetization configurations at different magnetic
field ranges [see Figure 3.3(b)]. At Stage 1, all magnetic layers are saturated
in the +z direction, which gives the total magnetic moment. From Stage 1 to
2, the RL is reversed as it is anti-ferromagnetically coupled to the HL. The
coupling strength is around 700mT, similar to the values reported on an Ir
spacer [151]. As the FL has the weakest PMA among the three magnetic layers,
it is reversed by the smallest field (Stage 2 to 3). From Stage 3 to 4, the RL and
HL reverse simultaneously as a collective behavior of the anti-ferromagnetically
coupled layers. Next, from Stage 4 to 5, the magnetic field exceeds the coupling
field to reverse the RL and saturates the stack in the —z direction. Finally,
Stages 5-8 and back to Stage 1 follow the similar procedure as discussed for
Stages 1-5.
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Figure 3.3: (a) Major loop for the area magnetization as a function of out-
of-plane magnetic field for the pMTJ stack. Labels 1-8 indicate the measuring
sequence and different magnetic field stages. (b) Schematics of the magnetization
configurations at different magnetic field stages.
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From different stages, the area magnetization of the FL, RL, and HL can be
calculated:

Ma’rea — IG_,ITEG Marea JF MllTeCL (3.4)
Marea — G.T‘BO. Marea M(ZTGG, (35)
MSGT'EG — area Marea Marea (36)

We obtain M&¢* = 145mA, M&* = 105mA, and ME* = 295mA.

Magnetic Dead Layer (MDL)

To evaluate the saturation magnetization, one needs to take into account that
not the entire volume of the magnetic layer contributes to the total magnetic
moment. At the oxide/ferromagnet and/or ferromagnet/metal interfaces, thin
layers which contain magnetic elements may not exhibit magnetic properties,
so-called the magnetic dead layer (MDL). Generally, MDLs may originate due
to local amorphisation/oxidation [152, 153, 154] and inter-diffusion [155, 156].
In the typical MgO/CoFeB/Ta films, it has been reported that MDL mainly
forms at the CoFeB/Ta interface because the Ta layer acts as a boron sink and
the interface remains amorphous after annealing processes [157, 158].

To estimate the thickness of the MDL (typr), samples with different FL
thicknesses are prepared with the exact same process conditions. We measure
the VSM minor loops to obtain the magnetic moments of the FL, as shown in
Figure 3.4(a). Figure 3.4(b) summarizes the area magnetization as a function
of FL thickness. By linear extrapolation to zero magnetization, a 0.7nm MDL
is estimated. Then, the saturation magnetization of the FL (Mg rr) can be
calculated as Mg pr, = M§E%/ters = 1450 kA/m, with t.fp = trrp — tupr-
Such a dead layer thickness is comparable to the value obtained from the similar
stack [25].

3.3.3 Device Electrical Dimension

Due to the etching damages, the periphery of the patterned devices is
magnetically dead and the resistance can be assumed as infinity [159]. Hence,
the effective device size, so-called electrical critical dimension (eCD), is smaller
than the physical dimension. The resistance-area (RA) product is a parameter
to characterize the eC' D of a device, where the resistance is the parallel resistance
(Rp) of the patterned devices. Typically, RA is estimated by large devices
since the damage zone is minor compared to the working zone, and the physical
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Figure 3.4: (a) VSM measurements of the area magnetization for different
FL thicknesses. (b) Area magnetization as a function of FL thickness. Dashed
line shows linear fitting of the data, and the intercept on the x-axis indicates the
thickness of the magnetic dead layer (0.7nm,).

dimension represents the eC'D. Figure 3.5 shows a transmission electron
microscopy (TEM) image of our largest device. A diameter of 129nm is taken
to quantify the RAs of tyy0 = 1.1nm and tpr,0 = 1.5nm as 80Q2-pm? and
880Q2-nm?, respectively. Then, the eC'Ds of other devices with smaller sizes are
derived by eCD = [2(RA/Rp)]*®. In the rest of this dissertation, the device
size refers to eC'D unless specified.

Figure 3.5: TEM image of a device with a 129nm physical size.

3.3.4 Tunneling Magneto-Resistance and Coercive Field

The tunneling magneto-resistance ratio (TMR) and coercive field (B¢) of 105nm
devices are investigated as a function of out-of-plane magnetic field. Figure 3.6
shows the representative TMR loops for both MgO thicknesses. We observe
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TMR is significantly increased by a thicker MgO, with TMR = 200% for 40
= 1.1nm and TMR = 250% for targ0 = 1.5nm. Such enhancement in TMR is
similar to the previous report [160], which can be attributed to the increasing
spin-filtering effect for thicker MgO [50, 51, 52]. As discussed in Section 1.2.2, for
BCC textured CoFeB/MgO/CoFeB systems, the electrons with different band
symmetries have different tunneling probabilities and decay rates. Specifically,
electrons with A; symmetry, which is responsible for high TMR, has the slowest
decay rate compared to other symmetries, resulting in very high spin-selectivity
and TMR for thicker MgO barriers [51].

On the other hand, B¢ for both devices is consistent, indicating the magnetic
anisotropy is not impacted by the MgO thickness in the studied range. A similar
observation has been reported for MgO thickness ranging from 0.6nm to 1.6nm
[161], which suggests that both the crystallinity and magnetic anisotropy of the
CoFeB FL can be stabilized with a minimum of 0.6nm MgO. Further increase
in MgO thickness does not improve the crystallinity and interface properties.
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Figure 3.6: TMR loops as a function of out-of-plane magnetic field for 105nm
devices with different MgO thicknesses.

In addition, we observe a consistent hysteresis loop shift of 23mT in both stacks,
which originates from the uncompensated magnetic moments in the RL and HL.
In the previous section, we quantified Mg gy, > Mg rr. The uncompensated
magnetization leads to a net Bgtyqy in +2 direction promoting the anti-parallel
(AP) state. Therefore, it requires a stronger B, to switch the FL from AP to P
state.



58 VCMA WRITE MECHANISM: CONVENTIONAL SCHEME

3.3.5 Perpendicular Magnetic Anisotropy and Thermal Stabil-
ity Factor

The perpendicular magnetic anisotropy field (B crs) and the thermal stability
factor (A) are estimated using the ‘sweep-rate dependent switching field
distribution’ method, a method derived by X. Feng et al. [162]. The MTJ device
is placed in a sweeping magnetic field, and a small bias (~20mV) is applied to
the device in order to record the resistance and to collect the switching fields.
Then, the cumulative switching probability curves for the FL are fitted with
the following equation [140, 162]:

Pow(B,) =1— exp{Werfc [\/Z (1 - W)}} (3.7)

where fy is the attempt frequency (1GHz) and R is the sweep rate of the
magnetic field. Figure 3.7(a) and (b), respectively, show the representative
measurements for the repetitive TMR loops of a 105nm device and the switching
probability curves collected from 500 events. We obtain By ry = 72m1" and
A = 51 through the fitting.
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Figure 3.7: (a) Repetitive TMR measurements as a function of B, for a
105nm device. (b) Switching probability curves as a function of B, measured by
a sweep rate of 400mT/s.

Here, By s is well quantified. However, estimation of A suffers from the
constrain of the fitting model. Feng’s method is based on the macro-spin
assumption, the A obtained from the fitting takes the magnetic domain
nucleation area instead of the whole device area. The domain nucleation
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width (d,,) is characterized as [161, 163, 164]:

Aew
Keypy

dy =T

m] (3.8)

where A, is the exchange stiffness. Typical A., of Co, Fe, and CoFeB materials
fall in the range of 10-30 pJ/m [164, 165, 166, 167]. As a result, calculation of
the energy barrier and A [Equation 1.5 and 1.6] now becomes:

Ly _ Keff/fr(dw/2)2tFL o 7T3AextFL

A= = =
kBT kBT 4k;B]j

(3.9)

By considering A = 51 and t.fy = lnm, A., is evaluated as 25pJ/m. Previous
studies have also reported 23pJ/m from a 2nm CoFeB film [166] and 31pJ/m
from a 1.3nm CoFeB film [163].

In addition, using Mg pr, = 1450 kA/m from the VSM measurements and
Bycrr = 72mT from the fitting results, we obtain d,, ~ 72nm. This d,, value
indicates that for devices with their sizes exceeding 72nm, the estimated A is
constant. As shown in Figure 3.8(a), the experimental As are around 50-55 for
eCD > 72nm, and it decreases at smaller sizes following the calculation from the
macro-spin model. Similar results have been reported previously [44, 164, 167].
On the other hand, By, .fs increases for smaller devices, which stems from the
reduction in the demagnetization factors of the shape anisotropy [Equation
2.11]. The [D, — D, ] term decreases with device size; therefore, for a constant
interfacial anisotropy (K;) the effective perpendicular anisotropy is stronger in
scaled devices.

3.3.6 VCMA Coefficient Estimation

The pure electronic VCMA effect modulates the interfacial anisotropy (K;) by
voltage application. By definition and its mechanism, the VCMA coefficient is

evaluated as:
0K;

$= oEF
where E'F' is the electric-field across the MgO barrier. Combining Equation
3.10 with 2.12 leads to an equivalent expression:

OK; O0K.ry Mg rrtrrtygo OBy sy
EF = aBe = 5 v [fJ/Vm] (3.11)

where V is the applied voltage.

[fJ/Vm)] (3.10)

£E=

Next, we use the similar method as for the estimation of By .r¢ to quantify the
VCMA coefficient. The device under test (DUT) is again placed in a sweeping
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Figure 3.8: Dependence of device size on (a) A and (b) By.csy for both
experiments and model.

magnetic field. In addition to the small direct-current (DC) bias, the switching
probability curves are measured under various bias conditions. A representative
measurement is shown in Figure 3.9(a). These curves are subsequently fitted by
Equation 3.7. Instead of fitting these curves separately, we adapt the common
parameters to all curves simultaneously. The procedure is described in Figure
3.9(b). In the first step, three universal parameters are established: Bgye £
A, and 0By c5y/0V. For each DC current condition (I,), the corresponding
voltages applied on the MTJ device are V,' = I, Rp and VnAP = I,Rap (The
prober system design company restricts the measurements to a constant current
mode. The applied voltages on the AP and P states are therefore different.
Otherwise, this step can be simplified to a constant voltage regardless of the
MT]J states.). Next, the By .y during magnetic field sweep is calculated as:

8Bkveff

Bllepr =B+ =5 * Vi (3.12)
0B
Biits = Bilogs + — 5t x VT (3.13)

The B,};eff, B,‘éfff, and a common A are then applied to all the probability
curves simultaneously. Fitting adopts the least square error by modulating those
three universal parameters. Finally, it results in a VCMA slope of 39mT/V for
devices with ¢tj740 = 1.5nm, corresponding to a VCMA coefficient of 42.5£J/Vm.

Our method is based on two assumptions. First, we assume A is independent of
bias conditions. This is valid when d,, stays smaller than eC'D under any applied
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Figure 3.9: (a) Magnetic field switching probability curves under different bias
conditions. (b) Fitting procedure to obtain By csf, A, and dBy eps/dV

voltages. Secondly, the VCMA effect is assumed to be linear, meaning the
VCMA slope dBg, e fr/dV remains as a constant regardless of the bias conditions.
From the literature, the VCMA effects reported in similar MgO/CoFeB/Ta
systems have linear responses [145, 146, 168, 169]. The primitive reason for it is
due to the small effect. Indeed, the non-linear responses such as V-shape (PMA
is increased by both voltage polarities) or A-shape (PMA is decreased by both

voltage polarities) are mostly reported in systems with a large VCMA effect (£
> 200 £J/Vm) [107, 170, 171, 172].

This VCMA coefficient estimation technique is time-efficient. However, it is
physically constrained to devices with high RA, typically requires a few hundred
Q-pm? [73, 144, 173]. As discussed in Section 1.2.4, there is a critical current
to excite the magnetization dynamics through STT effect. Since our technique
applies the bias through the same path as STT, the DC tunneling current in low
RA devices can reach the critical STT current, which shields the VCMA effects.
Figure 3.10(a)-(c) show representative examples regarding devices with different
RAs. For the device with RA = 880Q-pm?, the VCMA effect dominates over
the STT effect. A positive (negative) voltage enhances (reduces) PMA leading
to an expansion (minification) in the switching field By,,. On the contrary, for
the typical STT device that has RA < 10Q-pm?, the STT effect dominates over
the VCMA effect. A positive (negative) DC bias favors AP-P (P-AP) transition,
the switching field is therefore strongly shifted accordingly. Based on these
characteristics, for devices with intermediate RA = 80Q-pm?, both VCMA and
STT effects are comparable. For any bias conditions, both VCMA and STT
are compensated for the AP-P switching direction, whereas the P-AP switching
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direction is assisted. As a consequence, this technique is not applicable to low
RA devices. Nevertheless, we will discuss another method to confirm the VCMA
coefficient in these devices in Section 3.4.3.

(a) RA = 880Qum* (®) R4 =4Qum* (© RA = 80Qum”
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Figure 3.10: Switching diagrams of switching field versus DC wvoltage for
devices with (a) RA = 8809-um?, (b) RA = 4Q-um?, and (c) RA = 80§-um?.

Device Selection

Judging from the resultant By fr and VCMA slope, it is required to select the
functional devices. To avoid device breakdown, the maximum affordable EF
is limited to 1.4V/nm. For devices with eCD <100nm, By err becomes too
strong to be removed by voltage pulses, and VCMA-induced FL switching can
never occur. On the other hand, although By, .f¢ of the 130nm devices can be
easily removed, these devices are prone to thermal disturbance compared to
105nm devices. Therefore, our studies will focus on 105nm devices.

3.4 Switching Studies

3.4.1 Electrical Setup

To perform pulse switching studies, the MTJ device is connected to an electrical
setup shown in Figure 3.11(a). The top electrode is connected to a bias-tee. The
AC port has a pulse generator PG connected, which has a 50Q impedance. On
the DC port, a Keithley 2400 source measure unit (SMU) and a digitized multi-
meter (DMM) are attached. In addition, this prober system has two individual
controls to generate B, and B, separately. During the pulse measurements,
the magnetic fields are constantly applied to the device, where B, is applied
to compensate Bstrqy, and B, defines the precession axis for switching. Figure
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3.11(b) shows the configuration of the pulses. The writing pulse is generated by
the pulse generator, and the pulse duration (¢,) is defined as the total width
including a 100ps risetime and a 100ps falltime. After the writing pulse, the
SMU sends a small DC current for the DMM to read the resistance of the device.
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Keithley ;400 Digitized Write
D¢ Multi-meter
o T Pulse width Read
se . —
generator '
time

i b
i, L,

Voltage

o >

tiuse = 100ps ey = 100ps

Figure 3.11: (a) Schematic of the electrical setup for the pulse voltage control
magnetization switching measurements. (b) Configuration of the pulses for the

switching experiments.

3.4.2 Measurements and Analyses

Switching Probability

Switching probability (Ps,) is tested by sending repeating pulses with fixed
amplitude and pulse duration several times (here we test 2000 events per
condition), as exemplified in Figure 3.12(a). If the resistance state is changed
after pulse, it is counted as a successful switch. P, for AP-P and P-AP
are distinguished by the resistance read before and after the writing pulse.
Figure 3.12(b) shows a representative example under the following conditions:
EF = —1.3V/nm, By = 20mT, and B, = —Bstray. Such VCMA-induced
switching has some interesting features:

e P, curves are mostly identical for both directions: Because Bjyqy
is compensated by B, in the conventional switching scheme, the AP and
P state are equally stable. Both AP-P and P-AP switching follows the

same dynamics (Equation 3.1).
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Figure 3.12: (a) Representative measurements of voltage pulse induced
magnetization switch at different pulse durations. (b) Switching probability
as a function of pulse duration.

¢ Oscillatory Pg,: As explained in Section 3.2, FL rotates around B,
during voltage application, the switching probability depends on the time
where the voltage is cut. For ¢, = half-integer periods, P, is high,
whereas ¢, = integer periods leads to low Ps,.

o P, converges toward 50% at longer t,: Due to the damping motion,
m, attenuates from +1 to 0. Therefore, Py, decreases in time, and
typically only the first peak reaches high probability. When m, ~ 0 at
long t,, cutting the voltage results in 50% P or AP regardless of the initial
state.

Determination of Switching Speed

Using the Ps,, curves, we try to obtain the VCMA switching speed (fs). It
is termed as speed to illustrate how fast the VCMA device is written. To
systematically assess f,,, we apply a periodic function, i.e. —Mcos(2nt,/tprec),
to fit the first period, where t,,.. indicates the precession period. Figure 3.13
shows a representative example. The maximum (M) of the fitting equation
is a floating value which can be greater than 100, implying that m_, does not
necessarily be one to achieve 100% probability. The fitting error is minor and
has a negligible impact on tp,¢c, since tpre. is mainly determined by the first
two minimum in probability, which corresponding to the initial state and the
first order of switching process n = 1. The inverse of t,... represents the
average precession speed of the first cycle (f,). Since the maximum Py, occurs
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Figure 3.13: Demonstration of modeling the switching speed. Open symbols
are the experimental data, and the red line indicates a cosine function with the
precession frequency as the fitting parameter.

approximately at half of a period, we define the switching speed (fs) as two
times the average precession speed: fs = 2f,.

3.4.3 Impact of MgO thickness

In Section 3.3.4 and 3.3.5, we have observed that changing the MgO thickness
does not impact Bo and PMA of the FL. However, we were not able to confirm
whether the VCMA coefficient is independent of the MgO thickness using the
DC measurement technique discussed in Section 3.3.6. Nevertheless, we can
test the consistency of the switching probability curves between the two MgO
conditions. This method is possible thanks to the fundamental characteristics of
the STT effect. The required STT current to induce FL switching is dramatically
increased for ¢, below few nanoseconds [138, 174]. Typically, for devices with
RA larger than few tens of Q-um?, the STT effect becomes negligible and has
no impact on the spin dynamics in the precessional switching regime (below
few nanoseconds) [59, 74]. Fortunately, the period of the VCMA-induced
precession is often in the range of sub-nanoseconds to nanoseconds. Therefore,
any magnetization reversal must be induced purely by the VCMA effect.

In Figure 3.14, we observe that when EF is similar, the P, curves and the
fitted speeds are comparable for devices with different ¢5/40, confirming that
the VCMA coefficient is not impacted by the MgO thickness, both samples
have £ = ~42.5 £J/Vm. This feature also allows one to design the stack to
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Figure 3.14: Switching probability as a function of pulse duration for (a)
tygo = L.onm and EF = —1.26V/nm (Vpyse = 1.9V ), and (b) tapgo = 1.1nm
and EF = =1.27V/nm (Vpuwse = 1.4V ). Red curves indicate the fitting results,
showing similar tprec for both devices.

significantly reduce the switching energy (Es,,) by simply increasing the MgO
thickness to suppress the tunnel current. In these given examples, Ey,, is 36fJ
for device with ¢p/y0 = 1.5nm and 196£J for device with tjr40 = 1.1nm.

3.4.4 Impact of Pulse Amplitude

In this section, we study the impact of pulse amplitude on the switching
properties. To get more insights, we study the characteristics with both
simulations and experiments. On the simulation side, we will focus on modeling
the magnetic energy, whereas experimentally we will study the variation in
speed in order to correlate with the simulation results.

Operation Regimes Identification

The magnetic energy of the FL is modeled based on macro-spin assumption
using the parameters obtained in Section 3.3, as listed in Table 3.1. The
energy diagrams under different EF are investigated in order to characterize
the operation regimes. Figure 3.15(a) shows the definition of the magnetization
angle. Here, we specifically consider two energy terms: the excess energy (Eey)
and the energy barrier (Ep). Ee, is defined as the difference between the energy
along 90 degree (x-direction) at a given EF (denoted as Ego gpr) and the initial
equilibrium energy (FE;) without bias, which describes the energy that allows
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Table 3.1: Simulation parameters for magnetic energy calculation.

Parameter Value
Junction Size 105 nm
FL thickness 1 nm
Mesh Size 2 x 2 x 1nm?®
Saturation magnetization 1450 kA /m?
Interfacial anisotropy 1310 pJ/m?
Exchange stiffness 25 pJ/m
VCMA coefficient 40 £J/Vm

the FL to precess across the horizontal plane.
Eey = Ego,pr — E; (3.14)

On the other hand, Ej is the energy difference between FEgp pr and the
equilibrium energy at EF' (denoted as Eq gr), which is the barrier that prevents
the FL from switching if the system is relaxed.

Ey = Eg0,gF — Eeq,EF (3.15)

We then further derive the expressions for F., and Ej. Here, we consider a
scheme shown in Figure 3.15(a), where the FL experience a external field in
the in-plane direction. Notice that because we are considering a magnetic disk,
therefore the in-plane directions are equilibrium. For simplicity, we use B, to
represents the total external in-plane field. Starting from Equation 2.17:

E= Ed + Ecmz’s + Ez

the total magnetic energy density of the system at the given EF and angle
[E(EF,0)] is calculated by the sum of the demagnetizing energy, interfacial
perpendicular anisotropy energy and Zeeman energy:

K, +&xEF

1
E@ww):§mm@m§9+ fors

5in*0 — Mg B,sinf (3.16)
Here, because any in-plane axis is equilibrium for a disk-like FL, and the external

field is applied in x-direction, the Zeeman energy term can be simplified to
Mg B, sinf. Then,

 Ki+(+EF

E., = E(EF,90°) — E;
tepr

— MsB, — Epin(0,0)  (3.17)
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K+ &% EF
ters
where E; = E;,in(0,6) and Eeq pr = Epin(EF, 0) indicate the minimum energy

at given E'F and 6. One can find these minimum conditions by calculating first
derivative 0E /00 = 0, as derived by the Stoner-Wohlfarth model [175].

E, = E(EF,90°) — Eoqpr = — MgB, — Epin(EF,0) (3.18)

1 K;
OF in(0,0)/00 = fiqugste + ——sin20 — Mg Bcosf (3.19)
ef f
= K.r5sin20 — MgB,cost =0 (3.20)

By expressing K.fr as MgBy.fr/2, we can further derive the initial
magnetization angle by:

MgByeyr .
Z5TReI 4in20 = Mg Bycosd (3.21)
By, e psinfcostd = Bycost (3.22)
B,

sing = —— (3.23)

Biesy

Similarly, for OF,,;, (0, 6)/06 we obtain:

MsB,

sinf = 5 (3.24)

ExEF
2Kepr + 57

Finally, by substituting Equations 3.23 and 3.24 to Equations 3.17 and 3.18,
respectively, one can obtain the full expression for F., and Ej as:

K, EF 1 B2
B, =Nt EE yp Lz (1o B ) o
tess 2 Biery
K;B? MsB? (3.25)
testBiosr  Bhets '
K+ ¢+ EF 1 MsB ?
€ x
By = =222 — MsB, — SpoM3 |1- =
teff 2(Keyps + W)
Mg B,

2
K; MgsB,
< 5 )) + MsB, (3.26)

terr \2(Kess + %ff (Kepr + %]ff )

Figure 3.15(b) exemplifies E., and F} as a function of EF at B, = 22mT.
Depending on the signs of F., and F}, we define the operation Regimes 1-3,
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where the boundary conditions are F., = 0 and E, = 0. Figure 3.15(c)-(e) shows
the representative energy diagrams at each regime, where |EF;| < |[EF3| <
|EF3|.

(b) 80 Regimel  |Regimel| Rogime3
= 40 k"ki
= P,
?:g 0 YLt T
5] RN
= ..
M -40 -+ E_| .“0.\
: b- Eb .\‘\\
i -80
' 0.0 05 10 15
EF (V/mm)
(C) i Regimel (d) Regime2 (e)
-EF, e —-EF
—EF, . " — EF
3 3y 3
gl g [ Bz I \ 3
2 Eprr -
E&g_.EF
0 20 180 0 90 180
(%) o)

Figure 3.15: (a) The simulation scheme for energy calculation. (b) Calculated
excess energy (Ee.) and energy barrier (Ey) as a function of EF at B, = 22mT.
(c-e) Illustration of the energy diagrams for Regime 1-3. (f-h) Simulation of
switching trajectories for Regimes 1-3.

In the following, we discuss the switching trajectories in these regimes. The
trajectories are simulated using LLG equation, with the damping constant being
assumed as 0. In Regimel, since both E., and E} are positive, the FL cannot
switch over the barrier. The z component of the magnetization (m.) therefore
remains the same sign as the initial state during the F'F' pulse, as shown in
Figure 3.15(f). From the switching trajectory, although we can estimate the
precession period, we define the switching speed as 0 since the final state is
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always in the same direction as the initial state regardless of the pulse duration.
When increasing EF to reduce the PMA and barrier, E., firstly becomes
negative in Regime2. The energy diagram shows that there still exists two
equilibrium magnetization positions, resembling the one moderate field regime
pointed out in Ref. [132]. Although E} remains positive, E., < 0 indicates there
exists sufficient excess energy for the FL to precess through the barrier. The
switching trajectory is shown in Figure 3.15(g). Qualitatively, the trajectory
rotates alternatively around the two attractors at the two equilibrium positions
m, >0 and m, < 0. Indeed, it is possible to change the sign of m, under this
condition. Hence, F., = 0 defines the lower switching boundary. When the
EF is further enhanced, removing Fj enters Regime3. The energy diagram
shows a monostable equilibrium magnetization position pointing along B,. The
magnetization trajectory is stadium-liked, as shown in Figure 3.15(h) for a
energy loss-free case. In this regime, switching should be induced in any system,
since there is no barrier to prevent switching. For instance, in the real systems,
there is finite damping which causes energy dissipation. While it results in the
relaxation of the FL toward the equilibrium states, the precessional switching
characteristics can still be properly observed. Accordingly, the upper boundary
can be defined as E, = 0.

Experimental Observation

After recognizing the operation regimes, the switching characteristics are
investigated experimentally. The switching probability curves at different pulse
amplitudes are measured, and their switching speeds are subsequently assessed.
Figure 3.16(a) summarizes fs as a function of EF with B, = 22mT for devices
with different MgO thicknesses. Again, we observe consistent E'F dependence
in the two stacks which confirms the same VCMA coefficient. In this figure,
fs is characterized into two phases. First, for fs below 0.5 GHz, f,; cannot be
deduced because there is no oscillation observed in the Py, curves; hence, f;
is zero. Secondly, there is an acceleration phase above 0.5 GHz, where f; is
increased by EF.

Next, we discuss why there are only two phases observed in the experiments. We
also compare with the simulation switching speed obtained for different damping
constants. The three operation regimes are labeled. From the energy calculation
results, the three operation regimes are distinguished by FF = -0.67Vnm and
-0.97V/nm. Without a doubt, fs is zero in Regimel because no switching is
induced. As shown in Figure 3.16(b), Ps,, is zero for EF = -0.6V/nm regardless
of the pulse duration. In Regime2, although some switchings occur at EF =
-0.85V/nm, fs cannot be deduced because there is no clear oscillation. This can
be attributed to the thermal fluctuation effect dominating over the precessional
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Figure 3.16: (a) Switching speed as a function of pulse amplitude for two
different MgO thicknesses with B, = 22mT. The operation regimes are labeled.
Dotted, dashed, and solid curves indicate the switching speed obtained from
macro-spin simulation under different damping conditions. (b) Representative
switching probability curves in different operation regimes.

switching characteristics. When EF is further increased up to Regime3, E., is
large enough to overcome the thermal fluctuation, and the oscillatory features
become clear. Here, we observe that higher EFF increases fs; progressively.
We then use macro-spin simulation based on the device parameters trying to
reproduce the trend. We find that above FF = -0.67V, a system with o = 0
shows proper precessional switching, and above the threshold the speed increases
progressively. However, the simulation speed is far from the experiments. We
then add the damping term in the calculation, and we find that with increasing
«, fs at the same E'F decreases gradually. This is because damping represents
the rate of energy dissipation. In addition, it also need extra cost of energy to
induce switching, which reflects the needs of stronger EF' to reach the threshold
conditions. We find that o = 0.2 fits quantitatively well with the threshold EF
and f, of experiments, despite that such « is 1-2 orders of magnitude larger
than the typical values obtained from the experiments [176]. Previous reports
have also shown that they needed o = 0.1-0.2 to reach the same switching
probability patterns and write error rates as their experiments [177, 178]. This
is probably attributed to several reasons such as non-uniform distribution of
the stray field, nucleation reversal and pinning of magnetization at the MTJ
pillar edge, which results in decoherence of magnetization dynamics. After all,
macro-spin behavior is too ideal compared to the real devices. In addition, the
finite pulse rise time also causes a delay in the magnetization evolution, which
imposes additional discrepancy to the simulation results.
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Correlation between Simulation and Experiment

Regarding the discussions above, we correlate the results from simulations and
experiments. F,, is calculated and plotted as functions of FF and B, as
shown in Figure 3.17. The operation regimes are distinguished by the two
boundaries conditions E.; = 0 (solid curve) and E, = 0 (dashed line). The
measured data (open symbols), whose speeds can be deduced, is attached in the
same plot for comparison. We observe that all the measured data points are
situating in Regime3, reflecting that certain amount of overdrive is required to
overcome the thermal fluctuation for any B, conditions. It also indicates that it
is rather difficult to realize precessional switching in the moderate field regime
for a real system at finite temperature due to the high noise-sensitivity. These
experimental results show good agreements from the perspective of magnetic
energies.

106 0 -107
E kT T
40+ 3
\Rezimé;
30+
g —E, =0
g J
= 20 ---E,=0
A . ¢ Measured Data
104 Regine ]
UL |
-0.3 -0.6 -0.9 -1.2 -1.5

EF (Vinm)

Figure 3.17: Simulated F., landscape in the unit of kgT as functions of EF
and By. Red (blue) area indicates a positive (negative) E.,. Regimes 1-3 and
the corresponding areas are distinguished by Ee, = 0 (solid curve) and E, =

0 (dashed line). Open symbols represent the data points whose speeds can be
deduced.

3.4.5 Impact of In-plane Magnetic Field

B, is an indispensable component to induce switching. In this section, we
discuss the impacts of B, on the fundamental and switching properties.
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First of all, since B, is applied along the hard axis of the FL, it reduces the
energy barrier between the two states. Figure 3.18(a) shows the simulation
results for the energy diagram of the FL under different B,, showing that the
barrier height is lowered by stronger fields. As a consequence, the required
voltage to remove the remaining barrier is also reduced. This phenomenon can
be observed in Figure 3.17 where the boundary conditions are achieved at lower
EF in the cases of higher B,.

E(au)

0 90 180
(%)

Figure 3.18: OOMMEF simulation of emergy diagrams under various B
conditions.

Secondly, under the same pulse amplitude, stronger B, accelerates the
magnetization reversal. One can qualitatively see it from the ferromagnetic
resonance frequency that f ~ y\/By (B, — By.erf) [179]. Here, we introduce the
term ‘characteristic writing speed (f.). f. describes the speed at which By .¢s
= 0. This condition occurs when the energy barrier is removed purely by the
applied voltage. From the estimation of By, c¢y and 0By, cf¢/0V, it is possible
to calculate the corresponding ‘characteristic voltage (V.)’ or ‘characteristic
electric field (E'F,):

OB .
Ve = Biess/(—) (3.27)

At Ve, the equlhbrlum magnetization dlrectlon is defined by the sum of B
and Bthermal If BI is large to dominate over Btharmal, then it can be further
reduced to B,. From the above equation, we calculate that EF, is -1.35V/nm
for the studied device. Figure 3.19 shows the experimental fs; obtained at
various B,. Again, we compare them with the simulation speeds. Similar to
the previous section, the experimental results deviate from the ideal system
with @ = 0, but they can be well reproduced with o = 0.2.

Finally, as the energy barrier is decreased by B, the energy barrier and A are
lowered. Figure 3.20(a) presents the experimental A as a function of B,. It is
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Figure 3.19: Switching speed as a function of By obtained from experiments
(open symbols) and simulations at different «, showing good agreements for o
= 0.2

monotonically reduced by B,. Despite faster switching speed, losing retention
can cause an increase in write errors. In Figure 3.20(b), we show that the
minimum write error rate (WER) first decreases monotonically with increasing
B, and it increases for B, > 30mT. This phenomenon reveals the competition
between the thermal fluctuation during the voltage pulse and before/after the
voltage pulse. In the lower B, region, the reduction of WER can be explained
by the reducing impact of the thermal fluctuation field during the precession
[177, 180]. On the other hand, an increase in WER in the strong B, region
is caused by the random phase fluctuation before and after pulse [180]. It is
therefore crucial to apply adequate B, to improve writing speed and WER
while preserving low thermal disturbance during rest.

3.5 Merits and Challenges

Above we have discussed switching properties of conventional VCMA-induced
magnetization switching, the last section in this chapter gives an overview of
its merits and challenges.

3.5.1 Merits

Compared to STT-MRAM, VCMA-MRAM is fascinating as it outperforms in
many aspects:
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Figure 3.20: (a) A as a function of B,. (b) Minimum write error rate as a
function of By. Decrease in WER on the lower B, side is attributed to the less
thermal disturbance during the pulse, whereas increase in WER on the higher
B, side stems from random phase fluctuation before/after the pulse due to the
loss of anisotropy.

e High TMR: A high TMR ensures a sufficient read margin for MRAM
applications. Thanks to the better spin-filtering effect in thicker MgO,
TMR of the VCMA-MRAM is superior to STT-MRAM. We report in this
dissertation an over 250% TMR, whereas the state-of-the-art STT-MRAMSs
are reported with 200% [18, 181].

e Ultra-fast Write: Differing from STT-MRAM, the speed of VCMA-
MRAM can be controlled by the magnitude of the in-plane magnetic
field. Typically, the VCMA switching speed falls in the range of sub-ns
to a maximum of 2ns, whereas STT switching speed is limited to above
few nanoseconds due to the long incubation delay [182]. As a result,
VCMA-MRAM is 10x faster than STT-MRAM.

e Ultra-low Energy Consumption: As the tunnel current is minimized,
the VCMA switching energy can be suppressed up to two orders lower
than that of STT switch even at 10x speed. In addition, the characteristic
switching voltage is independent of the programming speed. Figure 3.21(a)
and (b) show the typical switching voltages (normalized to the lowest) as
a function of pulse duration for STT- and VCMA-MRAM. The voltage
increases drastically for faster STT operation while it remains as a constant
for VCMA operation. Figure 3.21(c) compares the device performance
between them.

e Good Scalability: Similar to STT-MRAM, VCMA-MRAM has a shared
read/write path, making it possible to be integrated into a 1-transistor/1-
MTJ crossbars structure with a minimum cell size of 6-8F? [148], where
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F is the feature size of the technology node. Moreover, the unipolar
voltage-driven writing process enables a 1-diode selector/1-MTJ structure
[183, 184] which can further scale it down to the densest possible 4F2.
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Figure 3.21: Normalized switching voltage as a function of pulse duration for
(a) STT-MRAM and (b) VCMA-MRAM. (c) Write energy as a function of

pulse

duration. VCMA-MRAM functioning region shows a 10x faster speed and

a 100x lower energy compared to typical STT-MRADM.

3.5.2 Challenges

Despite the merits mentioned above, there exist several challenges before VCMA-
MRAM can become applicable:

Magnetic Field Generator: According to the switching mechanism, the
in-plane magnetic field is an indispensable element for VCMA writing of
pMTJ devices as it controls the FL precession axis and frequency. However,
implementation of a field generator makes memory integration more
difficult. Recently, some process friendly concepts were being proposed
[185, 186], but it has not yet been studied on VCMA-MRAM. In Chapter

4, we will address this challenge using a novel magnetic-hark-mask (MHM)
integration.

Pre-Read Operation: Since the VCMA effect is unipolar, and P/AP
states are equally stable in the conventional writing scheme, a pre-read
is needed to decide if writing is required to ensure a desired final state
[20]. For pure voltage control, the pMTJ device typically has a high
resistance, which slows the sensing time. This sequential read-write
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operation significantly increases the write duty cycle. In Chapter 4, we will
propose and discuss a new writing scheme that can solve the requirement
of pre-read operation to realize genuine ns-scale writing speed.

e VCMA Coefficient: As discussed in Section 3.3.5 and 3.3.6, a VCMA
effect of around 40fJ/Vm allows operation of the device with its size down
to 100nm. Below it, either the magnetic anisotropy becomes too strong to
be removed or the retention of data storage is lost. To allow further scaling
of device size, 1000f]J/Vm is required for 30nm devices [106, 187]. Figure
3.22 shows the development map since 2008. Although there is still a gap
remaining between first principle simulations and experimental results,
recent progress showed a bright future approaching this target. Improving
the VCMA effect is beyond the scope of this dissertation; however, it is
worth mentioning that both material dusting at the MgO/FL interface
[168, 171, 172] and high-k dielectric may path the way to high VCMA
efficiency [188, 189, 190].
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Figure 3.22: History of VCMA coefficient development for both first principle
simulation and experimental results.

3.6 Summary

In this chapter, we have introduced the conventional VCMA write mechanism.
Such mechanism was testified on our standard VCMA pMTJ devices. Before
moving to the switching studies, the techniques to quantify the pMTJ
fundamental properties including Mg, eCD, PMA and VCMA coefficient were
discussed. In the switching studies, we researched the impact of MgO thickness,
pulse amplitude, and B, magnitude on the switching properties. We observed
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mostly identical switching properties for devices with different MgO thicknesses
(1.1nm and 1.5ns), as long as the electric-field remains the same. By simulation
of the magnetic energies, three operation regimes were specified by the two
boundary conditions: E., = 0 and E;, = 0. Experimental results regarding
the variation of switching speeds at different EF could be well explained by
the simulation results. Moreover, we defined the characteristic switching speed
from the macro-spin calculation, and we validated it experimentally. Finally,
the merits and challenges of the conventional VCMA write mechanism were
highlighted. It manifests great potential to be the next MRAM generation for
high speed and lower power applications after addressing the challenges.



Chapter 4

External-Field-Free and

Deterministic Solutions to
Conventional VCMA Write

4.1 Introduction

As discussed in Chapter 3 Section 3.5.2, some challenges remain to be solved in
order to make VCMA-MRAM more suitable for practical applications. In this
chapter, we aim at addressing the two fundamental challenges. The first section
discusses the solutions to Challenge 1: External-Field-Free Operation,
and later in the second section we propose a new writing concept to implement
Challenge 2: Pre-Read-Free Operation.

Results shown in this chapter were partially published in Y. C. Wu et al.,
IEEE Symp. VLSI Tech., TMFS.4 (2020) [113] and K. Garello et al.,
IEEE Symp. VLSI Tech., T194-T195 (2019) [185] (co-authored).

4.2 External-Field-Free Operation

To achieve external-field-free writing of MTJ devices using the conventional
VCMA scheme, the free-layer (FL) must be subjected to a hard-axis field. For
perpendicular magnetic tunnel junction (pMTJ) devices, an in-plane magnetic
field (B,) is indispensable as it controls the precessional axis and the frequency

79
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of the FL. Such field generator should be integrated as a component in the
memory cell [185, 186], but it has not yet been studied and demonstrated
on VCMA devices. In this section, we discuss the methods to achieve the
requirement and apply to the integrated devices.

4.2.1 In-Plane Magnetic Field Generator

A simple way to build a constant magnetic field on the FL is to place a magnetic
component in the MTJ cell. Here, we discuss two types of magnetic field
generator and their properties by micro-magnetic simulation.

In-Plane Polarizer (IPP)

The concept of a polarizer was firstly proposed for spin-transfer torque
(STT)-MRAM [191, 192, 193]. For the in-plane magnetized MTJs, placing
a perpendicular fixed layer in the MTJ stack could tilt the FL away from the
in-plane easy axes. The main purposes were to reduce the incubation time and
to improve the switching speed since the spin torque is effectively zero if the
angle between the FL and the RL is 0° or 180° (STT o mpgy X (Mpr X MgL),
where My, and Mgy, are the normalized magnetization of the FL and the RL,
respectively).

A similar concept can be applied to the perpendicular MTJs to serve as the
in-plane magnetic field generator. As shown in Figure 4.1, by adding an in-
plane magnetized layer in the pMTJ cell, a built-in in-plane polarizer (IPP) is
integrated intrinsically in the pillar.

Side view Top view

-

Spacer b

. Cap

IFL

MgO

Figure 4.1: Concept of in-plane polarizer as the in-plane magnetic field
generator.

First, we discuss the case where the MTJ pillar is circular (a = b = 80nm). The
magnetic field generated by the IPP on the FL is calculated using OOMMEF micro-
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magnetic simulation. The simulation model is simplified to a FL/Spacer/IPP
stack. The spacer here represents the capping layers plus any dummy layers
between the FL and IPP, which also defines the distance between them. The
properties of the FL are kept the same as we discussed in Chapter 3 (tcsf
=1 nm, K; = 1310 nJ/m?, Mg pr, = 1450 kA/m, and VCMA = 40 {J/Vm),
whereas the saturation magnetization of the IPP is assumed as Mg rpp = 1300
kA/m. Figure 4.2 shows the in-plane field imposed on the FL generated by
the IPP (B, rpp) as functions of spacer thickness (tspacer) and IPP thickness
(t;pp). With increasing t;pp, By rpp becomes stronger. In the contrary,
B, 1pp decreases as the spacer thickness is increased.

Given in Figure 3.20 that an adequate range of B, = 20-35mT is required
to achieve lower write error rates, we pick 4nm spacer and 2nm IPP which
corresponds to By rpp = 26mT to simulate VCMA switching.
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Figure 4.2: Micro-magnetic simulation of the in-plane field generated by the
in-plane polarizer imposed on the FL as functions of the thickness (tjpp) and
distance.

Figure 4.3 shows the simulation results assuming zero temperature effect. The
initial magnetization of the FL is set to +z direction, while that for the IPP is
set to —z direction. The first 2ns (time = -2ns to Ons) is taken as the relaxation
time, and after which an electric-field (EF) of -1.4V/nm is applied to the
cell. This corresponds to the change in interfacial perpendicular anisotropy
(K;) from 1310 pJ/m? to 1254 nJ/m?. In Figure 4.3(c) and (d), we compare
the trajectories of the z-component of the FL (m, pr) without and with IPP,
respectively. The cell without IPP is subjected to an externally applied static
B, of 26mT, whereas the cell with IPP is subjected to a B, rpp of 26mT. It
is shown that precessional VCMA switch occurs only in the cell with a static
external field. The FL of the IPP cell relaxes directly to the in-plane direction
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Figure 4.3: (a) Applied electric-field (EF) and (b) interfacial perpendicular
anisotropy (K;) as a function of simulation time. (c) Simulation of VCMA
switch using externally applied in-plane magnetic field. (d) Simulation of VCMA
switch using circular in-plane polarizer, with trpp = 2nm and tspacer = 40M.

The FL of the IPP cell fails to precess normally as what behaves within
the static external field, and such direct relaxation of the FL would cause
uncertainty in the final magnetization state, as it leads to a 50% switching
probability. To investigate the reason causing failure of precession in the IPP
cell, the magnetization of the IPP is investigated by recording its time-dependent
direction during switching. We find out that the failure is attributed to an
unstable IPP. While IPP imposes an in-plane field on the FL, the FL also
imposes a perpendicular field on the IPP. Simulation suggests that with a 4nm
spacer, a 30mT perpendicular field generated by the FL (B, 1) is applied on
the IPP, as shown in Figure 4.4(a). Such field induces IPP precession during
switching. Figure 4.4(b) shows the time-dependent IPP direction. Within 2ns,
which is the most crucial time for FL switching, IPP rotates almost half cycle.
Without a stable in-plane field, FL can not steadily precess, and therefore the
FL has a relaxation-like trajectory after pulse.

In order to address the unstable IPP issue, we introduce shape anisotropy
to the cell by making the pillar elliptical. Then, IPP no longer has an easy
plane anisotropy. Instead, it has an in-plane easy (hard) axis along the major
(minor) axis of the ellipse. On the other hand, the anisotropy of the FL remains
perpendicular, since the interfacial anisotropy remains sufficiently strong to
overcome the shape anisotropy regardless of the plane geometry.

In Figure 4.5, we study the trajectories during VCMA switch for both FL and
IPP under different a/b ratios of the cell. The major axis a is kept as 80nm,
while the minor axis b is reduced from 80nm (circular) to 50nm (elliptical).
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Figure 4.4: (a) Free-layer generated z field on the IPP as a function of the
distance between the FL and the IPP. (b) IPP precession due to an imposed z
field generated by the FL.

From b = 80nm to 70nm, the in-plane shape anisotropy is insufficient to suppress
IPP precession after applying the pulse, and the conventional VCMA switch
does not occur. Starting from b = 60nm, we observe that IPP becomes more
stable. Although a small oscillation is still induced immediately after applying
a pulse, it does not strongly disturb the FL and the conventional precession
characteristic is restored. By further increasing the aspect ratio of the ellipse to
a/b = 80nm/50nm, IPP becomes more stable and its oscillation is negligible.

From these simulation results, we sum up the potential IPP solution to achieve
external-field-free VCMA writing of pMTJ devices. An elliptical pillar with
a/b ratio larger than 1.3 is required to stabilize the magnetization of the IPP.
With a robust IPP, the ordinary VCMA switch can be triggered.

Magnetic-Hard-Mask (MHM)

Another option to integrate a field generator is to use the magnetic-hard-mask
(MHM), proposed firstly by K. Garello for spin-orbit torque (SOT)-MRAM
usages [185]. The concept is shown in Figure 4.6. The MTJ hard-mask (HM) is
used for shaping the MTJ pillar, whereas the HM (typically TiN) on the top
is used to establish the metal line below the MTJ to connect the MTJ to the
bottom electrodes (BE). In his novel concept, a Co-MHM is deposited prior to
the ordinary TiN-HM. Since the shape of the bottom metal line is conventionally
rectangular, the Co-MHM has an in-plane shape anisotropy by default. This
novel idea is not only applicable to SOT-MRAM, but also to STT-MRAM for
incubation time reduction and to VCMA-MRAM for external-field-free control.
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Figure 4.5: Simulation of VCMA switch using ellipsoidal perpendicular
magnetic tunnel junction and in-plane polarizer. The plane dimension of
the ellipsoidal pillar is (a) a/b = 80nm/80nm, (b) a/b = 80nm/T0nm, (c) a/b
= 80nm/60nm, and (d) a/b = 80nm/50nm, with typp = 2nm and distance =
4nm. The middle panel shows the z-component of the FL and the right panel
show the z-component of the IPP.
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Figure 4.6: Concept of magnetic-hard-mask as the in-plane magnetic field
generator.

In the following, the magnetic properties of the MHM are studied using
OOMMEF simulation. We build a 5*5 MHM array and take energy minimization
criteria to investigate their magnetizations. The material is assumed to have
Ms avraa = 1300 kA /m. Figure 4.7(a) shows the result of an array consisting of
390*120*50nm? (length*width*thickness) MHMs, with the pitch = 540%*260nm?.
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The colors identify the x-component of the magnetization. We observe that the
center MHM has relatively uniform magnetization, while the peripheral MHMs
show inhomogeneity. The simulation results here indicate that the neighboring
MHMs are important to stabilize the center one through the magneto-static
coupling, and the inhomogeneity in the peripheral MHMs can be attributed to
lack of neighboring MHMs.

In fact, since the inhomogeneity is ascribed to the energy minimization through
forming multi-domain structures, scaling down the MHM size can effectively
ease the issue. Figure 4.7(b) shows the result of a 5*5 array consisting of
100*50*25 nm® MHMs, with pitch = 150*100 nm?. By simply reducing the size
of the MHM, the magnetization becomes more uniform even for the peripheral
ones. This also brings benefits to device size miniaturizing for the advanced
technology nodes.

150nm

1200

(a) MHM (, w, f) = 390*120%50 nm® (b) MHM (, w, f) = 100+50%25 nm?
pitch = 540*260 nm? pitch = 150100 nm?

Figure 4.7: Simulation of the magnetization for a 5*5 MHM arrays. (o) MHM
dimension is 390*120*50 nm? (length, width, thickness) and pitch is 540*260
nm?. (b) MHM dimension is 100*50%25 nm® and pitch is 150*100 nm?.

Next, we discuss the in-plane field generated by a 5*5 array of 390*120*50nm?>
MHMSs (B, amraa). The magnetization of the MHM array is first relaxed to the
minimum energy, and the in-plane field is recorded for the FL located at the
center of the MHM array. Figure 4.8(a) shows the simulation results for different
MHM thickness at various distances. Here, the distance is the total thickness
between the FL. and the MHM on top of it, which includes the thickness of
the capping layers and the MTJ HM. Similar to the IPP results, a thicker
MHM generates a stronger By prrav, while increasing the distance lowers it.
The shadow area indicates the typical distance (60-80nm) in our integrated
devices. As mentioned, for our current VCMA devices, a B, of 20-35mT is the
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most suitable range for VCMA switching. Hence, it is shown that a tp; s of
40-50nm is required.

In addition to a sufficient By aspras, it is also important that the FL experiences
a spatially uniform B, arpas such that the precession frequency within a FL
is also consistent. We perform simulations to record the magnetic field profile
with a resolution of 10¥10 nm?. Figure 4.8(b) shows an example of [x,y] map
for By armas profile with ¢y = 50nm at a distance of 70nm. The square and
circular areas denote the MHM and MTJ pillar locations, respectively. Results
show that By, aspas is highly uniform not only at the MTJ position (60nm in
diameter), but also for an area up to 120¥120 nm?. The B, ygn gradient
becomes significant only starting at 100nm away from the center. Furthermore,
since the distance between the FL and the MHM is typically several tens of
nanometers, B, pr, on MHM is negligible. These results suggest that MHM is
an appropriate solution to serve as the in-plane field generator.
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Figure 4.8: Simulation of the in-plane field on the free-layer generated by a
5*5 array of 390*120*50nm® MHMs (B yvmm). (a) Bevmm as a function
of the distance between the FL and the MHM for different MHM thicknesses.
Shadow area indicates the typical distance in integrated devices, which is the total
thickness of capping layers and MTJ HM. (b) By pum profile at the distance
of 7T0nm for 50nm thick MHM. Black square indicates the area of the MHM.
Circular area denotes the location of the MTJ pillar.

4.2.2 Discussion

Above we have studied two types of field generator that can be integrated in
the memory cell: in-plane polarizer (IPP) and magnetic-hard-mask (MHM).
Both of them can provide a steady in-plane field to the FL under specific
designs. However, MHM is believed to be more suitable not only from the
application point of view but also from the perspective of stack design. In fact,
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the major driving forces that pushed MRAM evolving from in-plane technology
to perpendicular technology were to lower the write energy (for STT-MRAM)
and increase the array density. The IPP cell requires an elliptical shape to
stabilize the magnetization of the IPP, which limits the bit size scaling and array
density. Moreover, the distance between the FL and IPP is short such that
these magnetic layers are magneto-statically coupled. Increasing the distance is
not an ideal solution since a large height/diameter ratio is unfavorable for the
etching process. Therefore, the MHM concept can be more compatible than
IPP for the advanced technology nodes.

4.2.3 First Demonstration of Field-Free Conventional Switch
(FFCS)

After proving the feasibility of the MHM concept and the first demonstration
on SOT-MRAM [185], we attempt to apply it on the VCMA devices. According
to the simulation results (Figure 4.8), a 45nm Co-MHM is chosen to generate
a sufficient By armas for in-plane-field-free control. Figure 4.9 shows the cross-
sectional TEM image of the Co-MHM integrated VCMA-pMTJ cell. The pMTJ
used is the same as that in Chapter 3, with t)/40 = 1.5nm. Below the MTJ
is the metal line having the shape defined by the MHM, which connects to a
bottom electrode (BE). Above the MTJ, a TiN MTJ HM shapes the device
pillar, and next a 45nm Co-MHM is deposited prior to the conventional TiN
HM. Finally, a Cu interconnect forms the top electrode (TE). The MHM is
magnetized in —z direction, and it generates a +B, ymar at the FL position.

Cu interconnect

pMTJ

Ru
H M MgO (1.5)
- RL
RLspacer
o
&

[CorPi],

Figure 4.9: Cross-sectional TEM image of the Co-MHM integrated VCMA-
pMTJ cell. The distance from the Co-MHM to the FL is approzimately 70nm.
Arrows indicate the magnetization of the Co-MHM and the generated magnetic
field direction.
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Field Calibration

To estimate how large is the By aspar imposed on the FL, K. Garello et al.
[185] made use of the SOT switching characteristics, where the FL can only
be switched in a certain range of By cff (= |Bz,mum — Bg|). This method
is, however, not applicable to our VCMA devices. Here, we provide another
technique which is more suitable and straightforward for devices with lower
PMA.

Instead of testing the switchability, we measure the TMR, under various B, .
Since our device has By, .y of 70-80mT, a change in B, s can effectively tilt
the FL (and potentially the RL). The conductance, and accordingly the TMR,
of the device depends on the angle between the FL and the RL:

G(0) = Ggo + (Gp — Ggo) cost (4.1)

where § is the angle between the FL and the RL, G}, is the conductance of the P
state, and Gy is the conductance of the orthogonal magnetization configuration.
In Figure 4.10, B, is applied in the direction opposite to By prpn. TMR
firstly increases as By cfy is gradually reduced. When B, psmas is completely
compensated by B, = -33mT, we measure a maximum TMR of 215%. Further
increase in B, over-compensates B, prma such that TMR drops again.

Compared to the standard device without MHM, we measure consistent TMR,
and coercive field from the MHM device under B, = -33mT. This indicates that
MHM integration does not impact the MTJ properties. It is also worth noting
that the experimental B, arpar is in good agreement with the simulation value.

Field-Free Conventional Switch (FFCS)

Finally, we demonstrate field-free conventional VCMA switching of an 80nm
pMTJ device. Figure 4.11 presents the precessional switching of the MHM
device in absence of B, at EF = -1.4V/nm, consistently with the switching of
the standard device with B, applied. A write-error-rate (WER) of 10° switching
events is measured, with a minimum WER of 2 x 10~ achieved at 0.87ns. In
the standard device, a similar WER is obtained under B, = 33mT. However,
we measure a better WER of 9 x 107° for the standard device under B, =
25mT, indicating that MHM can be further optimized by reducing the Co-MHM
thickness to decrease By arma-

To sum up, our studies on MHM address the first challenge in VCMA-MRAM:
External-Field-Free Operation.
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Figure 4.10: (Left) TMR as a function of B, showing maximum TMR at
B, ~ -83mT. Arrows indicate different strength for MHM field (By pmuw),
external field (B, ) and effective field (By.csy) applied on the FL. As By pviam
and B, are in competition at the FL position, the TMR has a maximum at
compensation. (Right) TMR loops comparison between a MHM device at B,
= -33mT (field compensated) and a standard device without MHM and B,
showing no degradation after MHM integration.

4.3 Deterministic VCMA Write

In the conventional VCMA write scheme, both P and AP states are equally
stable. Since VCMA effect is uni-polar in our device, both P-AP and AP-P
transitions share the exact same write pulse. Therefore, to ensure a desired
final state, a pre-read is needed to decide if writing is required [20]. For pure
voltage control, VCMA devices typically have a higher resistance-area product
than the STT devices, which slows down the reading speed. This sequential
read-write operation significantly extends the total write duration and increases
the write duty cycle. In this section, we propose and discuss a new writing
scheme that can get rid of the pre-read operation, in order to realize genuine
ns-scale write speed.

4.3.1 Concept

In Figure 4.12, the concept is described in the perspective of energy profiles. The
energy diagrams for the conventional and the proposed deterministic VCMA
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Figure 4.11: (a) Oscillatory switching probability of an MHM integrated 80nm
device for the conventional VCMA switching scheme without external in-plane
field applied. (b) Write error rate (WER) assessments for an MHM and standard
devices. The WER curve for MHM device is comparable to the standard device
under B, of 33mT, both precession frequency and lowest WER are similar. The
standard device under By of 25mT shows the best WER.

write schemes are shown. In the conventional scheme, both AP and P states
have the same stability. The required voltage to remove the energy barrier and
to induce FL precession is the same for both AP-P and P-AP transitions. To
effectively separate the switching voltages, we propose to induce asymmetry
in the stabilities. In the presence of an out-of-plane field, one of the states
is favored. Here, we discuss the case where the AP state is more stable than
the P state. This condition can be achieved by applying an external magnetic
field to the free-layer, or simply implemented intrinsically through design of the
SAF/RL stray fields. Under this circumstance, the AP-P and P-AP transitions
have distinct threshold voltages. At V' = V1, switching is uni-directional and
only P-AP is available. At V' = V2, the energy barrier is completely removed,
Switching should behave similarly as in the conventional scheme, and both
P-AP and AP-P transitions are possible.

4.3.2 Switching Probability Differentiation

To study how much is the required out-of-plane field on the FL to enable
deterministic write, we investigate the switching probability curves for both
transitions using imec’s standard VCMA device (Figure 3.2, with ty40 =
1.1nm). The Py, curves as a function of pulse duration (¢,) are measured at
B, = 33mT for different effective offset fields. Here, the effective offset field
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Figure 4.12: Energy diagrams for the conventional and deterministic VCMA
write scheme.

(B.,esy) is equivalent to the total z field including the external field and the stray
fields from the SAF/RL layers (B, s = |B. — Bstray|). For each Py, vs. t,
curve, we collect the maximum Ps,, at half precession period. Figure 4.13(a)-(e)
summarizes the maximum Py, as a function of EF for different B, .ry. At
B, cff = 0mT, writing is in the conventional mode, hence the maximum P,
vs. EF curves for the two transitions are similar .

When B, sy is progressively increased, the required EF' to achieve 100% P-AP
transition is lowered, while that for AP-P transition is higher. The onset of
deterministic switching starts when the difference in maximum Py, reaches
100%, i.e. B, ers > 5mT. Figure 4.13(f) shows an increasing difference in
PP=AP _ pAP=F with stronger B, sy, and a 100% difference is attained at
EF = -1V/nm.

4.3.3 Properties at Offset

We have found that B, .ry = 5mT leads to the onset of deterministic mode.
In this section, we discuss the corresponding device properties under such
condition. In Figure 4.14(a) and (b), the original P, vs. t, curves are shown.
At EF = -1.0V/nm, we observe that P-AP transition is promoted, while AP-P
transition is much suppressed. A uni-directional P-AP switching occurs when
t, is longer than 0.8ns, which can serve as an initialization condition. At EF =
-1.4V /nm, both transitions have the ordinary precessional characteristics and
the oscillatory switching probability curves are similar as in the conventional
writing mode. For the AP-P transition, we measure Ps,, = 100% at ¢, = 0.4ns.

In addition to the difference in switching probability curves, the retentions of the
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Figure 4.13: Maximum switching probability under different offset fields. With
increasing B, cf¢, the required EF to reach Ps,, = 100% becomes more separated
for the two transitions.

two states are also asymmetric. We use the method discussed in Section 3.3.5
to evaluate the thermal stability factors of the two states, A 4p and Ap. Figure
4.14(c) shows that with increasing B, .s¢, AP (P) state becomes more (less)
stable. The variation of these estimated values follow well with the calculation
using the macro-spin model:

B 2
A=A, (1 + ff) (4.2)
Biefs

where A; indicates the intrinsic thermal stability at zero offset field. For the
conventional mode, A is 54 for both states, whereas A 4p is 61.7 and Ap is 47.4
for the deterministic mode at B, .yy = 5mT. Although asymmetric retention is
somewhat unwanted, it becomes trivial if both A2p and Ap are doubled. One
can realize it with a thicker FL. and with an improved VCMA coefficient.
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Figure 4.14: Oscillatory switching probability curves at SmT effective offset
field for (a) EF = -1.0V/nm and (b) EF = -1.4V/nm. (C) Thermal stability
factor as a function of the effective offset field. Orange and green labels
correspond to the conditions for conventional and deterministic operations,
respectively. Red curve is the calculated trend for A using the macro-spin model.

4.3.4 Pulse Configuration

Based on the Py, curves obtained in the previous section, we propose the pulse
configurations for the deterministic write scheme. Figure 4.15 lists the different
configurations for the conventional and the deterministic write schemes. In the
conventional scheme, pulse 1 is requested to read the MTJ state, and pulse 2 is
sent if a switch is needed. The read operation uses a voltage whose polarity is
opposite to the write one, which increases the PMA during reading duration to
suppress the potential read disturbance [194]. Both switching directions share
the same sequential read-write operation.

In our proposed deterministic scheme, pulse 1 has a lower amplitude and longer
duration compared to pulse 2, which initializes the MTJ to the AP state. If an
AP state is requested, then pulse 2 is not required; or if the P state is requested,
pulse 2 is sent to switch the FL to the P state. To sum up, a single-pulse
brings the MTJ to the AP state, whereas a double-pulse leads to the P state.

4.3.5 Demonstration and Discussion

In Figure 4.14, the best condition for AP-P transition (EF = -1.4V/nm, t, =
0.4ns) has been identified; however, those curves are measured when the FL
is in a steady state. To make deterministic switch reliable, one needs to first
understand how the inter-time and second pulse duration impact the switching
behavior.
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Figure 4.15: Pulse configurations and the corresponding states for the
conventional and deterministic VCMA write schemes.

To test the double-pulse switching probability, an additional pulse generator
is added to the test setup, as shown in Figure 4.16. Both PG1 and PG2 are
synchronized and connected through a power combiner before the bias-tee to
allow us to test sequential pulses with any defined inter-time (¢;nter). A B,
of 33mT is applied to the device during the test. We choose EF' = -1.0V/nm
and t,; = 1.2ns as the single-pulse condition, and we record the switching
probability of AP-P transition from 200 events under different combinations
of tinter and tpo. The results are presented in Figure 4.17 as a contour map.
High (low) probability is expressed in red (blue) color. We observe a double
oscillatory behavior on both axes. First, the oscillatory probability in ¢,, can
be understood as the behavior similar to what happens in conventional VCMA
write, where m, gy, rotates around the in-plane field. From the 50%-to-50%
duration (e.g. time between the two white lines at t;zer = 0.2ns), we find that
the FL takes approximately 0.55ns to precess a half period. This corresponds to
a switching speed f; of 1.82GHz, which is consistent with the speed observed in
the conventional switching mechanism under similar B, condition (Figure ?7).

On the other hand, the probability also oscillates when changing t;,+e, for a
fixed t,2. Experimentally, the observed frequency is about 2.2 GHz. Different
from the precession period during switching, the period during the inter-time is
related to both the anisotropy field and the external field. Then, for different
tinter, M. changes periodically in time, and therefore the initial torque applied
on the magnetization when the second pulse is applied changes also periodically,
leading to different t,2 to reach maximum probability.
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Figure 4.16: Schematic of the electrical setup and pulse configuration for the
deterministic VCMA write test.
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Figure 4.17: Double-pulse switching probability for AP to P transition as
functions of second pulse duration and inter-time. Red (blue) area indicates
high (low) switching probability. Conditions for Ps, > 95% are labeled.

Finally, we use the best Py, condition to demonstrate deterministic writing.
Pulse 1 is set as EF = -1.0V/nm and ¢,1 = 1.2ns. We choose t;yer = 0.4ns, and
pulse 2 is set as EF = -1.4V/nm and ¢, = 0.4ns. Figure 4.18(a) demonstrates
continuous magnetization switching using alternating single- and double-pulse.
We show that single-pulse always switches the FL to the AP state and double-
pulse ends in the P state. In addition, the magnetization remains un-switched
if a single-pulse is applied to the AP state or a double-pulse is sent to the P
state [Figure 4.18(b) and (c)].
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Figure 4.18: Demonstration of the deterministic VCMA write concept at tpo
= 0.4ns and inter-time = 0.4ns. (Left) Continuous magnetization switching
using alternating single-pulse and double-pulse, showing single-pulse results in
the AP-P transition and double-pulse results in the P-AP transition. (Middle,
Right) Magnetization remains un-switched if a single-pulse is applied to the AP
state or a double-pulse is applied to the P state.

To validate our experimental results, we perform macro-spin simulations. The
simulation parameters are chosen based on the experiments. Figure 4.19 shows
that the single-pulse switches the FL from m, rpr = -1 to +1, representing the
P-AP transition. If the FL has an initial m, p; = +1, the single-pulse only
induces a slight oscillation but does not cause any switching. The magnetization
relaxed to the equilibrium state soon after the pulse. Next, a double-pulse is
applied to the FL, and the magnetization is switched from m, rr = +1 to -1
(AP-P transition). Finally, if a double-pulse is applied to the P state, the FL is
first initialized to the AP state and immediately reversed back to the P state
by the second pulse.

4.3.6 Energy Consumption and Benchmark

The energy consumption of the deterministic scheme is compared to the
conventional scheme. Figure 4.20(a) shows the write configurations and their
energies normalized to the AP-P transition of the conventional write. We
estimate comparable energy for a P-AP-P cycle. Moreover, the pre-read
operation is not required in the deterministic mode, which makes the write
process time-efficient. The total durations demonstrated above were 1.2ns for
writing AP state and 2ns for writing P state. In comparison with this, the
conventional read-write operation may take a longer time to complete (> 10ns)
mainly due to the slow reading speed. Therefore, the proposed deterministic
VCMA write scheme can be more suitable for applications such as neuromorphic
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Figure 4.19: Macro-spin simulation of the deterministic write concept.
computing and machine learning whose writing is more frequently than reading.

Furthermore, it shows 1~2 orders lower write current density compared to the
state-of-the-art STT-MRAMSs even at ns speed [Figure 4.20(b)].
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Figure 4.20: (a) Comparison of the energy consumption between the
conventional and the deterministic VCMA write scheme. The total energy
of each write configuration is normalized to the P-AP write energy of the
conventional scheme. (b) Switching current density as a function of write speed,
benchmarking against the state-of-the-art STT-MRAMs. STT-MRAM data
obtained from Refs. [138, 174, 195, 196, 197].



98 _ EXTERNAL-FIELD-FREE AND DETERMINISTIC SOLUTIONS TO CONVENTIONAL VCMA WRITE

4.4 Summary

In this chapter, the fundamental challenges in the conventional VCMA-MRAM
were first pointed out. The first challenge is regarding the integration of an
in-plane magnetic field generator, and the second challenge is the required

pre-read operation before writing. Both challenges must be addressed to take
full advantage of VCMA-MRAM.

To address the field generator challenge, two potential solutions were studied:
in-plane polarizer (IPP) and magnetic-hard-mask (MHM). Micro-magnetic
simulations suggested that both solutions were able to supply suitable in-plane
fields to the free-layer. However, IPP was considered less suitable for the
advanced technology node because the MTJ pillar must be patterned into
elliptical shape to stabilize the magnetization of the IPP. In addition, the IPP
and the FL were coupled due to the short distance between them, which could
potentially change the properties of the MTJ stack during stack processing.
On the contrary, MHM was recognized as a better solution. On one hand,
the typical thickness of the MTJ HM was several tens of nanometers, hence
the integration of MHM would not impact the MTJ properties. On the other
hand, the MHM defined the shape of the metal line below the MTJ, which
intrinsically had a rectangular shape to provide itself with a strong shape
anisotropy. Furthermore, scaling down the MHM size could effectively make
it more stable. Such MHM concept was then put into practice by combining
with imec’s standard VCMA cell. Experimental results showed consistent
fundamental and switching properties as in non-MHM integrated devices: high
tunneling magneto-resistance, precessional switching, and low write error rates.
These results suggested that MHM could solve the magnetic field integration
challenge.

To tackle the second challenge on the need of a pre-read operation, a new
deterministic VCMA writing scheme was proposed. By intentionally introducing
asymmetry in the FL stabilities, the two transitions had distinct threshold
voltages. Although it simultaneously made one state less favorable, it would
be trivial by doubling the stability and VCMA efficiency. In this deterministic
writing scheme, a single-pulse which had a lower amplitude and a longer duration
was utilized as the initialization pulse to reset to the AP state. A double-pulse
consisting of an identical single-pulse, an inter-time, and a second pulse aimed
to set to the P state. The inter-time and the second pulse must meet certain
combinations to achieve high switching probability. Nevertheless, continuous
magnetization switchings were demonstrated using alternating single-pulse and
double-pulse. Compared to the conventional mode, deterministic writing did
not compromise write energy consumption while removing the need of pre-read.
Hence, our proposed method addressed the second challenge of the pre-read
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operation, making VCMA-MRAM more suitable for applications.

In conclusion, we have proposed and studied the solutions to the fundamental
challenges of the VCMA devices, which could make VCMA-MRAM better than
current. Future research needs to focus on improving the reliability of both
solutions.






Chapter 5

Operating Temperature:
Impact on Magnetic and

VCMA Writing Properties

5.1 Introduction

As a fundamental requirement, the memory cell must be able to support
a certain range of operating temperatures (7). For example, Intel defines
a 0°~85° (275K~360K) for commercial devices [198]. Recent studies have
revealed that all the magnetic properties, including saturation magnetization
[199], magnetic anisotropy [200], and VCMA coeficient [201], are varying with
operating temperature. But the temperature dependences of these properties
differ with materials and stacks [201, 202]. Further, the operation properties
of the magnetic tunnel junction (MTJ) are closely related to these variations,
such as the writing voltage and data retention [203, 204]. Understanding of
these properties is therefore important to implement VCMA in the MRAM
applications.

Figure 5.1 illustrates the diagram of how the operating temperature impacts
the magnetic and VCMA writing properties accordingly. In the first level,
temperature changes the saturation magnetization (Mg), interfacial anisotropy
(K;), VCMA effect (£), and breakdown voltage (Vpp). The relative changes
in Mg and K; determine the eventual effective anisotropy K., and the
corresponding write voltage is defined by K.¢¢ and . Finally, the variation in

101
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Vep will decide the write voltage margin. In this chapter, we will sequentially
examine these temperature-induced changes using imec’s standard VCMA pMTJ
devices. The temperature of interest ranges from 300K to 400K.

Results discussed in this chapter were partially published in Y. C. Wu et al.,
65" MMM Conference, L2-05 (2020) [205] and will be submitted to Y.
C. Wu et al., Appl. Phys. Lett. (2020) [206].

Operating Temperature

/

Saturation Interfacial VCMA Breakdown
Magnetization Anisotropy Effect Voltage

Effective
Anisotropy

Write
Voltage

Write
Margin

Figure 5.1: Diagram showing the impact of operating temperature on the MTJ
parameters and the device operating properties.

5.2 Material and MTJ stacks

The material and MTJ stacks used in this chapter are shown in Figure 5.2. Two
thicknesses of the CoFeB free-layer (tgz), 1.5nm and 1.7nm, are prepared for
different purposes. For MTJ1, tpy is 1.5nm, and it is being used to estimate
the variations of the fundamental magnetic properties in a wide range of
ambient temperatures because its perpendicular magnetic anisotropy (PMA)
is sufficiently strong to withstand temperature above 400K. For MTJ2, tpy is
made 1.7nm for VCMA-induced switching experiments, as it offers a moderate
PMA range which can be removed within the limitation of breakdown voltage.
The purpose of each layer and the deposition conditions have been explained in
Section 3.3.1. The MTJ size of interest is 105nm in electrical dimension.
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Figure 5.2: MTJ stacks for investigating the temperature dependences of
magnetic and switching properties.

5.3 Variations of Magnetic Properties on Operat-
ing Temperature

In this section, we use MTJ1 to investigate and discuss the temperature
dependences of the saturation magnetization, magnetic anisotropy, and VCMA
coefficient.

5.3.1 Saturation Magnetization

In the first step, the magnetic moment of the FL is measured by the vibrating
sample magnetometer (VSM) using 8*8mm? non-patterned samples. Figure
5.3 shows representative out-of-plane minor loops for estimation of the FL-
magnetization. One can clearly see a drop in the saturation values at elevated
temperatures. Figure 5.3(b) summarizes the FL-magnetization as a function
of temperature, where the conversion between the area magnetization and the
saturation magnetization is also presented. This conversion takes into account
the thickness of the magnetic dead layer (MDL), estimated as 0.7nm in Section
3.3.2, where the effective FL thickness (f.sr) is 0.8nm. After subtraction of
MDL, the saturation magnetization is Mg pr = 1447kA /m at room temperature,
and it decreases to 1350kA/m at 400K.

Generally, the temperature dependence of the saturation magnetization fits well
with Bloch’s law [199]:

(5.1)

Ms(T) = Ms(0) [1 - (TTC)
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Figure 5.3: (a) Representative VSM measurements for the free-layer minor
loops at different ambient temperatures. (b) Area and saturation magnetization
of the free-layer as a function of ambient temperature. Red curve represents the
fitting result using Bloch’s law equation, showing Mg rr,(0) = 1627kA/m and
Te = 1290K.

where Mg(0) is the saturation magnetization at 0K and T¢ is the Curie
temperature in K (above which the ferromagnetism is vanishing). To obtain a
better fitting result, we extend the measurement to 455K. In Figure 5.3(b), we
find that the experimental data are fitted well with Mg(0) = 1627kA/m and
Te = 1296K. In the literature, the Mg(0) and T of pure Fe and Co have been
reported, with ME¢(0) = 222emu/g (~1748kA/m), TE® = 1043K, M§°(0) =
164emu/g (~1460kA/m, and TS = 1385K [202, 207, 208, 209]. Although our
measured temperature range (295K~455K) is relatively narrow compared to
Tc, both fitting parameters, Mg (0) and T, of our sample are found consistent
with these values considering the composition of our CoFeB. Recent studies on
CoFeB-based alloys also reported similar values [201, 204].

5.3.2 Tunneling Magneto-Resistance and Coercivity

Moving on to the patterned MTJ, the temperature-dependent properties of the
105nm devices are investigated. The resistance is measured in an out-of-plane
magnetic field (B,), as shown in Figure 5.4(a). The resistance of the parallel
state (Rp) is observed to remain unchanged while that for the anti-parallel
state (Rap) decreases apparently with increasing temperatures. To interpret
the origins of these dependences, one needs to consider both spin-dependent
and spin-independent contributions to the resistivity. The spin-dependent
component is related to the spin polarization (P), which is reduced at elevated
temperatures due to the excitation of magnons and thermally induced magnetic
disorder [203, 210]. As the spin polarization is decreased, TMR is also decreased
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Figure 5.4: (a) Representative resistance-field hysteresis loops and (b)
tunneling magneto-resistance at various ambient temperatures. (c¢) Tunneling
magneto-resistance and (d) coercive fields as a function of ambient temperature
for the 105nm devices. Black curves in (¢) and (d) show the median values and
standard deviation from 15 devices.

(Equation 1.4: TMR = %). For the spin-independent contribution, a
electron hopping process via localized states of defects in the tunnel barrier can
also lead to a temperature-dependent reduction of the TMR [211].

Besides TMR, the coercive field (B¢) also decreases with increasing temperature,
which is resulting from the reduction of anisotropy energy. In the next section,
the PMA and thermal stability factors are discussed.

5.3.3 PMA and Thermal Stability Factor

The PMA (Bgf¢) and thermal stability factor (A) are estimated using the
magnetic field sweep method (see Section 3.3.5 and Equation 3.7), and their
temperature dependences are shown in Figure 5.5. First, the dependence of
effective anisotropy field (Bj,sr) on temperature is mainly attributed to the
relative changes in the two contributions: shape anisotropy and interfacial
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anisotropy. Equations 5.2 and 5.3 illustrate the calculation of these two terms,
with temperature dependences added:

Kop¢(T) = Kq(T) + K, (T) (5:2)
MS(T)B2k,eff(T) _ —%qug(T)(Dz —D,,)+ Izg) (5.3)

where Ky and K, are, respectively, the demagnetization energy density and the
uni-axial perpendicular anisotropy energy density.

Using the By f7(T) obtained from the field sweep method and the Mg (T')
obtained from the VSM measurements in the previous section, we calculate the
K, (T') that is induced by both MgO/CoFeB and CoFeB/Ta interfaces (K;(T')).
The conversion results are shown in Figure 5.5(b). We observed a median
K;(25°C) of 11861J/m?, in good agreements with the typical MgO/CoFeB/Ta
tri-layer systems [83, 212], and it decreases to 979nJ/m? at 400K.
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Figure 5.5: Ambient temperature dependence of the (a) By crs, (b) K;, and
(c) A for the 105nm MTJ1. Black curves show the median values and standard
deviation from 15 devices. Red curve indicates the fitting with the empirical
power law of Mg(T).

It has been reported that the dependence of the magnetic properties on
temperature can be fitted well with an empirical power law of Mg(T') [201]:

K;(0) Mg(0) Te
where the exponent 3 characterizes the sensitivity of the material parameter
to the temperature. Using the T obtained from the VSM measurements,
we found that the K;(T') dataset is well fitted with § = 2.73 and K;(0) =

1640pJ /m?. Notice that 3 = 2.73 is somewhat similar to the prediction from
Callen-Callen’s theory (8 = 3) for bulk PMA. However, recent studies also

B

(5.4)
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found a leading exponent of 8 = 2 in the similar MgO/CoFeB/heavy-metal
systems [201, 213, 214]. They all interpreted their experimental observations
to the strong degree of spin-orbit interactions. Indeed, the strong SOC also
induces PMA when in contact with ferromagnets. In the highly-ordered L1
phase FePt and CoPt alloys [215, 216], it has been reported with an leading
exponent of = 2. Because there are still lack of detailed physics regarding the
temperature dependence of interfacial anisotropy, we will not further discuss
the based on Callen-Callen theory. However, it is worth mentioning that Z.
Wen et. al. also pointed out that one may be possible to get some insights
to the strength of SOC from the exponent [214]. Perhaps, our FL has a lower
strength of SOC owing to the use of Mg sacrificial layer before deposition of
the Ta capping layer that suppresses the diffusion of Ta into the CoFeB layer
[150], Ta mostly acts as a boron sink to assist CoFeB crystallization during the
annealing process [217]. This also reflects on the thermal tolerance of our MTJ
that survives 400°C thermal budget, while the magnetic properties in other
MgO/CoFeB/Ta systems without sacrificial layers are degrading after annealing
at above 300°C [48, 150, 218].

As a second fitting parameter in Equation 3.7, we observe a monotonic decrease
in A from 54 to 38.3 when the temperature is increased from 300K to 400K.
Since the devices under consideration are relatively large compared to the
domain nucleation size, a nucleation type reversal is favored such that the
temperature dependence of A is determined by the exchange stiffness (A.,) and
the ambient temperature, i.e. A(T) ~ 73 Aey(T)tey/4kpT [44]. Since Aey(T)
is found weakly influenced in the temperature range of interest [219], A(T) is
mainly governed by the change of ambient temperature.

5.3.4 VCMA Coefficient

Next, the temperature dependence of the VCMA coefficient (£) is investigated.
We use the magnetic field sweep method at various DC biases to estimate
the VCMA slope, i.e. the 0By fr/0V parameter. The measurements are
exemplified in Figure 5.6. We measure that the 0By, .y ¢/0V parameter decreases
from 40.2mT/V at 300K to 35.6mT/V at 400K. Based on the definition of the
VCMA effect, we can convert OBy, .55/0V to & by:

Mqo(T)t. ¢t B
€(T) = poMs(T)tesstrrgo [3 keff

! i <T>] (5.5)

The corresponding reduction in ¢ is from 35f]J/Vm to 28.8fJ/Vm. Using

B
Hffs ((g))} to fit the temperature dependence of the VCMA coefficient, we obtain
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a 8 of 2.88 and a £(0) of 49.3fJ/Vm. To interpret such an exponent, we discuss
based on the fundamental VCMA mechanisms (Section 2.4.1). The electronic-
based VCMA effect has two basic contributions: orbital magnetic moment
mechanism (electron doping) and electric quadrupole mechanism (electron
re-distribution) [105]. The orbital magnetic moment mechanism is explained
by Bruno’s model [81], where the magnetic anisotropy originates from the
difference between the orbital magnetic moments in the perpendicular direction
and the in-plane direction. Electron selective doping to the orbitals changes
the moments, thereby contributing to the VCMA effect. On the other hand,
the electric quadrupole mechanism is related to the spin-orbit coupling (SOC).
When heavy metal is present at the dielectric/ferromagnet interface, the orbital
moments are coupled to the spin moments through SOC, and the atomically
inhomogeneous electric field causes anisotropic charge distribution and induces
an anisotropy in the spin moments. An externally applied electric field can also
couple to the electric quadrupole to induce re-distribution of the spin moments,
resulting in the second VCMA contribution [91].

Intuitively from the observation of K;(T'), where the interfacial PMA is generated
mainly by the MgO/CoFeB interface, we may attribute a major portion of
VCMA effect is dominated by the orbital magnetic moment mechanism. This is
reasonable since the voltage drops mainly at the MgO barrier, and the electric
field only penetrates through the first few layers at the MgO/CoFeB interface,
hence the magnetic properties at the MgO/CoFeB interface dominate over the
CoFeB/Ta properties to determine the overall temperature dependence of the
VCMA effect. Also, because the use of Mg sacrificial layer which suppresses
diffusion of Ta atom to the MgO/CoFeB interface, it is likely that the quadrupole
mechanism has only minor contribution to the overall VCMA effect. Under
these circumstances, we believe that § = 2.88 is majorly led by the orbital
magnetic moment mechanism. In a similar MgO/CoFeB/Ta system, a § =
2.83 has also been reported [201]. However, a 8 = 2 has yet been observed in
another MgO/Co2FeAl/Ru system [214]. The actual situation of the VCMA
effect and its temperature dependence is rather complex, and more detailed
understandings would require ab initio calculations.

5.4 Operation Properties

From the above measurements, we found that £(7") is more susceptible to
temperature variation than K;(7T). As suggested by Ref. [201], this would
cause a rise in the switching voltage in order to compensate for the loss in
the £(T)/K;(T) figure of merit when the operating temperature is increased.

However, we also observe that By, .f¢(T") is more vulnerable than the %(T)
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Figure 5.6: (a) Representative magnetic field switching distributions under
various DC gate biases (between SuA and -3uA) and ambient temperatures.
Ambient temperature dependence of the (b) VCMA slope and (c) VCMA
coefficient estimated by fitting the distributions in (a). Black curves in (b)
and (c) show the median values and standard deviation from 15 devices.

parameter, which should be reducing the switching voltage with increasing
temperature.

To validate how the above temperature dependences are affecting the actual
writing properties, we use MTJ2 devices with a 1.7nm FL to perform
voltage-induced magnetization reversal, presuming that the temperature-related
parameters (8 and T¢) are not significantly changed by the FL thickness of
interest. The By .rs and K; of these devices are estimated as 75mT and
1310pJ /m? at 300K.

5.4.1 Critical VCMA Switching Voltage

We investigate the critical switching voltage (V.). Notice that there always
exists discrepancy between the simulation speed and experimental speed, we
extract V. experimentally with a semi-quantitative manner. The procedure to
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extract V, is explained as the following. First, similar to the method explained
in Chapter 3-Section 3.4.4, we systematically assess the precession period (¢prec)
at different temperature and B, conditions, and we convert the switching period
to switching speed (fs = 2/tprec), as shown in Figure 5.7(a) and (b). Here, the
switching voltages at B, = 20mT (10mT) are not measurable at above 330K
(360K) due to the loss of PMA and retention, which is also constrained by the
current VCMA efficiency that devices with stronger PMA could not be switched
within the breakdown limit. Nevertheless, it is shown that V|, progressively
accelerates fs.
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Figure 5.7: Switching speed (fs) as a function of pulse voltage (V,,) at various
ambient temperatures for MTJ2, with B, = (a) 10mT and (b) 20mT. Black
dashed line indicate the switching speed obtained by simulation. (c) Critical
VCMA switching voltage and (d) normalized critical switching voltage as a
function of ambient temperature. Black curves show the calculated values using
the temperature-related parameters (T and Bs) obtained from MTJI.

Subsequently, to identify V., we use macro-spin simulation to predict f, for
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each temperature and B,, by considering the temperature dependence of K;
and VCMA slope. The damping constant is assumed to be 0.2, as explained in
Section 3.4.4. The thermal fluctuation field is not included in the simulation.
From the simulation, we estimate the switching frequency as 0.57 GHz and
1.1GHz under B, = 10mT and B, = 20mT, respectively, and these are weakly
dependent on temperature. We then acquire the intersection between the
experimental f; and simulated fs ¢m, which correspondingly gives the critical
switching voltage. Figure 5.7(c) summarizes V, as a function of temperature for
B, = 10mT and 20mT. For both B, conditions, V. is decreasing with increasing
temperature, which we attribute to the faster drop in By .rs(T) compared
to the 6%7’;”(T) parameter. Our results suggest that even though &(T) is
more susceptible to the temperature variation compared to K;(7T'), the actual
write voltage is rather determined by By .rs(T) and (S‘Bgi"}”(T) parameters,
since By cff controls the easy axis of the magnetization and the 0By cf¢/0V
parameter determines the required voltage to switch the magnetization between

PMA and in-plane anisotropy.

In addition, we apply the temperature-related parameters (T¢ and Ss) obtained
from MTJ1 to calculate the required V. for MTJ2, and we observe a good
agreement with our experimental observations. This supports our hypothesis
that 8 and T¢ are consistent in both stacks.

5.4.2 Breakdown Voltage and Write Margin

In the final step, we perform the DC ramped voltage stress (RVS) method with
an 80mV/s ramp rate to evaluate the breakdown voltage (Vgp) at different
temperatures for MTJ2. Figure 5.8 presents the Vgp distributions from 80
devices at each temperature. It shows that the 63% Vpp decreases from 2.06V
to 1.68V, which is due to the temperature acceleration. Recent studies have
revealed that current-induced self-heating is negligible in such an MTJ with
a high resistance-area product [220]. The lower degradation rate of Vpp(T)
(~3.8mV/K) than V.(T) (~36.6mV/K) increases the write margin at higher
operating temperatures and can mitigate the risk of MTJ degradation.

5.5 Summary

In this chapter, we studied the impact of ambient temperature on the magnetic
and switching properties of the voltage-controlled perpendicular magnetic tunnel
junction devices. For the magnetic properties, the saturation magnetization
(Mg), interfacial anisotropy (K;), and VCMA coefficient (§) were investigated at
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Figure 5.8: (a) RVS breakdown voltage distributions for different ambient
temperatures. (b) 63% breakdown voltage (V35) and its normalized value as
a function of ambient temperature. (c) Comparison between Vg?jj% and V. as
a function of ambient temperature, showing wider write voltage margins at

elevated temperatures.

different temperatures. From the Mg(T') dependence, we fitted with Bloch’s law
to obtain Mg(0) = 1627 kA/m and Te = 1296K, which were in agreement with
earlier reported values. Later, the K;(T) and £(T') were fitted with the power
law of Mg(T'). We acquired the exponent (3), which represents the temperature
sensitivity, for these properties. A § = 2.73 was observed for K;(T'), which
implied a major contribution of perpendicular magnetic anisotropy (PMA) from
the MgO/CoFeB interface with a dominant S of 3 and a minor contribution from
the CoFeB/Ta interface where the spin-orbit coupling (SOC) mediated PMA
has a § = 2. Similarly, A § = 2.88 was measured for £(T'), indicating that the
VCMA effect in our devices mostly originated from the orbital magnetic moment
mechanism. Indeed, since the electric field dropped at the MgO, only the orbits
in the vicinity of the MgO/CoFeB interface could provide a voltage effect. In
addition, 8 = 2.88 also suggested the absence of Ta at the MgO/CoFeB.

In the second step, we experimentally examined the critical switching voltage
(V¢) for VCMA-induced magnetization reversal. We observed an around 50%
reduction in V, when increasing the ambient temperature from 300K to 360K.
We attributed this behavior to the relative changes in the effective anisotropy
field (Bg,ers) and the VCMA slope (0B err/0V). On the other hand, the
breakdown voltage (Vpp) was less susceptible to the temperature variation,
with a only 20% drop at 400K compared to 300K, making the write voltage
margin larger at elevated temperatures.

These studies showed that VCMA devices could adapt high-temperature
operations, and the relatively stable VCMA slope and Vgp promised mitigation
of degradation issues by a larger write voltage margin at elevated temperatures.
Future research and development should focus on stack engineering to boost the
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VCMA coefficient, in order to allow for VCMA writing of high PMA devices as
well as maintaining the retention.






Chapter 6

Hybrid MRAM: Voltage-Gate
assisted Spin-Orbit Torque

6.1 Introduction

Non-volatile memory (NVM) is believed to address the large stand-by power
issues in advanced technology nodes. Among proposed candidates, magnetic
random access memory (MRAM) is attracting great attention due to its CMOS
process compatibility, high density, low power, and relatively fast speed [136].
Recent progress has optimized spin-transfer torque (STT)-MRAM for embedded
last-level cache (LLC), micro control unit (MCU), and eFlash applications [18,
181, 197, 221], with first commercial products beginning to appear in the market.
Despite its excellent performance, current STT-MRAM technology cannot be
implemented in the higher memory hierarchy, such as register and L1/2 cache
memory, due to the significant incubation delay and voltage breakdown/speed
trade-off, which inhibits reliable programming below 5ns [182].

To solve the limitations in STT switching scheme, two alternative switching
mechanisms have been proposed. One is the voltage control of magnetic
anisotropy (VCMA) effect. In Chapters 3 and 4, we have studied both the
conventional and the new deterministic VCMA writing schemes. These uni-
polar, voltage-driven, switching schemes manifest ultra-low energy consumption
(fJ) at ns-scaled magnetization reversal speeds. The other switching mechanism
is called the spin-orbit torque (SOT). In this chapter, we will first review
the switching mechanism of SOT, and then the challenges of SOT-MRAM
will be stated. To improve the writing scheme, we study a hybrid switching
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mechanism, namely Voltage-Gate assisted Spin-Orbit Torque (VGSOT),
by combining the advantages from both VCMA and SOT. We will demonstrate
that VGSOT can effectively mitigate the challenges that both VCMA-MRAM
and SOT-MRAM facing at the advanced technology nodes: insufficient efficiency.
Based on the learning, we also propose multiple criteria to provide the guide
for device scaling.

Results discussed in this chapter will be submitted to Y. C. Wu et al., PRA
(2020) [222].

6.2 SOT Switching and SOT-MRAM

6.2.1 SOT Switching of Perpendicular Magnetization

Spin-orbit torques are the transfer of orbital angular momentum from the lattice
to the spin system, which, in general, are mediated by two current-induced spin
current sources: Spin Hall Effect and Rashba Effect (see also Section 1.2.4
for a brief introduction) [64]. These two phenomena generate a damping-like
torque T, and a field-like torque Ty, on the adjacent magnetization. The
contributions of the two SOT sources to the two torques are still in the argument
in literature [223, 224], but in a simplified scenario one can comprehend as follow:
Tpy, is attributed to spin Hall effect [225] and Try, is attributed to Rashba
effect [226]. To date, the SOT-induced magnetization switching is understood
as: Tpy, triggers magnetization reversal and Tr, accelerates it [227].

ap A ﬁg KA
=

Figure 6.1: Schematic of the spin-orbit torques applied on the perpendicular
magnetization of the adjacent ferromagnet.

The magnetization dynamics under SOT current injection can be expressed as:

dim - dn
E:—'yrﬁxBeff-f—om_”’LX E‘i‘WTDL""YTDL (6.1)
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with

TDL:TDLmXTﬁXg (62)

TrL =YTpLm X § (6.3)

The 7pr, and 7py, are the longitudinal and transverse component of the spin-orbit
torques, respectively. Their amplitudes are expressed as:
h Osu
2e MStFL app
h Og
= ———/ 6.5
TrL 2e Mstry, opp ( )
where J,p,;, is the applied current density in +x-direction, fgp is the spin Hall
angle, and 6y is the Rashba coefficient. When solving Equation 6.1, and only
considering the damping-like torque which triggers the switching, one can derive:

DI = (6.4)

dim N = A v o [ B )
T =— 71+a2m X (Beff+OéTDLy) - mm X [m X (aBeff —TDLy)}
(6.6)
—— i x (Bim.2+ B B )
*71+a2m>< kMzZ + demag+ z T QTpLy
1T :azﬁl X [Tﬁ X (aékmzé + aédemag +aB, — TDLgﬂ (6.7)

where ék is the perpendicular anisotropy. The introduction of B; ensures
deterministic switching after cutting off the current pulse [223]. The second
term on the right-hand side of Equation 6.7 describes the effective damping
effect. Here, the intrinsic damping effect is proportional to the perpendicular
anisotropy in the +z-direction (aékmzé), whereas the damping-like torque from
the SHE effect is in the +y-direction. This SOT torque geometry makes SOT
switching very efficient because 7py, is not collinear, and does not compete, with
B2, The initial incubation time for SOT switching is therefore considerably
small compared to the conventional STT switching [228] (STT directly competes
with the intrinsic damping because the spin-polarized current from the reference-
layer is also in the +z-direction). When performing macro-spin simulations,
one can directly see the benefit of SOT switching: the magnetization takes only
half of a precession before reversal for SOT switching, while it takes several
precessions in the case of STT switching [229], as shown in Figure 6.2.

6.2.2 SOT-MRAM

Based on the scheme of SOT, the three-terminal SOT-MRAM has been proposed
as the candidate of the next generation of MRAM. The unit cell consists of a
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(a) Spin-Orbit Torque (b) Spin-Transfer Torque

Initial Initial

Figure 6.2: Switching trajectory of the perpendicular magnetization by (a)
SOT and (b) STT. Reproduced from Ref. [229].

SOT track at the bottom, with two bottom electrodes connected on the two
sides, and a top-pinned magnetic tunnel junction is sitting on top of the SOT
track, as shown in Figure 6.3. By injecting in-plane current in an adjacent SOT
layer, the FL. magnetization absorbs the spin current and is tilted toward +y or
—y depending on the direction of current and the spin Hall angle. To ensure
deterministic switching, an in-plane magnetic field (B,) is applied along the
current flowing direction (+x or —z) [223]. After turning off the applied current,
the FL magnetization will be switched upward or downward depending on the
magnetic field direction. This writing mechanism shows energy-efficient and
reliable sub-ns writing capabilities [19, 228]. Furthermore, the three-terminal cell
structure can separate the read and write path, which improves the endurance
of the SOT-MRAM compared to the two-terminal STT-MRAM.

However, SOT-MRAM also presents technological challenges. First, it requires
the presence of B, to ensure deterministic switching. Various credible solutions
have been proposed and demonstrated, such as integrating an embedded magnet
as a field generator [185, 113], making use of exchange bias by direct coupling
with an anti-ferromagnet [230, 231], or assisting reversal with STT [232].
Second, in order to operate such three-terminal devices, two transistors must
be incorporated into a unit cell. One transistor is responsible for writing the
FL through the SOT line and the other is in charge of reading the memory
state through the MTJ. This 2T1MTJ cell structure limits the array density.
Third, although the orthogonal spin orientation of SOT allows much shorter
writing duration than STT, the SOT write current (density) remains one order
of magnitude larger than that for STT-MRAM [229], which imposes a larger
transistor to accommodate its write current. Although the required SOT
switching current can be scaled by the SOT efficiency, it will become unrealistic
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Figure 6.3: Schematic of the unit SOT-MRAM cell and the SOT write
mechanism. Reproduced from Ref. [227].

T';.Zf: Switching trigger

when scaling down the MTJ size while maintaining its non-volatility. In the next
section, we specifically discuss the challenging efficiencies for both SOT-MRAM
and VCMA-MRAM.

6.2.3 Challenging Efficiencies in SOT- and VCMA-MRAM

The volume of the FL is one of the deterministic parameters to define the
thermal stability factor (A, Equation 1.6) and the retention of an MTJ device.
When scaling down the MTJ size, one inevitably has to enhance the anisotropy
to maintain its non-volatility feature. The SOT switching current, however,
does not scale with the volume of the FL, it rather scales with the cross-section
area only (Equation 1.11):

A MsBy crpArrtrr  *MsBy eprDritrr

= Fq. 1.6

2T 8kpT (Eq. 1.6)
2e Mgt By . B,

Iy = CstrL keff Zz tsorwsor (Eq.1.11)
h Osy 2 2

where App = mD?/4 is the plane area of the free-layer, with D the MTJ
diameter. In Equation 1.11, Iy is proportional to the cross-section area of the
FL if the MTJ diameter is the same as the SOT track width (wsor).

By combining Equations 1.6 and 1.11, we derive the equation that allows for
estimation of the SOT current linking to the thermal stability factor and the

MTJ size:
ekpT wsortsorA _ 8ekpT tsorA

sw ™ = 6.8
mh 95[{1)2 wh HSHD ( )
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On the right side of Equation 6.8, it is possible to further simplify the equation
by having a SOT track width (wgor) that is equal to the MTJ diameter.
Further, to calculate the targeted SOT current at a targeted speed, size and
A, we use the reference values obtained at 1ns from the state-of-the-art SOT-
pMTJ: A"/ (D = 60nm) = 51, I7¢/-(Qlns) = 331uA, and |9§cg| = 0.32 (more
information see Ref. [19]).

Ig%?". B Atar egz-Dref.
I;"ef. T Aref. gtsa;[.Dtar.

w

(6.9)

In Figure 6.4, we target A" = 60 for all MTJ size to meet the requirement
for embedded memory applications. It shows that regardless of the targeted
current range (25-130pA), the required 647 are too high to be reached, making
scaling of SOT-MRAM infeasible. Table 6.1 lists the typical Oy values from the
materials that are commonly used in CMOS technology. Among the common
metals, tungsten (W) has the largest reported efficiency of 0.3-0.4 [233, 234].
Note that new exotic materials such as topological insulators (TI), e.g. BiSe and
BiSbTe [235, 236], have 6sg > 1, but these materials are to date too complex to
be integrated with pMTJs using the CMOS process. For comparison, a recent
STT-MRAM has shown a 96nA switching current at 1ns or a 34pA at 10ns, with
A ~ 80 for the 30nm MTJ [174]. Therefore, additional improvements in SOT
writing must be achieved to make SOT-MRAM competitive with STT-MRAM
in terms of size and current.
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Figure 6.4: SOT efficiency as a function of MTJ diameter for different
targeting switching currents.

For the VCMA-MRAM, similarly, large VCMA coefficients (§) are also
mandatory to avoid compromising the data retention in scaled MTJ. By
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Table 6.1: The spin Hall angle of different materials.

Material Osu Reference
W 0.3-0.4 [233, 234]
Pt 0.08-0.12 | [237, 238]
Ta 0.15 [57]
Pd 0.008-0.01 | [239, 240]

IrMn 0.06 [241, 242]
PtMn 0.24 [243]
TI 1.4-4.25 [235, 236]

combining the macro-spin estimation equations for A (Equation 1.6) and &
(Equation 3.11), we obtain an equivalent equation for prediction of the targeting
VCMA coefficient (£1%) at different MTJ sizes:

Ms prtrrtymgo OBresy

tar. — Eq. 3.11
3 5 7 (Eq )
ar 4kpT trpre0A
= S D ©10

where V4, is the maximum supply voltage depending on the technology
nodes. For example, V4, at the 10nm node is 0.7V for the embedded memory
applications or 1.2V for the stand-alone memory applications [244]. As shown
in Figure 6.5(a), a £ > 8000£J/Vm is required for sub-30nm MTJ, if the supplied
voltage is limited to 0.7V. Further, while the in-plane field is mandatory for
the precessional switching, it reduces the stability of the FL at the same time.
Hence, an enhancement in PMA is necessary to avoid compensating A, thereby
increasing the required VCMA coefficient, as exemplified in Figure 6.5(b) for
the 30nm MTJ.

Although there are reports showing ¢ > 1000fJ/Vm both experimentally and
theoretically, those are either slow ionic effects [121, 122] or combined with oxides
other than MgO [188, 189]. Typical values in pMTJs are to date 30-70£J/Vm
at the device level [147].

6.3 VGSOT-MRAM

To overcome those challenges in SOT-MRAM and VCMA-MRAM, a hybrid
device combining the advantages of VCMA and SOT was proposed [70, 173],
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Figure 6.5: (a) VCMA coefficient requirement as a function of MTJ diameter
for a targeted A = 60 and tyrgo = 1.4nm. (b) VOMA coefficient requirement
as a function of in-plane field for the 30nm MTJ. Calculations for both figures
are based on the macro-spin assumption.

namely voltage-gate assisted spin-orbit torque (VGSOT)-MRAM. The cell
structure is shown in Figure 6.6.

F4

Lox

By
Deterministic
SOT switch

VCMA Gate

SOT current SOT

Figure 6.6: [llustration of the VGSOT writing scheme. A positive VCMA top
gate induces electron accumulation at the FL/MgO interface, which lowers the
PMA of the FL and results in SOT switching with reduced current. The VCMA
gate also enables bit-cell selectivity in a multi-pillar structure (See Figure 6.7).
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6.3.1 Concept, Purpose, and Benefit

In the VGSOT cell concept, VCMA acts as an assisting effect, while SOT is
responsible for switching the FL magnetization. The main difference between
the conventional SOT cell and the VGSOT cell is the MgO thickness. In order
to make use of the VCMA effect, the MgO barrier (and the resistance-area
product) of the VGSOT cell is made thicker than that of the conventional SOT
cell, which suppresses current tunneling through MTJ, and thereby reducing
the STT effect. This hybrid switching mechanism brings the following new
features and benefits to SOT-MRAMs.

SOT Switching Current Reduction

The VCMA effect instantly modifies the perpendicular magnetic anisotropy
field (Bg,efr) of the FL when a voltage is applied across the MTJ, and the SOT
switching current can be re-calculated as:

2eMgstrr, [ Bresy §Vy B,
Lo ~ ’ — - — t 6.11
hosm 2 Mstrrtugo V2 Wsortsor (6.11)

In the case of a normal VCMA effect (¢ > 0), a positive top gate voltage
(Vg > 0) induces electron accumulation at the FL/MgO interface to reduce the
PMA, thereby reducing the SOT switching current.

Bit-Cell Selectivity and Cell-Size Reduction

The conventional SOT-MRAM has a three-terminal structure, where the unit
cell is made up of two transistors and one MTJ. One transistor is connected
to the SOT track to supply the SOT switching current, and another transistor
located on top of the MTJ is being used to read the MTJ state [Figure 6.7(a)].
Such 2T1MTJ structure limits the array density.

Applying a VCMA gate can enable a multi-pillar structure. As shown in Figure
6.7(b), multiple MTJs share a single SOT line, and the effective cell structure
becomes (n+1)TnMTJ. The ideal cell size can be optimized to 8F2, similar to
that of the cross-bar STT-MRAM. The gate voltage then acts as a cell selector,
and only the selected cell can be switched with a reduced SOT current. Here,
we define the selectivity (is,) as:

Br,ess &Vy B

. Isw(vg > 0) _ 2 Mstritago 7%
BT T (V= 0) By D, <1 (6.12)
g 5 \/5

where a smaller i4, ensures good selectivity along a SOT line.
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Figure 6.7: Schematics of (a) the single-cell SOT-MRAM and (b) the multi-
pillar VGSOT-MRAM with 4 MTJs on one SOT track (courtesy of M. Gupta
and M. Perumkunnil).

Disturbance-Free Reading

Thanks to the uni-polar VCMA effect, the VGSOT cell can achieve high-speed
reading without read-disturbance. For V,; < 0, the FL-PMA is enhanced such
that it is more stable against thermal agitation or potential STT disturbance.
Figure 6.8 exemplifies a read-disturbance simulation [194]. The read error
rapidly rises and converges to 50% at positive biases due to the loss of PMA
and data retention. Oppositely, it is largely suppressed by negative biases.

—2
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F 10°° —a—200)/Vm
= —a=150f1/Vm
E 10-10 . —a—100f)/Vm
rd
10-12 4
10-14 /.;'.--r.r
-0.4 i) 0.4 0.8 1.2

Sensing W:Itage vl

Figure 6.8: Reduction of reading disturbance using a negative sensing voltage.
Reprinted from [194].
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6.3.2 Status of VGSOT-MRAM

VGSOT-MTJ proof of concept has been firstly established in the industry with
an in-plane MTJ [70], where switching current reduction has been demonstrated
[70, 173]. The claim of a high VCMA effect in in-plane technologies continues
the interests in in-plane devices. Indeed, the experimental records on high
VCMA coefficients were reported using a high-strained in-plane free-layer, with
& over 1000£J/Vm [170]. However, strain control remains crucial to the VCMA
properties and may not necessarily bring benefit to the VCMA coefficient
improvement [245]. Further, in-plane MTJ technology will eventually face
issues regarding size scaling and array density. Only until recently, the first
demonstration of VGSOT switching on perpendicularly magnetized free-layer
was reported using a tri-layer Hall-bar structure in the laboratory [231]. Not
only the switching current reduction was demonstrated, but also the feasibility
of combining field-free switching using the in-plane exchange bias provided by
the IrMn SOT track.

Table 6.2: Recent progress on VGSOT development.

Struct SOT VCMA TMR
Year Orientation ructure/ 9?;{ Ref.
Size layer (fJ/Vm) (%)
MTJ Device
2016 In-Plane Ta 0.13 30 138 [70]
80*240nm?2
MTJ Device
2017 In-Plane Ta 0.18 30 130 (173]
85%255nm?2
MTJ Devi
2019 |  In-Plane eviee - 9 65 | [245]
51*71nm?
Tri-1
2019 | Perpendicular T rMn | 0.25 35 - qesy
Hall-bar

All the above-mentioned studies are resumed in Table 6.2. To date, a full study
of VGSOT writing of integrated pMTJ devices has not yet been performed with
300mm CMOS compatible processes. This is what we will examine and discuss
in this chapter.
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6.4 VGSOT Study on 300mm Integrated pMTJ

6.4.1 MTJ Preparation and Experimental Setup

To conduct the study, a 300°C annealed top-pinned pMTJ is integrated with
imec’s 300mm SOT-MRAM platform [19]. Figure 6.9(a) shows the transmission
electron microscopy (TEM) image of the standard SOT cell and the pMTJ
materials stack for the VGSOT studies. From the bottom, a tungsten (W) SOT
track connects the two sides with two bottom electrodes (BE). On top of it
is a top-pinned pMTJ, with a lnm CoFeB free-layer (FL). The MgO tunnel
barrier is 1.7nm thick with a resistance-area (RA) products of ~5kQ-pm?,
aiming to suppress the STT effect through the MTJ stack. The reference-
layer (RL) is CoFeB, which is ferromagnetically coupled to the lower synthetic
anti-ferromagnet (SAF) through an RL-spacer. Then the RL multilayer is
anti-ferromagnetically coupled to the [Co/Pt]; multilayer-based upper synthetic
anti-ferromagnet (SAF) by a Ru spacer. Finally, the MTJ is capped with Ta/Ru
capping layers. After deposition, the stack is annealed at 300°C for 30 minutes
in vacuum in a 2T out-of-plane magnetic field. Then, the MTJ is patterned
into circular pillars using 193nm immersion lithography and ion beam etch
(IBE), with a specific etch-stop condition to leave the W intact. In the end, the
W-SOT track is etched into 190nm in width, and its resistivity is 120pQ-cm
resulting in a ~320Q SOT track resistance.

To characterize the patterned devices, we set up an electrical test scheme shown
in Figure 6.9(b), which allows DC and pulsed measurements for SOT and gate
channels with controllable voltages (Vsor & V), durations (¢p sor & t, 4), and
delays. The Labview program used to control this electrical setup automatically
add 0.5Vgor to the gate voltage before communicating with the pulse generator,
so FL experiences a constant V; for all Vgor at any desired V.

6.4.2 Device Fundamental Properties

In Figure 6.10, the fundamental properties of the devices are measured as a
function of the electrical dimension (eCD), ranging from 80nm to 150nm. We
estimate a median tunneling magneto-resistance (TMR) of 120%, and a coercive
field (B¢) of 40mT that decreases to 25mT in the smallest devices. Surprisingly,
compared to imec’s reference devices in the previous works [185], we notice that
simply increasing the MgO barrier thickness lowers Be. This can potentially
be attributed to the MgO deposition conditions, and it can be resolved by stack
engineering. Using the magnetic field switching distribution method [140], as
exemplified in Figure 6.10(d), we estimate a median PMA field (By,ys) of
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Figure 6.9: (a) Cross-section TEM image of the imec 300mm SOT-MRAM
platform (reproduced from Ref. [19]) and the schematic of the pMTJ stack used
in this chapter. (b) Schematic of the electrical setup for VGSOT measurements.
Both SOT and gate channels have controllable DC/pulsed voltages (Vsor & Vy),
durations (tp sor & tpq), and delays.

70mT, independent of eCD, and a thermal stability factor (A) increasing with
eCD from 35 to 50 kgT.
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Figure 6.10: (a) Representative TMR hysteresis loop of an 80nm pMTJ device.
(b,c) TMR and coercive field (Bc) as a function of the electrical dimension
(eCD). (d) Representative magnetic field switching probability curve to estimate
effective anisotropy field (By cs¢) and thermal stability factor (A) for an 80nm
device. (e,f) Biefs and A as a function of eCD.
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6.4.3 SOT Switching
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Figure 6.11: (a) MTJ resistance and (b) switching probability as a function of
SOT woltage, with a pulse duration of Ins. (c) Critical SOT switching current
at Py, = 50% as a function of 1/t, sor, showing typical linear scaling.

In the following, we discuss the switching results obtained from devices with
eCD ~ 80nm sitting on top of 190nm wide SOT tracks, with the SOT resistance
Rsor ~ 3209. All measurements are performed at B, = 10mT. The RL/SAF
stray field is compensated by an external z-field (~ -15mT). Figure 6.11(a) and
(b) show the typical SOT switching and probability curve as a function of SOT
pulsed voltage (Vsor) at tp sor = 1ns. We define the critical switching voltage
at Py, = 50% and convert it to SOT switching current (129%). When plotting
I29% as a function of 1/ tp,sor, we remark a typical linear scaling in the GHz
regime [Figure 6.11(c)] [246]. The intercept at 0 GHz indicates the intrinsic
critical switching current (I.g). The slope ¢ is the effective charge parameter
which represents the number of electrons needed to be pumped into the system
before a reversal occurring, which describes the efficiency of angular momentum
transferring from the current to the spin system [246]. The relationship of the
SOT current can therefore be expressed as:

Isw — 1c0 + tg (613)
p

Here, we obtain an average intrinsic critical switching current (I5,7) of the two
switching directions IS¢ = 0.32mA, and ¢?*9 = 1.35 x 10713C.

6.4.4 VGSOT Switching

In the second step, we apply V, and investigate the SOT switching current.
Figure 6.12(a) shows the representative switching probability curves at ¢, sor
= 0.4ns for different V; values. It shows a clear decrease (increase) of Vgor
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Figure 6.12: (a) Classical switching probability distribution (P, ) as a function
of SOT pulse voltage under different gate amplitudes at t, = 0.4ns. (b) Critical
SOT switching current at Ps,, = 50% as a function of 1/t, sor, showing typical
linear scaling for all gate amplitudes. (c) I3, as a function of gate voltage. (d)
q*"9 parameter as a function of gate voltage.

under V, of 1V (-1V) for both AP-P and P-AP transitions. We then plot 7207
as a function of 1/t, sor [Figure 6.12(b)]. Similarly, we observe linear scaling
in the sub-ns regime for all gate values, implying that V, does not modify the

SOT switching mechanisms but mostly assists the reversal.

Figure 6.12(c) and (d) summarize I, and ¢**9 as a function of gate voltage.
Both quantities are found to reduce (enhance) for V;, > 0 (< 0). The variation
of I75? can be interpreted as the direct modification of the PMA upon gate
voltage application. Further, the linear dependence of ¢**9 on Vj reflects the
change of the nucleation energy for magnetization reversal.
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VCMA Coefficient

Next, we quantify the VCMA coefficient with two different methods. For the
first method, since the SOT switching current is proportional to By .¢¢, the
average SOT switching current IZ)¢ should vary linearly with V,, which we
observe for all ¢, sor as shown in Figure 6.13(a). As expected from the VCMA
effect, I29 reduces (enhances) for V; > 0 (< 0) due to electron accumulation
(depletion) at the FL/MgO interface. Consequently, we can estimate the VCMA
coefficient (labeled as &y to be distinguished from magnetic field sweep method)
by [228]:

Isy 2eMstrr (Bk.eff Ba:>
Jow = ~ : - — 6.14
wsortsor hosu 2 V2 (6.14)
O0J s Mgt OB
— CSFL Tokef] (6.15)
av, _ hsm 0V,
Mgtprt B . sw
¢, ~ Mstritago Br, 77(0) 0J (6.16)

2 Jsw(0) OV
We obtain &7 ~ 15£J/Vm from the VGSOT switching scheme.

Secondly, we evaluate the VCMA effect using the magnetic field sweep method
described in Section 3.3.6. The VCMA slope 0By 55/0V is estimated as
20mT/V, which corresponds to a VCMA coefficient ({5 = MSthtM“’O 835 I
of 15{J/Vm, in good agreement with £;. Moreover, we find that &; is independent
of t,, proving that the VCMA effect in our VGSOT devices is a pure electronic-
based and instantaneous effect.
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Figure 6.13: (a) Average SOT switching current as a function of gate voltage
for different pulse widths (tp sor). (b) Comparison of the estimated VCMA
coefficient between VGSOT switching current method and magnetic field switch
method, showing consistent values. (c¢) VCMA coefficient, estimated from
VGSOT switching current method, as a function of t, sor.
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Selectivity

In Figure 6.14(a), we examine the selectivity of multiple devices. We observe
that the average switching current at Py, = 50% for V; = 1V is mostly separated
from that for V;, = 0V. However, to achieve a full selectivity, a larger difference
in switching current will be needed. Further, we investigate the write error rate
(WER) distributions. Figure 6.14(b) shows the write error rate (WER) of 10°
events at t, sor = 0.4ns and 1ns, and Vy = -1, 0 and 1V. It is shown that with
the current VCMA efficiency, it is insufficient to achieve a full selectivity a Vj,
= 1V , where the single-cell WER at V; = 1V still overlaps with the WER at
Vy = 0V. Based on our results, we further predict that a full selectivity of a
single cell for the present devices would require £ ~ 40fJ /Vmn at a maximum
Vy of 1V, as exemplified with the green curves. This corresponds to a SOT
switching current ratio (is,) of 0.5. Note that the steepness of the WER, curves
can typically be improved by enhancing A and By .y [247].
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Figure 6.14: (a) Average SOT current distribution at Ins under different gate
voltages, estimated from 20 similar devices. (b) Single device write error rate
(WER) of 105 events for the AP-P transition at t, sor = 0.4 and Ins. Green
curves predict the WER for & = 40fJ/Vm at Vy, = 1V, required to achieve single
device full selectivity.

Endurance

One of the benefits of three-terminal devices is the endurance. To prove this, we
test its endurance at an intensive write stress that is higher than the required
value at WER < 10~°. Figure 6.15 demonstrates that both the unselected cell
(Vy, = 0V) and the selected cell (V, = 1V) are able to sustain 10'? cycles under
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Jsw = 200MA /cm? and t, = 0.4ns at a repetition rate of 50MHz. All MTJ and
SOT resistances
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Figure 6.15: Endurance tests of 10'2 cycles under Jsor = QOOMA/cmZ and
t, = 0.4ns with (a) Vy, = 0V and (b) V, = 1V at 50MHz repetition rate.

6.4.5 Study of Pulse Configuration

Next, we study how the gate duration and timing are modifying I529 at ¢, sor
= 5ns and V, = 1V. We investigate the gate coverage, where SOT and gate
pulses are synchronized, and ¢, 4 is varied from Ons to 5ns, as shown in Figure
6.16(a). We observe that IZ)9 decreases progressively with increasing ¢, g,
reaching a maximum reduction of 25% when t, ; ~ 0.8¢, sor. We interpret this
as a decrease of nucleation energy which results in a reduction of nucleation
delay time [228]. On the other hand, we extend the gate duration prior-to or
subsequent-to the SOT pulse in addition to the primitive 5ns, respectively in
Figure 6.16(b) and (c). It demonstrates that both pre-SOT and post-SOT gate
do not influence IZ;9. Similar results are also obtained for ¢, sor = 1ns. These
results suggest that one can moderately increase the gate duration to ensure
sufficient margin for SOT write while maintaining the bit selectivity.

6.4.6 Energy Consumption

The total switching energy (FE}otq;) is evaluated using an equivalent circuit
shown in Figure 6.17(a). The SOT line is separated into two resistors, each has
a resistance of 0.5Rsor. The gate channel resistance has the MTJ resistance
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Figure 6.16: (a) Normalized switching current density as a function of gate
duration with V, = 1V. SOT and gate pulses are synchronized, and t, sor
= Ins. t, 4 is progressively increased from Ons to Sns. Normalized swiltching

current density as a function of additional t, 4 prior-to (b) or subsequent-to (c)
the primitive 5ns coverage of the SOT pulse.

and half SOT resistance connected in series. Fyoiq; is therefore expressed as:

Etotal = ESOT + Egate (617)

= IiorRsorty + 14 [Rp + 0.5Rsor]t, (6.18)

We use the parallel resistance as Rp;ry to calculate the worst energy
consumption in gate channel in order to illustrate the benefit of gate assistance.
Figure 6.17(b) and (c) presents the values of Esor, Egate, and Eyorq; at t, = 1ns
and 0.4ns. Since gate energy (Egq¢.) is negligible due to high MTJ resistance,
the main energy dissipation comes from Egsor. This demonstrates the benefit

of the gate assistance to SOT writing, with a Ej;sq reduced by 45% at V, =
1V to 41fJ and 30fJ for ¢, = 1ns and 0.4ns, respectively.

6.5 Criteria and Outlook for Scaled VGSOT-MRAM

Although we have shown the benefits of the VGSOT writing scheme, several
criteria must be obeyed when scaling VGSOT-pMTJ devices to 30nm in diameter,

133
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Figure 6.17: (a) Schematic of the equivalent circuit used to estimate the
VGSOT switching energy. Switching energies (Es,) as a function of gate
voltage at (b) t, = Ins and (¢) t, = 0.4ns.

in order to take full advantages for high-speed memory applications. These
criteria are:

e MgO thickness reduction
e Low SOT Switching Current
* Retention at V

e Bit Selectivity

MgO thickness reduction

First, the MgO thickness and the RA product must be optimized to improve
the reading speed, while preserving the benefits of gate effects. When reducing
the MgO thickness, the STT effect inevitably becomes more significant. A
hypothetical relationship between the magnitude of STT and VCMA is shown
in Figure 6.18(a), where the efficiency describes the amount of PMA that can
be switched by a given applied voltage (0.7V). The STT efficiency is calculated
based on the recent experimental values where the best switching properties
are demonstrated (see Ref. [174]). We assume the spin polarization parameter
remains as a constant when varying the MgO thickness.

When reducing the MgO thickness, the resistance decreases logarithmically.
Therefore, the STT current increases exponentially. However, the electric-field,
which is responsible for the VCMA effect, scales linearly with the MgO thickness.
Hence, there exists an inverse point that one of the STT and VCMA effects
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Figure 6.18: Prediction of device parameters required at 30nm MTJ diameter
based on different criteria: (a) relative efficiencies of STT and VCMA effects
for MgO thickness reduction, (b) targeting SOT switching current, (c) free-layer
retention at Vg, and (d) bit selectivity.

dominates over the other. For example, our present devices with £ = 15{J/Vm
would require a RA product of few hundreds £-1m? to suppress the STT current
to below the VCMA efficiency. In order to improve the read performance of
the VGSOT-MRAM to that comparable to the STT-MRAM, one should first
improve the VCMA effect to 300fJ/Vm, according to our calculation. In fact,
recent study has also shown pure VCMA switching characteristics in a device
with RA = 14Q-um?, even though their VCMA coefficient was in the typical
range of 30-40£J/Vm [74]. Perhaps the use of a single CoFeB free-layer [43, 83]
increases the damping constant which suppresses the STT efficiency. Overall, we
predict that the MgO thickness can be reduced down to ~1nm, corresponding
to a RA ~ 10-20Q-pm?. Furthermore, one can still apply the reversed-bias
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method to enhance the PMA for reading and to reduce the chance of reading
error [194, 248].

Low SOT Switching Current at Vg (I, (V}))

The second criterion is the low SOT switching current. This criterion is not only
to fit the transistor’s specifications but also to reduce the switching energy to
achieve real low power applications. In Figure 6.18(b), we predict the required
SOT current at 1ns writing speed for a 30nm MTJ device with A = 60. We
calculate it based on the performance obtained in our previous work [19] by
varying the SOT and VCMA efficiencies. The color codes indicate high (red)
and low (blue) SOT switching currents. Here, we consider a fixed gate voltage
of 0.7V, which fits the maximum supply voltage of the transistor at the 10nm
node for the embedded memory applications. Two targeted SOT currents
are indicated: 130pA and 50pA. For a given SOT efficiency, increasing the
VCMA coefficient can further reduce the switching current. However, it is
also shown that VCMA > 410fJ/Vm is not desired, as it would enter the pure
VCMA-induced magnetization switching regimes.

Retention at Vg (A(V))

The third criterion is regarding the retention during gate applied. In Section
6.4.5, we found that a full gate coverage is needed to achieve maximum reduction
in SOT current. In order to compensate for the potential delay in the arrival
time of the SOT current due to the long SOT track, one may need to moderately
extend the gate duration to provide sufficient margin for SOT write. Both pre-
SOT and post-SOT gate do not influence I,,; however, they would potentially
cause random magnetization reversal as the PMA and A are reduced. Here, we
hypothetically suggest that a A > 15 is mandatory within the time scales of
the gate duration (sub-ns ~ ns), where A = 15 maintains a typical lifetime of
few milliseconds. The calculation of A(V;) is shown in Figure 6.18(c), when V
is fixed at 0.7V, £ should not exceed 360fJ/Vm.

Bit Selectivity (isy)

The final criterion concerns the bit selectivity. Our present devices require 7y,
< 0.5 to achieve full selectivity at WER < 10~°. As shown in Figure 6.18(d),
to accomplish such a requirement, a ¢ of >200fJ/Vm is mandatory.
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6.5.1 SOT and VCMA Parameter Selection

Based on the above-cited criteria, we summarize the essential SOT and VCMA
parameters. In Figure 6.19, all requirements are assembled. Black outlined area
defines the I, targets at 50pA(dashed line) and 130pA (dashed-dotted line), red
outlined area determines A(Vy) > 15, blue outlined area indicates selectivity iy,
< 0.5, and the shadow area illustrates the available gy and £ efficiencies to meet
the targets. Within the typical materials in CMOS technologies, we find that 0y

0 100 200 300 400 500
VCMA (£/Vim)

Figure 6.19: SOT and VCMA parameter selection to meet the VGSOT criteria.
Black outlined area defines the Iy, targets at 50uA(dashed-dotted line) and
130uA (dashed-dotted line), red outlined area determines A(Vy) > 15, blue
outlined area indicates selectivity is,, < 0.5, and the shadow area illustrates the
available Osp and € efficiencies to meet the requirements.

= 0.45 and £ = 300fJ/Vm can fulfill the I,,,(V;) target at 130pA. A recent report
has demonstrated that gy = 0.45 is achievable by engineering the W-based
SOT track [227]. On the other hand, recent studies using dusting layers, such
as Cr and Ir, at the FL/MgO interface demonstrate significant improvements in
VCMA coefficient to above 300£J/Vm [172, 249]. Since SOT and VCMA occur
at different interfaces, these effects may be optimized individually.

Further reduction of I, to 50pA target will need the TI-based SOT track. For
example, BiSe shows a gy > 1.4 [235]. Increasing SOT efficiency can also
mitigate the VCMA demand. Therefore, besides searching for new exotic
materials, future research should also focus on the process conditions to
implement TI-base materials in CMOS technology.
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6.5.2 Design-to-Technology Co-Optimization (DTCO)

Finally, by performing design-to-technology co-optimization (DTCO) analysis
(courtesy of M. Gupta and M. Perumkunnil), we benchmark VGSOT against
other embedded memory technologies such as SRAM, STT-MRAM, and SOT-
MRAM at 5nm technology node, as shown in Table 6.3. The performance values
for SRAM high-density (HD) and high-performance (HP) are estimated based
on the data from imec and different foundries [250, 251, 252, 253]. The Contact
Poly Pitch (CPP) and Metal Pitch (MP) numbers are estimated accordingly
with CPP = 45nm and MP = 30nm based on imec’s technology and models
[254]. The architectures of STT-MRAM [254] and SOT-MRAM [255] used to
estimate their performance are described in the references. For VGSOT-MRAM,
the 2 and 4 MTJ variants represent the number of pillars on a single SOT
line. Optimization of the VGSOT performance follows the similar procedure
as for SOT-MRAM [255], but taking additional variables such as number of
MTJ, SOT track length/resistance, spin Hall angle, and VCMA coefficient. We
show that the VGSOT-4MTJ design can much reduce the effective area of the
conventional SOT-MRAM, making it comparable to the STT-MRAM and less
than 50% of the high-density SRAM at minimal performance degradation.

Table 6.3: DTCO analysis (courtesy of M. Gupta and M. Perumkunnil) of
performances for different embedded memory technologies at the dSnm node,
including SRAM, STT-MRAM, SOT-MRAM and VGSOT-MRAM technologies.
Projected values for VGSOT are calculated with improved MTJ properties (see
Table 6.4 Target 2) and assuming a SOT channel resistivity of 160u2-cm.

Bit-Cell Type

S
pec SRAM STT SOT VGSOT
HD HP 2MTJ 4MTJ | Projected
Area (nm2) | 0.021 | 0.028 | 0.0084 0.016 0.0122 0.009 0.009
Read P
cad Tower 728 | 187 6.20 25.5 3.16 2.96 5.8
(nW)
Write P
rive Tower 9.85 | 25.7 24.4 31.4 475 46.5 4.6
(nW)
Read Lat
cad Lateney | 15 | ~0.8 | ~3.75 ~1 ~10 ~10 ~3-5
(ns)
Write Lat
e Lateney 1 15 | ~0.8 ~20 ~2 ~1 ~1 ~1
(ns)
Vop (V) ~0.7 | ~0.7 ~0.7 ~0.7 ~0.7 ~0.7 ~0.7
Retention - - > 10yrs > 10yrs > 10yrs > 10yrs > 10yrs
Endurance 1016 1016 10° 104 104 104 104

However, based on our present VGSOT device properties, the read performance
will be limited to 10ns due to the large MTJ resistance. Furthermore, the write
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power of VGSOT-4MTJ cell becomes larger than the conventional SOT devices
because of the longer SOT line which increases the resistance. To prove that the
VGSOT concept is promising, we further project the write/read performance
using the improved pMTJ properties that described in the previous section,
ie. RA = 20Qqum?, ¢ = 300f]J/Vm, and sy = 0.45. It is shown that the
read latency can be comparable to the STT devices, and both the write power
and write latency are outperforming the STT devices. In addition, due to
the separated read/write paths, the VGSOT option also significantly improves
the endurance cycle compared to STT-MRAM. These results suggest that,
among the MRAM cell types, VGSOT-MRAM is more suitable for embedded
applications at the advanced technology nodes.

6.6 Summary

To sum up, in this chapter we presented voltage-gate assisted spin-orbit torque
(VGOST) writing of pMTJ devices using CMOS-compatible processes. We
demonstrated VGSOT writing to be energy efficient, offering reliable sub-ns
switching and resilience against large write/read stress. Properties obtained in
this work are summarized in Table 6.4 again, where the target values desired at
30nm MTJ diameter are also listed. We highlighted that the VGSOT scheme
can ease the requirements of challenging VCMA and SOT parameters. For
example, while a £ > 800fJ/Vm is requested for VCMA-MRAM or a 0gy > 2
(5) is mandatory for SOT-MRAM at 130pA (50pA) target, the VGSOT cell
needs only ¢ < 300fJ/Vm and sy < 0.45 (1.3) to accomplish the targeted
currents. With these assumptions, we projected that VGSOT-MRAM is suitable
for both high-density and high-performance memory designs while maintaining
the advantage of low-power and inherent non-volatility.



140

HYBRID MRAM: VOLTAGE-GATE ASSISTED SPIN-ORBIT TORQUE

Table 6.4: MTJ properties and performance of this work and the future targets

for the 30nm devices. The target performances are calculated based on the

improved MTJ properties to meet application requirements.

Current Status Target 1 | Target 2
eCD (nm) 80 30 30
trrgo (nm) 1.7 1 1
wgor (nm) 190 30 30
TMR (%) 110 150 150
05| 0.32 0.45 1.3
VCMA
10-20 300 300
(fJ/Vm)
A 35 60 60
tp (ns) 0.4 1 1 1
V, (V) 0/1 0/1 0/0.7 0/0.7
Isor(Va) 684 / 510 | 521 /370 | 486 /130 | 168 / 45
(rA)
Jsor(Vs) 103 /77 | 78 /56 | 463 /124 | 160 / 43
(MA/ch)
Erorar(Vy) (£3) | 54 /30 79 /41 | 481/54 | 76/ 25
Endurance > 1012 > 1012 > 1012




Chapter 7

Conclusion and Outlook

This final chapter summarizes the main results obtained in each chapter, and
the outlook for future MRAM development is given.

7.1 Conclusion

Magnetic random access memory has been attractive since the late 1990s, as it
is believed to address the large standby-power issues in the fully non-volatile
memory hierarchy. Extensive engineering works have been carried out to finally
make the prototype spin-transfer torque (STT)-MRAMSs come to reality [256].
For us researchers, we continued seeking alternative operation mechanisms
that perform beyond STT. The desire for high speed and low energy writing
has led us to study voltage control of magnetic anisotropy (VCMA) effect for
voltage-controlled, or voltage-assisted, magnetic tunnel junction devices. Below,
the main contributions of this thesis are reviewed again; afterward, how this
thesis works improve the present MTJ/MRAM devices are evaluated.

Chapter 3 investigated the conventional VCMA-controlled magnetization
switching mechanism. We have explored the impacts of MgO thickness, electric
field amplitude, and in-plane field magnitude on the switching properties. MgO
thickness was found not affecting the VCMA properties such as coefficient and
switching speed, under the basis of negligible STT effect. For increasing electric
field amplitude, not only the switching probability gets improved but also the
speed is accelerated. Such acceleration can also be accomplished by stronger
in-plane field magnitudes, which allows for constant voltage writing at various

141



142 CONCLUSION AND OUTLOOK

switching speeds. These properties are also in good agreement with model
predictions. From these experiments, we have learned that VCMA imposes
several benefits on pMTJ devices. First, it promises low power writing, with
the tunnel current 10-100x lower than the typical STT devices. Second, it
offers an ultra-fast switching mechanism, where the magnetization reversal
frequency determined by the intrinsic gyromagnetic ratio and the in-plane
field is typically in the GHz regime. These two characteristics already make
VCMA switching 100-1000x lower energy at 10x faster speed than typical STT
writing. Furthermore, the uni-polar characteristic of the VCMA effect ensures a
disturbance-free read using an opposite bias. However, to take full advantage of
VCMA, we also stated the challenges remaining to be addressed: integration of
the magnetic field generator and removal of pre-read operation. The solutions
to these challenges are discussed in Chapter 4.

Chapter 4 focused on solving the challenges raised in the conventional VCMA
writing scheme. First, the magnetic field integration methods are proposed
and discussed. One is the in-plane polarizer (IPP) and the other one is the
magnetic-hard-mask (MHM). With micro-magnetic simulations, we find that
IPP required an elliptical MTJ for stabilization, making it less promising for
device size scaling. Besides, IPP is not completely compartmented from the
MTJ, which could impose variations on the MTJ properties. Conversely, the
MHM proposed in Ref. [185] can be served for shaping the metal line below the
MTJ, which intrinsically has a rectangular shape for maintaining its stability.
In addition, the MHM is a fully separated component in the cell, which is ideal
for individual optimization. Then, we demonstrate in-plane field-free VCMA
switching with MHM integration. The tunneling magneto-resistance, switching
speed, and write error rate of the MHM devices are found consistent with the
standard devices in external fields. Based on the results, we believe MHM could
be a novel and integration-friendly method. In the second part, we propose
a new switching scheme to overcome the need for a pre-read operation. The
pre-read operation is necessary in the conventional scheme due to the same
switching voltage polarity and duration for both P-AP and AP-P directions.
This, however, elongates the total writing duration since the high resistance-area
product of VCMA devices would slow down the reading speed. We propose
a deterministic writing scheme under an asymmetric P/AP stability. The
switching at a lower electric field is uni-directional, which is deterministic and
can also serve as an initialization. We demonstrate the deterministic P-AP
(AP-P) switching with a single-pulse (double-pulse), and the magnetization
dynamics are confirmed with macro-spin simulations. Both solutions discussed
in this chapter path the way for VCMA device advancements for practical
applications.

Chapter 5 tested the VCMA device properties under ambient temperature
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variations. We observe that all the magnetic properties, such as saturation
magnetization (Mg), interfacial perpendicular magnetic anisotropy (K;), and
VCMA coefficient (§), are decreasing with increasing operating temperature.
These temperature-dependent variations can be modeled and explained well
with Callen-Callen’s theory and the power law of Mg(T'). Further, we validate
experimentally for the first time that the critical VCMA switching voltage (V)
drops by 50% when increasing operating temperature from 25°C to 85°C. Such
dependence can also be explained and reproduced based on the observations
in Ms(T), K;(T), and £(T). These characteristics draw interests from the
viewpoint of implementing VCMA in MRAM applications.

Chapter 6 analyzed a hybrid switching mechanism utilizing VCMA and spin-
orbit torque (SOT) effects, namely voltage-gate assisted spin-orbit torque
(VGSOT). The need for a hybrid mechanism was initiated from the device
scaling perspective. For pure VCMA operation, the required VCMA coefficient
¢ to avoid compensating retention is predicted to be & > 1000£fJ/Vm for the sub-
30nm pMTJ devices. Although & > 1000£J/Vm has been reported experimentally,
it is currently limited to the molecular beam epitaxy (MBE) deposited stacks
rather than the typical sputtered systems. Similar in the SOT-pMTJ, a spin
Hall angle (fsg) > 2 is needed to target a 130pA SOT switching current
at sub-30nm pMTJ. To date, the highest gy = 4.25 has been reported in
topological insulators, but they are too complicated to be integrated in CMOS
process. The combination of VCMA and SOT can significantly mitigate both
requirements down to £ = 300£J/Vm and sy = 0.45 while maintaining the non-
volatile feature in scaled MTJ sizes. Besides VCMA /SOT parameter mitigation,
we also demonstrate VGSOT to be energy efficient (few tens of £J), offering
reliable writing at GHz speeds. We also initiate the design scopes for the
scaled VGSOT devices based on several criteria and specifications. With the
design-to-technology co-optimization (DTCO) analysis, we finally project that
VGSOT-MRAM is suitable for both high-density and high-performance memory
designs for embedded applications beyond 10nm technology nodes.

7.1.1 Evaluation of VCMA and VGSOT

In this additional section, we briefly evaluate how the results of this thesis
works are improving the MRAM performance metrics compared to the typical
STT-MRAMs. This evaluation does not aim to specify which MRAM type
is the best for the future, but it highlights the importance or the potential
tradeoffs with VCMA and VGSOT techniques.

o« Write Speed: Compared to the state-of-the-art STT-MRAMs, which
typically write the MTJ with 5-20ns speeds, both VCMA and VGSOT
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schemes are offering 10x faster speeds. For VCMA, increasing the applied
voltage does not monotonically improve the switching probability at a
given speed, but one must tune the pulse duration accordingly. This
also implies a more strictly defined process uniformity to minimize the
inhomogeneity in arrays. For VGSOT, a higher SOT current can typically
switch the free-layer faster and with lower errors. Also, thanks to the
VCMA gate which reduces the perpendicular magnetic anisotropy, VGSOT
writing can be more reliable than pure SOT at given pulse conditions.

Write Power/Energy: For a given MTJ size, the write power for STT
and SOT are in the same order (see Table 6.3). In VGSOT devices,
because only the selected cells with reduced PMA are switched, its write
power can be one order less than that for STT or SOT devices. The
VCMA devices also have the write power one order less than the STT/SOT
devices because of the higher resistance and lower current. Energy-wise,
both VGSOT and VCMA switch the MTJ 10x faster than STT, therefore
the total energy can be 2-3 orders of magnitude lower than the STT
devices.

Read Performance: Read speed in the present VCMA and VGSOT
devices are limited because of the high resistance-area products which
are used to suppress the tunneling STT current through the MTJ
channel. This can be addressed by reducing the MgO barrier thickness
along with the improved VCMA coeflicients. Besides MgO thickness
reduction, VGSOT devices have one more parameter released: the damping
constant. Because SOT is not collinear with the intrinsic damping effect,
increasing the damping constant will not impact the SOT switching current.
Conversely, higher damping constant makes STT less efficient. Therefore,
higher damping constant allows a higher read current while suppressing
the STT efficiency. As for VCMA devices, the damping constant is related
to the write error rate, as it may reduce the effective z-component after
precession [178]. It is therefore not recommended to increase damping
constant for reading speed improvement.

Retention: The VCMA and SOT effects do not directly impact the
retention of the MTJ device. However, their magnitudes determine the
minimum device size for targeted retention. For example, to target A(RT')
= 60, the minimum diameter for VCMA-MTJ is approximately 75nm,
assuming a 1.4nm MgO thickness, a writing voltage of 1.5V, and a VCMA
coefficient of 50£J/Vm.

Endurance: In STT-MRAMs, the write and read operation shares the
same path. The large current injection through the MTJ would gradually
degrade the MgO barrier, which limits the endurance. For VCMA devices,
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despite having the same write/read path, the current passing through
the MTJ is much suppressed, both joule heating and electromigration
issues are therefore much less pronounced. On the other hand, VGSOT
devices have a separated write/read path, hence the SOT write current
does not directly impact the MTJ endurance. The VCMA gate stress
is not significant either, since the gate voltage, e.g. 0.7V, is much lower
than the typical breakdown voltage (~1.6V for 1ns pulse) for the Inm
MgO. Ideally, both VCMA- and VGSOT-MRAM can have much better
endurance (> 10'%) than STT-MRAMs.

7.2 QOutlook

The introduction of VCMA into the MRAM fields indeed promises some
more energy-efficient ways for MRAM writing. Personally, I would expect
the prototypes of both VCMA-MRAM and VGSOT-MRAM to appear in the
industry in the late 2020s. Needless to say, challenges are there, as already cited
in this thesis. For the future of VCMA, there are three aspects that I would
emphasize: the VCMA coefficient improvement techniques, the implementation
of high VCMA in MRAM cells, and MRAM beyond memory application.

Year .
Non-Volatile Novel -
1857 AMR effect HDD read head Memory ‘ Spintronics Oe_rsted Field
- (since 1820)
MR = 1~2%
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1985 head
GMR effect
MR = 5-15%
1990 'Y
TMR effect with MR head

1005 [ amorphous Al-O barrier

MR = 20-70% /’W
2000 7| torque (STT)

_Giant TMR effecr_t TMR head
2005 with MgO(001) barrier Toggle MRAM
MR = 100-600% (in-plane)

2010

/ 7 Voltage control of
STT-MRAM 7" (VeMA)
(in-plane) 2 Spin-orbit

STT-MRAM Spin-torque aue e
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2020
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Figure 7.1: History and future perspectives on basic physical phenomena of
spintronics and their device applications. Reproduced from Refs. [257, 258].
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VCMA Coefficient Improvement Techniques

Just before the finish of this PhD research, the physics to describe the
pure electronic-based VCMA effect has been basically established [86, 105].
Recognizing the electron doping and redistribution components of the VCMA
effect surely paves the way for designing the simulation/experimental conditions
to achieve high coefficients. Indeed, the recent simulation reports have
shown sufficiently high coefficients (see Figure 3.22). However, realizing those
concepts in experiments is challenging. Nevertheless, as proof of concepts,
several techniques have been carried out. A typical example that proves the
electron doping component is the introduction of high-k dielectric, such as
crystalline SrTiO3 (STO). The higher dielectric constant imposes more electron
accumulation at the free-layer(FL)/STO interface, boosting the VCMA effect
significantly to more than 10x larger than the conventional MgO systems
[188, 189]. On the other hand, several experiments using dusting layers in
the FL/dust/MgO structures have been performed to confirm the electron
redistribution component of the VCMA effect. Those experiments are mostly
carried out with MBE deposition to allow more precise control for the interface
conditions, and they have also validated the concept. The next step would be
implementing these studies in the sputtered systems, as sputter deposition is
still the most commonly used method for CMOS process and mass production.

Implementation of High VCMA in MRAM Cells

Although several studies have demonstrated good VCMA efficiencies, they
were mostly done on either simplified systems such as tri-layer stacks or
large scaled hall bar structures. The ready-to-use VCMA effects in integrated
magnetic tunnel junctions (MTJs) remain in the range of 30-70£J/Vm only.
The gap between simplified systems and integrated MTJs may be attributed
to the complexity of the MTJ stacks, the deposition methods, the material
compatibility, and even the process conditions. For example, although high-k
STO generates high VCMA coefficients, it showed TMR only smaller than
20% [259, 260]. A potential way to overcome such a limitation may be using
a hybrid free-layer structure STO/free-layer(FL)/MgO, where the FL/MgO
component is responsible for MTJ reading and the high-k dielectric/FL part
takes charge of FL writing. In the VGSOT design, this is however not possible,
as one side of the FL must be in contact with the SOT layer. Therefore, more
engineering efforts must be taken to optimize both SOT/FL and FL/MgO
interface conditions.
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MRAM Beyond Memory Application

Neuromorphic Computing: Besides the memory applications, recently
MRAM has also received more attention for neuromorphic computing.
Neuromorphic computing is a computational method using electronic devices to
create artificial neural systems that mimic the human brain and nervous systems.
MRAM technologies are possible to simulate synapse-like neuro systems as they
use stochastic switching, meaning the writing probability increases with longer
write durations. The typical requirements for these systems are low energy and
fast computation. These properties already impose interests on VCMA- [261]
and SOT-MTJ devices [262]. VGSOT-MTJ can even be more suitable than the
conventional SOT-MTJ, in the sense that the VGSOT scheme makes the arrays
denser and lower power.
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