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ABSTRACT OF THE DISSERTATION

Interface Engineering of Voltage-Controlled

Embedded Magnetic Random Access Memory

by

Xiang Li
Doctor of Philosophy in Electrical and Computer Engineering
University of California, Los Angeles, 2018

Professor Kang Lung Wang, Chair

Magnetic memory that utilizes spin to store information has become one of the most
promising candidates for next-generation non-volatile memory. Electric-field-assisted writing of
magnetic tunnel junctions (MTJs) that exploits the voltage-controlled magnetic anisotropy
(VCMA) effect offers great potential for high density and low power memory applications. This
emerging Magnetoelectric Random Access Memory (MeRAM) based on the VCMA effect has
been investigated due to its lower switching current, compared with traditional current-controlled
devices utilizing spin transfer torque (STT) or spin-orbit torque (SOT) for magnetization
switching. It is of great promise to integrate MeRAM into the advanced CMOS back-end-of-line
(BEOL) processes for on-chip embedded applications, and enable non-volatile electronic
systems with low static power dissipation and instant-on operation capability. To achieve the full

potential of MeRAM, it is critical to design magnetic materials with high voltage-induced
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writing efficiency, i.e. VCMA coefficient, to allow for low write energy, low write error rate,

and high density MeRAM at advanced nodes.

In this dissertation, we will first discuss the advantage of MeRAM over other memory
technologies with a focus on array-level memory performance, system-level 3D integration, and
scaling at advanced nodes. Then, we will introduce the physics of the VCMA effect, map out the
VCMA coefficients requirements and other challenges when MeRAM is scaled down, and
discuss the electrical measurement techniques used in later chapters to characterize the VCMA
effect. Next, we will discuss three experimental approaches taken to enhance the VCMA
coefficient. First, a high dielectric-constant hybrid tunnel barrier is used to increase the VCMA
coefficient. Then, by carefully controlling the Mg insertion thickness at the CoFeB/MgO
interface, the Fe/O interfacial oxidation condition can be precisely controlled to identify the
optimal oxidation condition for large VCMA coefficient. Last, different heavy metal based
seed/Mo materials are explored to achieve stable VCMA coefficient, TMR, and perpendicular
magnetic anisotropy (PMA) when annealed at temperatures exceeding 400°C, making MeRAM
compatible with embedded applications. In addition, we have carefully studied the correlation
between atomic elemental distribution and the magnetic properties of these stacks via high
resolution transmission electron microscopy (TEM). The insight obtained will provide a critical
guidance to future development of both spin-transfer torque and voltage-controlled magnetic

memory.
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Chapter 1 Introduction

1.1 Memory Hierarchy, Memory Wall, and Intelligent Internet-of-Things (I1oT)

In the present memory market, there exist a wide range of memory technologies each
occupying different application spaces based on their different performance attributes, as shown
in Figure 1-1. By putting faster, while smaller density and more costly memory closer to the
processor, the whole computing system can fully utilize the high speed of the fastest memory and
low cost of the cheapest memory. This hierarchy of different memory technologies is also called

the memory hierarchy.

>JSystem Level | Required Memory Cell P_erformanci
Access | Write | Cell | Non- Endurance
Time Time | Size |Volatility

Register
(SRAM)

Cache - <1ns | 0.5ns [100F%2| No > 105
Level 1 (SRAM)

Level 2 (SRAM)

™ 100ns| 1ns | 8FZ No > 1015

10ms | 10us | 6F? Yes 10°

Figure 1-1 Memory hierarchy in a conventional computer architecture with required system-level and

device-level memory performance.[1]

Typically, static random access memory (SRAM) serves as CPU register and cache (L1-
L3), (in some applications eDRAM might also be used as L2/L3 or an additional L4 cache),

dynamic random access memory (DRAM) as the main working memory, flash as portable and



integrated storage for consumer electronics, and magnetic hard disk as high-density storage used
in data centers. At one end of this spectrum, SRAM possesses the fastest access speed and lowest
dynamic power consumption (write energy per bit), however, consumes high static leakage power
as well as data refreshing power due to its volatile nature. While at the other end of the spectrum,
flash and hard disk drive demonstrate non-volatility and thus can retain data when powered off,
but they show much lower access speed and larger energy consumption for read and write
operations. Apart from power-delay considerations, cost and capacity are equally important factors
in considering the memory hierarchy. As SRAM and DRAM are rather expensive to manufacture
and usually offered in a rather low density, they normally are utilized as on-chip cache or working
memory. On the other hand, the flash drive and hard disk drive can achieve low cost as well as

high density thus becoming premium for long-term data storage.

The past few decades have witnessed the immense growth of electronic devices ranging
from desktop and laptop to handheld and wearable. This is mainly driven by the ever-increasing
logic computation capabilities which result in doubling of computer chip transistor density every
18 months. However, the memory performance has not kept up the pace with the logic processing
unit, thus creating the processor-memory gap, memory wall, or memory bottleneck, both in terms
of memory bandwidth, as well as memory access latency, as shown in Figure 1-2. The main cause
of this memory wall is that no technology can fulfill the requirements for high speed, bandwidth,
and energy efficiency at the same time. However, very few new technologies have emerged other
than the existing SRAM, DRAM, NAND, and hard disk drives. The system level performance
gaps between cache, main memory, and storage restrained by the limitations of these technologies
thus inhibit the overall performance of the memory subsystem from catching up with other

electronic subsystems.
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Figure 1-2 (Top) Bandwidth requirements of DRAM memory compared against those of ethernet, digital
signal processing (DSP) capability, and video over the past decade, showing an enlarging bandwidth gap
between what DRAM can supply and what applications demand.[2] (Bottom) Performance improvement

of processor memory requests (for a single processor or core) compared with that of the speed of a DRAM

access, from 1980 to 2010.[3]

It is also worth noting that not only the digital computation capabilities increase much
faster than memory, the video and Ethernet bandwidths also outpace that of memory significantly
as shown in Figure 1-2. This indicates if video and Ethernet has reached their full bandwidth of

data generation and transmission, in order to store and process these data, more storage memory



and cache memory need to be supplied to compensate the low bandwidth. On top of this, the total
volume of video, Ethernet and many other sensory data generated through the Internet of Things
(IoT) applications will keep growing. Hence, memory with fast speed, higher bandwidth, and low

power consumption will continue to be a scarce commodity in the next few decades.

In addition to the growth of Big Data, the shift from PC and laptop to mobile devices
enabled by advanced wireless communications also created a new divide of electronic systems of
cloud and edge. More and more data processing needs are fulfilled in the cloud where a huge
amount of data are being stored and processed in a centralized manner. While on the edge of these
cloud data centers, mobile devices and laptops will download and upload information via fast
speed internet, thus alleviate the computation and memory burden of the edge devices. This
division of labor between cloud and edge effectively enables the edge devices to integrate more

varieties of functionalities and digitalized almost every aspect of our daily lives.

Recently, a new trend of intelligent electronic devices and systems are quickly emerging
as shown in Figure 1-3. Machine learning, artificial intelligence, and big data processing have
opened up a new wealth of applications for computers to do pattern recognition utilizing the
enormous amount of data generated around the globe every second. Though the machine learning
training and inferencing of data has started with cloud level GPUs and CPUs clusters, more and
more inferencing tasks are required to be executed real time on edge devices such as smartphones,
drones, autonomous vehicles, security cameras, robots, etc., to ensure smooth, safe, and
autonomous user experience. These applications inherently need a large number of fitting
parameters to learn the patterns embedded in the data. Thus, memory is again needed to store the

learning data, the machine learning model parameters, and supply these data to computation units



in a fast and power-efficient way. While the energy efficiency requirement is especially critical

for edge devices with limited battery lifetime.

J a4
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Figure 1-3 Cloud and edge devices divide for future Intelligent Internet-of-Things (IloT) era. While all
data training for machine learning applications will be executed on the cloud, the inferencing of sensory

data from the edge devices will be completed on the edge devices.

In order to supply memory with high speed, bandwidth, and energy efficiency for this [IoT
era, the whole memory hierarchy needs to be drastically improved with more innovative
technologies to fulfill the performance gap between cache and main memory, as well as between
main memory and storage. One method to close the gap between cache and main memory is to
implement a fast on-chip cache. However, as the SRAM and eDRAM cell size keep skyrocketing
with smaller nodes, the density becomes limited and SRAM/eDRAM must occupy more silicon
real estate for larger capacity, see Figure 1-6. Nowadays, SRAM caches take up around 50% of the

total chip area in system-on-chips (SoCs),[4] while consuming 25-50% of the processor power for



personal mobile devices. Hence, it is critical for the whole electronics industry to search for

SRAM/eDRAM alternatives.

1.2 Magnetoelectric Random Access Memory (MeRAM) Opportunities

To resolve this memory wall issue, various approaches have been explored, including
further scaling down of existing technologies, various emerging non-volatile memory (NVM)
technologies, and 3D stacking and packaging innovations over existing technologies to improve
the memory bandwidth. In this dissertation, we will focus mainly on one newly emerging variation
of Magnetoresistive Random Access Memory (MRAM), i.e. Magnetoelectric RAM (MeRAM)
utilizing voltage-controlled magnetic anisotropy (VCMA) effect. We will explore MeRAM’s

opportunities in replacing SRAM, eDRAM, and eFlash as an embedded memory solution.

1.2.1 MeRAM Compared with Existing, Prototypical and Emerging Memory Technologies
Before we discuss the main focus of this dissertation which is MeRAM as an embedded
solution, let us first make a comparison between emerging NVMs and existing DRAM/NAND
Flash technologies for standalone applications based on the most recent published data. Note that
all data for MeRAM are simulated array-level projections based on device-level data.[1, 5] The
NVMs discussed include spin transfer torque magnetic random access memory (STT-MRAM),
phase change random access memory (PCRAM), resistive random access memory (ReRAM), and
magnetoelectric random access memory (MeRAM). As seen in Table 1-1, MeRAM which is the
focus of this thesis is indeed promising to realize the stringent requirement for DRAM replacement
comparing to the other emerging competing technologies. MeRAM provides similar density and
cost efficiency as DRAM, and it offers 2x density and cost efficiency compared to direct

competitor technology spin-transfer torque memory (STT-MRAM). In terms of energy



consumption, MeRAM as a non-volatile memory can drastically reduce the standby refresh power
consumption of DRAM, while its dynamic read/write energy consumption is 10-100x smaller than
all other competitors including DRAM. Finally, speed wise, MeRAM is the fastest among all
technologies. In addition, as DRAM applications require endurance of around 10'5, PCRAM,
ReRAM and NAND Flash all fall short and cannot compete. Their low speed and high-density
attributes are best suited for the emerging storage class memory (SCM) technologies residing

between DRAM and NAND Flash. All data in Table 1-1 are taken from references [6][7][8][9-12].

Table 1-1. Comparison of existing, prototypical, and emerging standalone memory technologies,
highlighting STT-MRAM (using current-induced switching) and MeRAM (using electric-field-controlled
switching). For each technology, data are averaged values based on several most advanced technology

nodes of that technology. [6][13][14][9-12]

Existing Prototypical | Emerging Existing Prototypical | Emerging
NAND STT- MeRAM
Technology Flash PCRAM | ReRAM | DRAM MRAM "k
Endurance 105 108 1012 1016 1015 1015
(Cycles)
Read Time (ns) 10,000 100 100 20 1-5 1-5
Write/Erase 100,000 500
Time (ns) /1ms 100 /100us iy Y=t 1oe
Cell Size (area 4 4 4 6 9-50 | 4-30
in F2)
Bit Density
(Gblcm2) 200 10 20 10 0.5-4 1-10
Read
Energy/Bit (fJ)* 1,000,000 1,000 1,000 1,000 10 - 20 1-5
Write 1,000
Energy/Bit (fJ)* 1,000,000 10,000 1106 100 100-200 [ 1-10
Nonvolatile Yes Yes Yes No Yes Yes
Standby Power None None None Refresh None None

*Energy only refers to single cell, without considering the bit lines and peripheral circuits

** All data for MeRAM are simulated array-level projections based on device-level data




To realize the stringent density requirement for DRAM applications, the cell size of
MeRAM needs to be smaller or at least equal to 8F2. Using a diode instead of a transistor as the
selector device can achieve the cell size of around 4F2.[5] While by using DRAM-like specialized
manufacturing process, the cell size of around 8F? was demonstrated.[15, 16] But with standard
CMOS process, due to the transistor spacing requirement, around 1/6 of the standard 6T-SRAM
cell size is more realistic. We will also discuss the difficulties for MeRAM to replace DRAM in
Section 1.2.2 when considering the scaling trends of both MeRAM and DRAM. All data in Table

1-2 are taken from references [6][17][18][9-12, 19].

Table 1-2. Comparison of existing, prototypical, and emerging embedded memory technologies,
highlighting STT-MRAM and MeRAM. For each technology, data are averaged values based on several
most advanced technology nodes of that technology. [6][20][21][9-12, 19]

Existing Emerging Existing Prototypical | Emerging Existing
STT- MeRAM
Technology eFlash | eReRAM | eDRAM MRAM "k SRAM
Endurance 105 105 1015 1015 1015 1015
(Cycles)
Read Time (ns) 10 3-10 1-2 1-5 1-5 1
Write/Erase 500
Time (ns) 25us/2ms /100ps 1-2 10 - 50 1-5 1
Cell i?1'2|:92§area 40-100 | 15-30 |40-100| 40-50 | 20-30 | >150
Bit Density
(Gblem2) 0.5 0.1 05-2 05-2 1-4 0.1-0.5
Read 1,000,00
Energy/Bit (fJ)* 0 1,000 100 10 - 20 1-5 1-5
Write 1,000,00 1,000
Energy/Bit (fJ)* 0 /108 1,000 100 - 200 [ [
Nonvolatile Yes Yes No Yes Yes No
Standby Power None None Refresh None None Leakage

*Energy only refers to single cell, without considering the bit lines and peripheral circuits

** All data for MeRAM are simulated array-level projections based on device-level data




Next, we will return to our main focus and examine the performance attributes of different
existing and emerging embedded memories based on the most recent published data, which
imposes less stringent density requirement compared to the standalone counterparts. Note that all
data for MeRAM are simulated array-level projections based on device-level data.[22, 23] As
illustrated in Table 1-2, existing embedded solutions mainly include eFlash, eDRAM, and SRAM.
These three technologies are all based on CMOS transistors/capacitors, thus can be embedded into
a CPU chip. They possess drastically different application space due to different performance
attributes. Embedded Flash with pretty fast read speed and low standby power due to non-volatility
is widely used in low-power micro-controller units (MCUs) for automobile, industrial, smart card,
Internet-of-Things (IoT), and other consumer applications. Note that the low endurance and write
speed provided by eFlash actually suffices the application requirements because these MCUs are
mostly being read instead of write, thus write speed and write endurance is not as critical. While
embedded SRAM and DRAM with much higher endurance and write speed are mostly employed
as an on-chip cache memory for mobile, personal, and high-performance computing. The lower
density and higher performance SRAM will act as L1 and L2 cache, while the higher density and

lower performance eDRAM will act as L3 and/or L4 cache.
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Present Future

Figure 1-4 Present and future memory hierarchy in a conventional computer architecture. Different colors

are used to code volatile and non-volatile memory technologies.

If we look at emerging NVMs including eReRAM, STT-MRAM, and MeRAM, MeRAM
possesses the best performance potential compared against SRAM and eDRAM for cache
applications.[ 1, 24] The main advantage for MeRAM is almost zero standby power enabled by its
non-volatility. This will significantly reduce the power consumption for data-intensive
applications in the next Intelligent Internet-of-Things (IIoT) era. In addition, MeRAM also has
much higher density compared with SRAM in advanced nodes and about 2x density improvement
over eDRAM, while possessing similar speed performance. Its high endurance can satisfy the
requirements for replacing both eFlash and SRAM/eDRAM. A potential future memory hierarchy

considering MeRAM, STT-RAM, PCRAM, and ReRAM is shown in Figure 1-4.
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Figure 1-5 Memory and computation configuration for MCU and IoT applications. The data transfer
between eFlash/Flash and CPU suffers from high power consumption and slow speed, while SRAM

provides data in a very fast manner to CPU but suffers from severe leakage and is non-volatile.[25]

This flexibility of MeRAM will also drastically reduce the power consumption in present
IoT and micro-controller (MCU) applications where both non-volatile memory (NVM) such as
embedded Flash, external Flash, and SRAM are used. As shown in Figure 1-5, a unified memory
subsystem where only MeRAM is used will thus eliminate the high power, low speed, and volatile
data transfer between NVM and SRAM.[25] However, for eFlash replacement, eReRAM is a
strong competitor due to its rather fast read time, high density and low cost in terms of initial
capital investment. Here the initial capital investment for ReRAM is traditional CMOS processing
tools, while for MRAM (including both STT-MRAM and MeRAM) new deposition and etching

tools need to be developed as the magnetic materials involved in MRAM are not compatible with

traditional CMOS processes.
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1.2.2 Scaling Trends of Existing, Prototypical and Emerging Memory Technologies

To make a fair comparison between different technologies and analyze which technology
has the most potential to be adopted in future, it is important to consider the trend of scaling. A
summary of all published memory prototypes data has been summarized in Figure 1-6, and the
projected bit cell size of MeRAM has been indicated by the yellow shaded region. To outperform
an existing technology, it is critical to demonstrate smaller or at least equal bit cell size. As the bit
cell sizes of SRAM and eDRAM are increasing rapidly at nodes smaller than 28nm, and eFlash
has faced high power consumption and high lithography cost beyond 28nm,[26] the biggest
opportunity for MeRAM is to replace SRAM/eDRAM, and eFlash. In addition to the higher
density advantage, SRAM continues to consume high static leakage power which consists of up to
half of the processor power consumption for personal mobile devices, while eEDRAM consumes
significant refreshing energy. By adopting on-chip MeRAM which is non-volatile, a large portion
of processor power can thus be reduced. On the other hand, compared with existing embedded
flash, MeRAM need fewer masks during processing, thus reducing the cost possibly.[25]
Embedded flash also needs high gate voltage thus charge pumps which results in additional
overhead, and embedded DRAM requires extremely high aspect-ratio capacitor to keep the cell
capacitance.

A more detailed comparison in terms of technology scaling is as follows. In our projections,
we consider two extreme cases for the technology scaling of MeRAM. At the upper end of the
yellow region indicated in Figure 1-6, the MeRAM cell size is around 1/6 of the standard 6T-SRAM
cell size if a IMTJ-1Transistor cell is used. While the lower end of the region refers to using
DRAM-like specialized manufacturing process with a cell size of around 8F2.[15, 16] In addition,

the limitations of MeRAM intrinsic material parameters are also taken into account in determining
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the smallest node MeRAM can scale to. In particular, for SRAM/eDRAM replacement (cell size
is around 1/6 of the standard 6T-SRAM cell size) with data retention of 1 day, MeRAM can scale
to 3.5nm node. For SRAM replacement, MeRAM can demonstrate 6x density improvement over
SRAM at same technology node. For eDRAM replacement, the advantage is not so much on the
density but the better scalability in that MeRAM can scale beyond the current eDRAM node of
14nm to potentially around 5nm. Using the same cell size, for embedded flash replacement with
data retention of 10 years, MeRAM can scale to Snm node. But eFlash is facing challenges scaling
below 28nm. On the other hand, if MeRAM adopts 8F? cell size for DRAM replacement with data
retention of 256ms, then MeRAM can scale to 14nm node. This is rather close to what has already
been demonstrated for DRAM at 22nm. In view of the above scaling trends across SRAM[27-34],
eDRAM][35-40], eFlash[41-48], DRAM[49], eReRAM[19, 50-53], STT-MRAM[15, 16, 54-64],
and MeRAM, MeRAM has the most potential to replace eFlash in the short term, and replace
eDRAM and SRAM subsequently. While for DRAM replacement, it requires materials
development to extend MeRAM’s scaling limits, specialized manufacturing tool and process
development to achieve the 8F? cell size, and thus more distant. The more detailed scaling analysis

and materials parameters used in the calculations will be discussed in Section 2.4.
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Figure 1-6 Scaling trends of various existing, prototypical and emerging memory technologies, including
SRAM, STT-MRAM, eDRAM, eFlash, DRAM, and eReRAM. Standalone Flash is not included due to its
recent trend of 3D stacking. The bit cell size for different technologies is evaluated using the unit of F2,
where F is the CMOS transistor technology node. The yellow shaded region indicates the projected bit cell
size of MeRAM.

1.2.3 MeRAM Comparison against STT-MRAM

It is important to discuss the direct competing technology of MeRAM, i.e. STT-MRAM.
Both of them are MRAM devices controlled by electrical means. As shown in the above Table 1-1
and Table 1-2, MeRAM and STT-MRAM are also very close in terms of performance. However,
we can see that MeRAM will provide relatively higher writing speed, lower switching energy per
bit, and higher density (smaller cell size). The fundamental cause for the higher MeRAM
performance is due to its unique writing mechanism, i.e. voltage-assisted writing using voltage-
controlled magnetic anisotropy (VCMA) effect. This effect is a voltage- or electric-field-induced
effect, thus drastically different from current-induced switching of MTJs via spin-transfer torque
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(STT) effect. Similar to the distinction between bipolar junction transistors (BJTs) and metal-
oxide-semiconductor field effect transistors (MOSFETs), the use of electric-field or voltage to
induce conduction of logic device or memory writing will consume very low dynamic energy but
some unavoidable leakage energy. While if the current is used, a large amount of dynamic energy
will be lost as Ohmic heating. We will touch upon the physics difference of STT and VCMA in a
more detailed way in Section 1.3.2.

In addition, it is important to discuss the read operation of MeRAM compared with STT-
MRAM. As MeRAM uses the voltage-driven VCMA effect rather than the current-driven STT for
switching, the fundamental materials stack distinction of MeRAM is its relatively thick MgO
barrier. As the barrier thickness increases, the tunneling current will decrease drastically [65] thus
the MgO barrier will exhibit more capacitive behavior rather than resistor behavior. The high
resistance of MeRAM memory cell will result in a larger RC delay. However, there are other
factors to remedy MeRAM’s read speed due to its high resistance including the higher read margin

and impact of parasitic wire resistance, which will be discussed more in details in Section 2.6.

1.2.4 3D MeRAM Compared with 3D Stacking of Existing Technologies

In recent years, improvement of IC performance through scaling has saturated due to
multiple constraints including increased leakage current and power consumption. Moreover, at the
architecture level, the bandwidth of the system bus between the working memory (e.g., DRAM)
and the processor cannot meet the demands of recent applications.

As a result, the semiconductor industry has begun to incorporate new system architectures
for further performance improvement. For example, high bandwidth memory (HBM) and hybrid
memory cube (HMC) techniques shorten the physical distance between working memories and
processors and increase the number of channels by putting them together using through-silicon
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vias (TSV), as shown in Figure 1-7. Although this approach can achieve hundreds of GB/s
bandwidth in stacked 8GB DRAMs, the latency of signal transmissions via the interposer
(requiring 50 ~200 cycles), remains much longer than that of on-chip data transfer (only requiring

4~60 cycles), as shown in Figure 1-7.[1]

| | | orampie | | |

- | — i — - T

N '_—»Through-silicon via (TSV)
I I I DRAMD:eI I t

DRAM Die Microbump

CPU or GPU
|

DRAM Die

Interposer
Substrate

MeRAM On-chiy')_mit‘al lines
SRAM

CORE |

>
0O
(2]
(1]
(72
w
=
2
0O
o
=]
(=3
=
S
o
-
1111

Figure 1-7 (Top) State of the art computing system architecture where the TSV connected main memory
(Hybrid Memory Cube) and the processor are connected via the interposer (High Bandwidth Memory) in a
packaged chip. (Bottom) An emerging system architecture with on-chip embedded MeRAM, which has the

potential to improve the bandwidth and reduce the data transfer energy further.

However, for high-speed on-chip data transfer, the major bottleneck is the limited capacity
of the processor’s on-chip cache memory (usually a few tens of MB L3 cache) due to the large
area overhead of SRAM. When the processor does not find needed data in the cache, it needs to
fetch it from the slow main memory, or even storage at a large distance away from CPU and thus

spend orders of magnitude large in energy and latency. Hence, at the architecture level, integrating
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high-density non-volatile Magnetoelectric RAM (MeRAM) device into the processor as on-chip
embedded non-volatile memory has the potential to significantly improve throughput and energy
efficiency over the abovementioned HBM/HMC solution while reducing chip area and cost. The
improvement comes as a result of the following:
1) On-chip data transfers are faster by one order of magnitude and more energy-efficient
by a factor of 100, compared to off-chip data transfers with large capacitive loads of
10 pads and off-chip wire connections. HBM alleviates this situation, however, is still
significantly slower and more energy consuming than on-chip embedded memories.
2) It is physically more feasible to expand the number of channels between different
memory layers by using on-chip metal lines in the embedded memory compared to off-
chip wires, thus achieving a higher throughput.
3) Non-volatility can reduce the total system power consumption via zero standby power.
While for HBM, a constant refresh of data requires a large amount of energy.
Furthermore, the HBM/HMC approach can also be applied to MeRAM. Multiple MeRAM
dies can be integrated with on-chip MeRAM via TSVs for further density and throughput

enhancements, as shown in Figure 1-8.
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Figure 1-8 An additional system architecture with on-chip main memory consists of MeRAM dies
connected via TSV, which has the potential to improve the bandwidth and reduce the data transfer energy

further.

1.2.5 MeRAM Enabled Emerging System Architectures

As DRAM and SRAM face challenging scaling issues, the emergence of these different
new memory technologies presents not only great opportunities for new memory hierarchies but
also new system architecture that integrates memory and computation more cohesively as shown
in Figure 1-9. The new system architectures include in-memory computing and neuromorphic
computing for example. By embedding the Arithmetic Logic Unit (ALU) into the memory, the
traditional von Neumann architecture will be drastically transformed with much-improved
processing speed and bandwidth. The data will be located in direct connection to the ALU instead
of separated from the ALU by multiple levels of cache. This can be achieved by using back-end-
of-line memory technologies such as eMeRAM, eSTT-RAM and eReRAM, which sits on top of
the front-end ALU CMOS circuitry. The use of eMeRAM, eSTT-RAM and eReRAM which are
non-volatile can also enable non-volatile computing with minimal power consumption. These
energy savings will also open up great potential for the system-level computation speed to exceed
the current frequency bottleneck. Another emerging architecture built on top of the in-memory
computing framework is neuromorphic computing. It uses semiconductor devices to mimic the
behavior of synapses and neurons in a human brain which can achieve pattern recognition tasks
just like the human brain. The majority of computation needed for this neural network architecture
include multiplication, addition, and non-linear functions. By using non-volatile memory such as
eSTT-RAM and eReRAM with inherent nonlinearity, the neuromorphic computation can be

achieved while the data is also very close to the computation unit.
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Figure 1-9 Computation systems architecture at present and in future

1.3 Overview of Magnetoresistive Random Access Memory (MRAM)

The field of Magnetoresistive Random Access Memory (MRAM) is an old one with
continuous innovations in the past few decades driven by discoveries of new physics phenomena
and novel materials as shown in Figure 1-10. The origin of this field is the magnetic sensor and
hard disk drive read head industries where various methods of readout of magnetic signals were
discovered and used, ranging from the simple inductive current generated in a wire by variation of
external magnetic field via Faraday’s law to various magnetoresistance (MR) effects up to 600%
at room temperature. Then different methods to write magnetic signals into a magnetic storage
layer were utilized and discovered ranging from the simple Oersted field generated from a wire
carrying current, to spin transfer torque and various other mechanisms to electrically control
magnetization. Combining these write mechanisms, a sensor or read head is thus transformed into
a memory device or so-called MRAM. We will first discuss the different readout mechanisms for

magnetic sensors, read heads, and MRAM, and then write mechanisms of MRAM.
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Figure 1-10 Historical evolution of the field of magnetism to read and write magnetic signals, and related
industrial applications including hard disk drive read head and magnetic memory. Arrows indicate which

application utilized which physics discovery in the field of magnetism. Picture revised from [66].

1.3.1 Evolution of Magnetic Signal Readout Mechanisms

To read out the magnetic signal is to link magnetism with electricity. The first link between
these two is discovered by Faraday, who found that any change in the magnetic field a coil of wire
experiences will induce a voltage in the coil. Hence, by carefully calibrating the voltage generated
as a function of a sinusoidal change of external magnetic field, the magnetic signal can be
converted into an electrical voltage. This method can be very accurate as nowadays the widely
used magnetometer vibrating sample magnetometer (VSM) and superconducting quantum
interference device (SQUID) still utilize this fundamental effect. However, the requirement of
carefully controlling the external magnetic signal change is not realistic in a lot of applications

where the magnetic signal needs to be measured real time.
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Figure 1-11 Evolution of magnetic hard disk drive read head categorized by sensing mechanisms, the year

number indicates the year each version of read head starts shipping by Hitachi.[67][68]

Before talking about various magnetoresistance (MR) effects used in hard disk drive heads,
we need to introduce the normal magnetoresistance which is small and isotropic, i.e. does not
depend on the direction of magnetic field with respect to the sample direction. For normal MR, the
resistance of a metal will increase with the external field. The cause is the Lorentz force generated
by the applied field will deflect the conduction electrons and thus reduces the mean free path.
However, as this MR effect is isotropic, it can hardly be used to detect magnetic field with varying

orientation.

Anisotropic Magnetoresistance (AMR)

In 1857, W. Thomson discovered that the electrical resistivity of ferromagnetic materials
such as Ni and Fe changes depending on the relative angle between the sense current direction and
the local magnetization, as shown in Figure 1-11.[69] The MR value change between the high
resistance state (sense current parallel to magnetization) and low resistance state (sense current
perpendicular to magnetization) 4p divided by the low resistance state resistivity p is defined as
the MR value 4p/p. As this effect is anisotropic with respect to the relative angle between the

magnetization and the current, this effect is also coined as anisotropic magnetoresistance (AMR).
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The origin of AMR is the anisotropic mixing of spin-up and spin-down conduction bands induced
by spin-orbit interaction in ferromagnetic materials[70] and the AMR value is around 3-5% in bulk
NiFe and CoFe alloys at room temperature. AMR has been a breakthrough and the use of AMR
films in magnetic recording head led to doubling of the rate of increase of storage density per year

from 30%/year to 60%/year from 1992 to 1998.[71]

Giant Magnetoresistance (GMR)

In 1988, another breakthrough came out that is the giant magnetoresistance (GMR)
effect[72, 73] which later developments show as large as 15% MR. First, large MR values were
discovered in antiferromagnetically coupled Fe/Cr multilayers where antiferromagnetically
coupled multilayers at low external magnetic fields will give rise to high resistance, and parallel
ordering of multilayers at large external magnetic field will give rise to low resistance. Later, spin-
valve structures where the two ferromagnetic layers are separated by nonmagnetic metallic
layers/spacer such as Cu were designed to uncouple the different ferromagnetic layers as compared
with Fe/Cr multilayers, as shown in Figure 1-11.[74] In this way, the coercive field of each layer
can be independently tuned and fewer layers are needed for the readout too. In particular, as shown
in Figure 1-11, one ferromagnetic layer will be tuned to possess a larger coercivity by changing its
thickness or material composition. This layer will be referred as the reference layer or pinned layer.
While the other ferromagnetic layer will be tuned to possess a smaller coercivity compared with
the reference layer, such that it is called the free layer. When an external field smaller than the
reference layer coercivity is applied, only the orientation of the free layer will change, which will
directly correlate with the strength of the external field.

The widely accepted theory to explain the origin of GMR is spin scattering asymmetry of
conduction spin-up and spin-down electrons in ferromagnetic layers with different magnetization
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orientations. Note here that the nonmagnetic metallic layers used in spin-valve structures will not
affect the transport of electrons as the mean free path of electrons and spin diffusion (flip) length
is much larger than the thickness of various layers. In 1997, the first hard disk drive using GMR
spin-valve based read head was produced by IBM. Then the increase of areal density of hard disk

drive jumped again from 60%/year to 100%/year from 1998 to 2002. [75]

Tunneling Magnetoresistance (TMR)

After GMR, another innovation of tunneling magnetoresistance (TMR) continued to propel
the increase of MR values. By replacing the nonmagnetic layers in the GMR spin-valve structures
with an oxide layer such as SrTiO;3 or Al20O3, a TMR junction or so-called magnetic tunnel junction
(MTYJ) is formed, as illustrated in Figure 1-11. Compared with GMR whose physical origin is spin-
dependent scattering, TMR 1is spin-dependent tunneling effect. In this case, the density of states
(DOS) for spin-up and spin-down electrons at the Fermi level and tunneling probabilities are two
important physical properties involved in determining the TMR ratio.

As discovered and theorized by Julliere in 1975, [76] the TMR value can be expressed by

the following equation (also derived in detail in Appendix 1):

Rap—Rp _ 2P1P,
TMR = ==
Rp 1-P1P,

Equation 1-1

In this equation, R4p(Rp) refers to the two magnetic layers sandwiching the oxide tunnel barrier
are in anti-parallel (parallel) configuration, the polarization of the each ferromagnetic layer at the
Fermi level P is defined as a function of the spin-split DOS at the Fermi level for majority and

minority spin electrons Ny, N, :

_ Npy—Nn

= Equation 1-2
Npy+Nmj
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Here, the DOS value describes the split of DOS for spin-up and spin-down electrons in
magnetic 3d metals. As shown in Figure 1-12, the DOS will split into two halves and the majority
band will shift down in terms of energy level with respect to the minority band, which can
adequately describe the transport properties of ferromagnetic metals. To obtain Equation 1-1,
Julliere assumed that the majority (minority) spin current tunneling through the two
ferromagnetic electrodes are directly proportional to the product of the majority (minority) spin
band density states at two electrodes, as written at the bottom of Figure 1-12. While the total
current is proportional to the sum of these two spin currents. Note here the tunneling
probabilities are implicitly assumed to be the same for the majority and minority spins.
Otherwise, the respective tunneling probabilities need to be included in Equation 1-1. We will see

in the following discussion that this assumption is invalid for MgO-based MTJs.

E E E

T
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= Er,
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Figure 1-12 Schematic of the density of states at Fermi level for the majority and minority spin bands in
two ferromagnetic layers sandwiching the tunnel barrier. (Left) When the two ferromagnetic layers are in

parallel orientations, (Right) when the two ferromagnetic layers are in antiparallel orientations.[77]
When Julliere discovered the TMR value in Fe/Ge/Co junctions, the TMR ratio is 14% at
4.2K and did not generate much interest. In 1995, two groups demonstrated around 20% TMR
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values in Al,O3-based junctions[78] which initiated a new wave of active research that ultimately
improves the TMR values of Al>O3-based MTJs to around 70%][79]. Considering that for spin
polarization measured experimentally (0 <P <0.6), the highest TMR ratio given by the Julliere
model is around 100%, the maximum ratio of around 70% already approaches the theoretical
limit for 3d transition metals.

In 2004, new materials innovation of MgO-based MTJs again revealed higher TMR
ratios of over 200%.[80] This high ratio went beyond Julliere’s model and a coherent tunneling
in epitaxial MgO barrier theory is proposed to explain the high TMR value.[81] In this coherent
tunneling model, the significance of the tunnel probabilities for different spin currents is
emphasized in that the Bloch states in the ferromagnetic electrodes with different symmetries
decay at different rates within the epitaxial MgO tunnel barrier. As seen in Figure 1-13, the
tunneling probabilities do depend on the symmetry of the Bloch states. As the Bloch states
compositions from different oriented ferromagnetic layers are different (minority spin current
does not have A; Bloch states and majority spin current does not have A, Bloch states), the
average tunneling probability considering the distribution of Bloch states will be different for the
majority and minority spin currents. By including this difference in tunneling probabilities, the
TMR values can be significantly increased and indeed theory showed up to 1000% TMR could
be achieved. It is worth noting that the high TMR values predicted are not limited to the
Fe/MgO/Fe junction, as long as the ferromagnetic layers are in bcc structures and the tunnel
barrier is highly crystalline, the spin-dependent tunneling of A; Bloch states should be
present.[66] However, experimentally only the CoFeB/MgO/CoFeB system yielded high TMR

values up to 600%.[82] We will explain the reasons at in Section 3.1.2.
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Figure 1-13 Tunneling DOS for Fe(100)/8Mg/Fe(100) junction at hot spots in k-space, (Left) majority state
of one ferromagnetic electrode to majority state of another ferromagnetic electrode, (Right) minority state
of one ferromagnetic electrode to minority state of another ferromagnetic electrode. Each curve is labeled

by the symmetry of the incident Bloch state in the left Fe electrode.[81]

Though ab initio calculations are insightful, a simple theoretical TMR model is desired to
consider the tunneling process and the effect of discontinuous change of the electric potential at
the electrode/barrier interface. Slonczewski in 1989 studied exactly this. [83] By considering the
tunneling electronic wave functions for both spin up and spin down electrons in a simple
tunneling barrier problem, the electron transmissivity can be obtained. Then, the conductance

can be deduced as the following equation (derived in detail in Appendix 2):
G = Gy(1 + pfcosh) Equation 1-3

where G is the mean surface conductance, pr is the effective polarization of the ferromagnetic

layer, and 8 is the angle between the reference layer and the free layer.

Before we discuss the write mechanisms of MRAM, we need to mention a recent new
materials development that solved a major issue for the STT-MRAM industry, i.e. scaling. As

illustrated in Figure 1-11, all the free layer and reference layers have magnetization orientations in
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the plane of the MTJ device. However, this configuration limits the density of the MTJs and
impose a large switching current. In this section we mainly discuss the read aspects of the MTJs
hence will leave the switching current argument to Section 1.3.2. For an in-plane magnetized
MT]J device, the preference of in-plane orientation or so-called in-plane magnetic anisotropy is
usually provided by the shape anisotropy of the MTJ free layer. If one patterns the MTJ device to
be of an elliptical shape in the plane on the scale of tens or hundreds of nanometers while the
free layer has nanometers thickness, then according to demagnetization effect, the magnetization
of the free layer will prefer to lie along the major axis of the ellipse in the plane. As the shape of
the MTJ device needs to be elliptical, the density of the MTJs is limited as compared with
circular MTJs with perpendicular anisotropy. In 2010, H. Ohno’s group demonstrated
perpendicular MTJ devices with over 120% TMR at room temperature by reducing the thickness
of the CoFeB free layer.[84] This method of using the interfacial perpendicular magnetic
anisotropy of CoFeB/MgO structures has excited a new wave of research on perpendicular
MT]Js. Researchers have later improved the TMR ratio of perpendicular MTJs to around
200%.[63] Another major advantage of perpendicular MTJs is the lower switching current,

which will be discussed in Section 1.3.2.

1.3.2 Evolution of Magnetic Signal Write Mechanisms

The above-mentioned various MR effects can convert a magnetic signal to electric signal
which is effectively the core function of a magnetic sensor or magnetometer. To build a magnetic
memory device, write operation or electrical control of magnetization is required. One way to
categorize the evolution of MRAM is by its writing mechanisms as illustrated in Figure 1-14.

The first MRAM product uses the Oersted magnetic field generated by a current carrying

wire to write the magnetic tunnel junction free layer. Because the Oersted field will distribute in

27



the entire free space, the energy efficiency of this writing mechanism is very low, let alone the

energy lost due to Ohmic heating of the write wire.

Spin Transfer Torque (STT) Effect

In 1996, Slonczewski [85] and Berger [86] both theoretically predicted that if a current is
flowing perpendicular to the plane of a metallic multilayer, a spin transfer torque can be generated
that will reorient the magnetization of one of the magnetic layers. Around 1998, experimental
observations of current-induced resistance change were done in magnetic multilayer devices.[87,
88] Later around 1999, spin torque induced magnetization switching in lithographically defined
samples were also demonstrated.[89, 90] Compared with the current-induced magnetic fields from
a write wire, the spin transfer torque (STT) induced switching requires much lower switching
current, thus more energy efficient and subsequently higher memory densities.

As the name spin transfer torque indicates, this effect essentially arises from the transfer of
spin angular momentum between conduction electrons and local magnetization. When conduction
electrons flow through a magnetized reference layer (RL) as shown in Figure 1-14, the majority of
the electrons will be spin polarized to possess the same orientation as the reference layer. This is
due to the spin angular momentum transfer from the RL to the conduction electrons. Then, when
these spin-polarized electrons tunnel through the tunnel barrier and reach the free layer (FL), due
to spin momentum conservation the spin angular momentum will be transferred from the
conduction electrons to the free layer magnetization. This angular momentum transfer will produce
an effective torque on the free layer and switch its orientation from being antiparallel to the RL

direction to being parallel to the RL.
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Oersted Field Spin Transfer Torque Spin Transfer Torque
Toggle In-Plane MRAM In-Plane STT-MRAM Perpendicular STT-MRAM
2008- 2012- 2016-

Figure 1-14 Evolution of MRAM products categorized by writing mechanisms, the year number indicates
the year each version of MRAM starts shipping by the leading MRAM manufacturer Everspin
Technologies.[91]

On the other hand, if one wants to switch the free layer from being parallel to the RL
direction to being antiparallel to the RL, an opposite direction of electron flow will be utilized. In
this case, the conduction electrons will be flowing from the free layer to the reference layer. Similar
to the case above, the conduction electrons will be partially polarized to the orientation of the free
layer. These spin-polarized electrons will not exert a torque to the reference layer because they
have the same spin orientation. But not all conduction electrons are polarized to the free layer
direction. A minority of the conduction electrons have the opposite orientation to the free layer.

When these electrons reach the reference layer which has large magnetic anisotropy, due to spin
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momentum conservation, the reference layer will experience a torque to flip its own magnetization
but will hardly change its orientation due to its large magnetic anisotropy, while the conduction
electrons will then be reflected back. These reflected spin-polarized electrons having opposite
orientation to the free layer will exert a torque on the free layer and change the free layer orientation
to being antiparallel to the reference layer.

Hence, the switching between free layer parallel to the reference layer (P), and free layer
antiparallel to the reference layer (AP) is asymmetric. The switching from AP to P depends on the
polarized conduction electrons filtered by the majority spins of the reference layer, while from P
to AP depends on the polarized conduction electrons filtered by the minority spins of the free layer.
Hence, the switching current from AP to P is smaller than that from P to AP.

As mentioned in Section 1.3.1, the advent of perpendicular MTJs gives rise to a new wave
of STT-MRAM research. The major driving force behind this not only includes the higher density
provided by a circular perpendicular bit, but also the lower switching current. For an in-plane MTJ,

the critical switching current to thermal stability figure is given by (derived in detail in Appendix

3):

feo (4eakT) (1 + ﬂ) Equation 1-4
A han 2Hg

where «a is the free layer damping factor, 7 is the spin-transfer efficiency, H; = 4mM; is the out-
of-plane demagnetization field, and Hj, is the in-plane shape-induced anisotropy field. Effectively,
the switching of an in-plane MTJ needs to overcome both the in-plane shape anisotropy field as
well as the out-of-plane demagnetization field.

By introducing a perpendicular MTJ, the critical switching current to thermal stability

figure is instead (derived in detail in Appendix 3):
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Equation 1-5
Hence, the switching of a perpendicular MTJ just need to overcome the out-of-plane
anisotropy which equals the out-of-plane interfacial perpendicular magnetic anisotropy (PMA)
field subtracting the out-of-plane demagnetization field. Then, the MTJ switching current density
is reduced. However, the only parameter here that can be tuned to further decrease the
perpendicular STT-MRAM switching current is the damping constant. As shown in recent works,
the best 4/1,, values obtained is around 2uA~1! at small MTJ diameters below 30nm. As a large
CMGOS transistor is required to drive the switching current, the density of STT-MRAM is limited
by its high 4/1, value, thus rather high damping constant. Though this figure of merit increases
from around 1uA~1 in 50nm MTJs to 2uA~1 below 20nm, it remains unclear how STT-MRAM

can further decrease the damping constant and switching power to achieve higher density.[92, 93]

Tunnel Barrier

High Resistance

Tunnel Barrier

In-Plane
Bias Field In-Plane
Bias Field
. "'"gh SOC Material Voltage Controlled
Spin Orbit Torque Magnetic Anisotropy
Perpendicular SOT-MRAM Perpendicular MeRAM

Figure 1-15 Emerging MRAM prototypes via new writing mechanisms.
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To further decrease the power consumption and increase the density of MRAM, two new

emerging types of MRAM are being intensively researched in recent years, as shown in Figure 1-15.

Spin Orbit Torque (SOT) Effect

Recently, a new way of using spin-polarized current to manipulate the local magnetization
has been discovered coined as spin orbit torque. As shown in Figure 1-15, when a current flows
through a metallic layer with large spin-orbit coupling (SOC) such as Ta, W, or Pt, a spin current
will be generated perpendicular to the current direction and flow towards the magnetic free layer
on top of the metallic layer. This spin polarized current originates from possibly a combination of
Rashba effect [94, 95] and spin Hall effect [96, 97]. Aided by a longitudinal in-plane bias field,
SOT can achieve deterministic switching depending on the direction of the SOT current as well as
the direction of the bias magnetic field.

The major advantage of this SOT switching is the faster speed down to below 1ns.[98]
SOT switching also has potentially higher current efficiency. The ratio of the switching current
due to spin Hall (Isy) to that of the STT effect (Isr+) can be approximated by [6] (derived in detail
in Appendix 3):

IsH . M Ara

= Equation 1-6
Istt OsH AmTy

where Ar, and Ayr; are the cross-sectional area of the underlying metal layer, and the MTJ device.
Thus the switching current via spin Hall effect can be further reduced compared with the STT by
reducing the heavy metal thickness and finding materials with large spin hall angle . In addition,
the read and write path will be separated which can enhance the read margin for the SOT-MRAM
arrays. However, both the use of three-terminals to enable SOT switching as well as the high

resistance ultrathin underlying metal layer limit the density of the memory array.
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Voltage Controlled Magnetic Anisotropy (VCMA) Effect

The above mentioned writing mechanisms all utilize current-controlled means such as the
spin transfer torque (STT) or spin-orbit torque (SOT)[95, 96] effects to write information into
magnetic bits. However, the use of currents results in a memory cell size (i.e. bit density) limitation
due to the large size of the required access transistors, [5, 99] and large dynamic switching energy
due to Ohmic power dissipation. Another promising method to reduce the power consumption of
STT-MRAM, which is also the main focus of this dissertation, is to use voltage instead of current
to switch the magnetic free layer. In recent years, writing of information using the electric field in
perpendicular magnetic tunnel junctions (MTJs) [100-103] is being investigated intensively, with
the goal of realizing energy-efficient and high-density Magnetoelectric Random Access Memory
(MeRAM) devices.[6, 23, 104]

Essentially, instead of using spin-polarized current, the charge accumulation and depletion
at the tunnel barrier surface will modulate the magnetic anisotropy which can drastically reduce
the energy barrier for free layer reversal. The electric-field effect, or the voltage-controlled
magnetic anisotropy (VCMA) effect, is utilized to temporarily lower the interfacial perpendicular
magnetic anisotropy (PMA) of the free layer during the writing operation, thus reducing the writing
energy required to overcome the energy barrier between the two stable magnetization states, as
shown in Figure 1-16.[6, 104] In order to enhance the effect of VCMA and suppress the effect of
STT, a thicker MgO barrier is usually used, resulting in a much smaller write and read current,

thus lower power consumption.
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Figure 1-16 Schematic showing the process of magnetization switching using voltage-controlled magnetic
anisotropy effect. (Top) External forces such as magnetic field, thermal activation, spin-transfer torque, or
spin-orbit torques are required to switch the magnetization during the voltage pulse period. (Bottom) If the
applied voltage is large enough to eliminate the energy barrier, then under an in-plane external field,

precessional switching can happen.

There are several different ways of utilizing this VCMA effect to switch the free layer as
shown in Figure 1-16. Because the VCMA effect temporarily lowers the energy barrier, any other
switching mechanisms can be combined with the VCMA effect to reduce the energy consumption
of that switching mechanism, for example external magnetic field generated from a write wire,
spin transfer torque [105], or spin orbit torques. Thermal activation can also help achieve the
switching when the energy barrier is sufficiently low. If the energy barrier is fully eliminated by
the VCMA effect and there is an in-plane bias field built into the MTJ stack, the free layer will
start precessional motion and oscillate between up and down directions until damping forces the
free layer magnetization to align to the in-plane bias layer orientation. This precessional switching

is also the physics behind MeRAM which is the main subject of this dissertation.
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Chapter 2 Voltage-Controlled Magnetic Anisotropy: Physics and
Devices Operation

2.1 Magnetization Energy Landscape at Equilibrium

As illustrated in Figure 1-16, an energy barrier must exist between different free layer
magnetization orientations such that each state will be stable against thermal fluctuations. By
changing the local energy minima of the free layer magnetization, the free layer orientation at
equilibrium can be changed. For example, when VCMA effect is employed and the energy
barrier between two perpendicular states is non-zero, the employment of external field opposite
to the direction of the magnetization effectively changes the energy landscape and drives the
magnetization into the same orientation as the external field. Here, we will detail the major
different energy components that contribute to the total free layer energy in a real magnetic
memory device. This will be enable the static analysis of the free layer magnetization under
various external magnetic fields, and anisotropy fields. This is also the foundation for
magnetization dynamics analysis of the free layer under non-equilibrium conditions such as STT

and SOT current, as well as VCMA voltage pulses.

Magnetostatic Energy and Demagnetization

The first energy component is magnetostatic energy which will exist as long as there is
magnetic moments in a magnetic material. A brief explanation is illustrated in Figure 2-1. For any
uniform magnetization in a magnetic domain, there will be effective magnetic static poles
accumulated at the end of the magnetization, which will act as the north and south poles for the
magnetization. The magnetic charges will generate magnetic flux both inside and outside of the

magnetization layer. The magnetic flux outside might act upon another magnetic material and
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generate some magnetostatic energy in the other magnetic material. While for the magnetic flux
inside the material, it lies in the opposite direction with respect to the magnetization direction
and thus will destabilize the magnetization. Therefore the magnetostatic energy generated by the
material itself is named as demagnetization energy. To evaluate the magnitude of the

demagnetization energy per volume of magnetization, the following equation can be used

Edemag = —Z—ﬁfv M 'Hmag(”'”’)dg”r’ Equation 2-1

where Hp,q4(r") is the magnetostatic interaction field from the magnetic static poles on the

surface of the magnetization volume. M is the magnetization value. Therefore, Hp,qq4 (') is

Mr ) (r=r'
Hinag (') =- Zj ij - Mdzrz Equation 2-2

|r—=r'|3
where 7’ is the surface normal vector.

From the equation above, we can find that for a specific magnetization, the
demagnetization energy depends on the strength of the demagnetization field, which is
determined by the distance between each magnetic static poles and each magnetic moment in the
magnetization. As illustrated in Figure 2-1 (a), if an MTJ free layer, which has much larger in-
plane dimensions than the perpendicular thickness, has an in-plane magnetization, the distance
between magnetic static poles and the magnetic moment is much larger (order of tens or
hundreds of nanometers) than the case when the free layer has a perpendicular magnetization.
The demagnetization energy of the perpendicular magnetization will act against the
magnetization itself in a much stronger manner. If expressed in energy values, the
demagnetization energy of a perpendicular magnetization will be larger than that of an in-plane

magnetization for an MTJ free layer. Thus the in-plane magnetization will be preferred which
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possesses a lower energy level. Similarly, if the in-plane cross-section of the MTJ free layer has
an elliptical shape as shown in Figure 2-1 (b), the magnetization oriented along the major axis of

the ellipse will be preferred.

(a) Lateral View

In-plane magnetization | X Perpendicular magnetization

(b) Top view

In-plane easy-axis In-plane hard-axis

Figure 2-1 (a) Lateral view of a nanometer thick free layer showing the stray fields for in-plane
magnetization and perpendicular (out-of-plane) magnetization. The in-plane configuration is preferred to
minimize the demagnetization energy. The white arrows refer to the magnetization orientation while the
yellow arrows refer to the magnetic field generated by the magnetostatic poles at the edge of the
magnetization. (b) Top view of an elliptical free layer showing the stray fields for the magnetization along
the major axis of the ellipse and along the minor axis of the ellipse. The major axis configuration is preferred

to minimize the demagnetization energy.

Phenomenologically, the demagnetization energy will be expressed as the following:

Edemag = %MOMSZ (Nym2 + Nymjz, + N,m2) Equation 2-3
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where Mg is the saturation magnetization, Ny ,, , is the demagnetization factor in X, y, z directions
with Ny + N,, + N, = 1, and m,,, , is the unit magnetization vector in x, y, z directions. The

detailed calculation of the demagnetization factors can be found in reference [106].
Magnetocrystalline Magnetic Anisotropy Energy

As can be seen in the above section, the shape of a magnetic material will result in a
favored orientation for the magnetization. However, if the shape of the magnetic material is
spherical i.e. identical on every direction in space, sometimes the magnetic materials also have
preferred magnetization orientation. In general, this type of preference of the magnetization to lie
in a particular direction is called magnetic anisotropy. Among the many origins for magnetic
anisotropy, we will focus on the magnetocrystalline anisotropy and interfacial magnetic

anisotropy.
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Figure 2-2 (Top) Crystal structure showing easy and hard magnetization directions for Fe (a), Ni (b), and
Co (c). (Bottom) Respective magnetization curves under external magnetic field along different

orientations.
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A good example is the three ferromagnetic materials Fe, Ni, and Co as shown in Figure
2-2. As the bulk crystals have their crystal structures where atoms are aligned in periodic lattices,
either bec, fce, or hep. Therefore, the different directions in space are distinguished and the
magnetization usually is preferred to align at some particular crystallographic directions than the
others. For example for bee Fe, the easy axis that the magnetization prefers to align to is the
[100] orientation, while the hard axis that magnetization is least likely to align to is the [111]

direction.

Phenomenologically, a uniaxial magnetocrystalline anisotropy energy density as

exhibited by Cobalt could be described in the following equation.
K, = Ko + Ky, 5in? 0 + K, sin* 0 + -+ Equation 2-4

where K, is a spherical energy term without any anisotropy preference, K1, K,,» are the first
and second order anisotropy coefficients, and 8 is the angle of the magnetization with respect to
the easy axis, i.e. [0001] of the Cobalt crystal. Usually the inclusion up to K,,, is enough to

describe the anisotropy energy of many materials.
Interfacial Magnetic Anisotropy Energy

Another origin of the magnetic anisotropy is the interfacial magnetic anisotropy. When a
bulk crystal is reduced to a thin film, the periodic crystal structure is destroyed along the film
normal direction. Hence, there is a possibility that the interface of the magnetic thin film will give
rise to some magnetic anisotropy. Take CoFe/MgO for instance, as indicated by ab initio
calculations, the interfacial perpendicular magnetic anisotropy in K; stems from the hybridization

of Fe 3d orbitals and O 2p orbitals at the CoFe/MgO interface.[107, 108] In particular, the energy-
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and k-resolved analysis is conducted on the distribution of orbital characters of the minority-spin
band of Fe at the CoFe/MgO interface.[109] The results show that a significant contribution to

PMA originates from the spin-orbit coupling between occupied d,2_,2 and unoccupied d,, states.

A detailed discussion of the physics will be covered in Section 2.3.1.

For an interfacial magnetic anisotropy, the energy density per volume of the magnetic
material will depend on the thickness of the material t as the following equation. For a uniaxial
interfacial magnetic anisotropy as exhibited by the CoFe/MgO interface, the magnetic anisotropy

energy could be written as:
K; = K;; sin?0 /t + K;p sin* 0 /t + -+ Equation 2-5

where K;;, K;, are the first and second order interfacial anisotropy coefficients, and 6 is the angle
of the magnetization with respect to the easy axis, i.e. direction perpendicular to the CoFe/MgO
interface plane. Usually the inclusion up to Kj, is enough to describe the anisotropy energy of
CoFe/MgO heterostructure. Note that when t is decreasing to at or below the thickness of the
dead layer, the ferromagnetic portion of the thin film is not continuous and the above equation

fails.

Zeeman Energy

Discovered by Pieter Zeeman, the energy spectral lines of a material vapor will split into
several components in the presence of an external magnetic field and the energy splitting
magnitude is proportional to the external magnetic field strength. Similarly the energy also will

be changed for a magnetic material under an external magnetic field, which can be expressed as:

_—

Ezeeman = _.UOM “Hext Equation 2-6

40



where M is the magnetization vector, and H,,; is the external magnetic field.

From the equation, we can see that when the magnetization aligns to the external field
direction, the total energy will be lower than any other orientations, which is consistent with the

physics picture.
Other Energy Components

Different from all the energy terms discussed before, exchange coupling arises when two
different magnetic materials are in intimate contact with each other or separated by a layer which
is thin enough (with thickness less than a few nm) that still allows spin momentum in the two
materials to interact with each other. The electrons spin with different spin orientations will
exhibit different exchange energy upon interaction, thus favoring certain alignment of the spins
near the surface. It usually arises when a ferromagnetic material is in direct contact with an
antiferromagnetic material, or when two ferromagnetic materials are separated by a spacer
material thin enough which will allow the free conduction electrons spin in the two layers to

interact.

An additional energy term which is also relevant for this dissertation is the
magnetoelastic energy. By applying a stress to a crystallized material, the atoms location will be
distorted such that the crystalline magnetic anisotropy along the stress orientation will be

different than other directions, thus adding an additional energy term.

To account for finite temperature effects, the thermal excitation energy needs to be

considered also especially when the magnetization dynamics is of interest. In equilibrium, the
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thermal energy will induce a small perturbation to the magnetization with energy of kzT above

the equilibrium energy level.

2.2 Magnetization Dynamics and Equation of Motion

After discussing the static energy components, we will look at the dynamic process of the
magnetization motion. When a magnetization is away from equilibrium, it will precess around
the local effective field orientation with some precessional energy. In reality, dissipation of this
energy will drive the magnetization to orient towards the local effective field direction at the end
as shown in Figure 2-3. The energy dissipation rate is described using a phenomenological
damping factor. There are two widely used forms to describe this motion, i.e. Landau-Lifshitz

equation and Landau-Lifshitz-Gilbert equation.

T8 = ~Y6M X Hopp — 2o M X (M X Hopy) (Landau-Lifshitz)
am am . .
5% = —yoM X Hepp + MiSM x — (Gilbert) Equation 2-7

where v, is the electron gyromagnetic ratio, A is the Landau-Lifshitz damping parameter, « is the
Gilbert damping parameter of the magnetic material, and H, is the effective magnetic field
experienced by the magnetization as described by its static energy landscape, as discussed in
Section 2.1. These two forms of equation of motion are equivalent with the substitutions y) =

Yo/(1+ a@?) and 12 = yoa/(1 + a?). A more detailed derivation of the equivalence of these two

forms is presented in Appendix 4.
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It is also important to understand the frequency of the precessional motion, which is
characterized by the Larmor frequency w. This can be directly calculated from the Landau-

Lifshitz equation precession term:

w = )/(’)Beff = %MOHeff Equation 2-8
- Damping FI
Heff —MX(MXHeff) ieff

A P gy

C —M X H 5

Precession M el

Figure 2-3 (Left) Precession and damping torques of a magnetization M in a local effect field Hyz.

(Right) Example magnetization motion curve of magnetization under constant He .

2.3  Voltage-Controlled Magnetic Anisotropy Physics

2.3.1 Spin-Orbit Coupling and Magnetic Anisotropy

At the base of ferromagnetism lies the concept of spin-orbit interaction. Effectively all the
magnetism can be traced back to this fundamental special relativistic physics concept. A classic
illustration of the phenomenon of spin—orbit interaction is the following: in the rest frame of the
atom nucleus, there is no magnetic field acting on the electron. However in the rest frame of the
electron, the nucleus rotation effectively acts as a current loop which will generate a magnetic field

that the electron will experience. On the other hand, the electron itself possesses spin angular
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momentum. Thus the interaction between the magnetic field and the local electron magnetic
moment gives rise to a coupling energy which will favor certain orientation of the electron spins.
Hence, through the spin-orbit coupling (SOC) effect, the collective spins or magnetism is coupled
to the electron orbital motion around a nucleus, which effectively originates from the spatial crystal
structure of the materials. In this manner, the existence of magnetocrystalline anisotropy, the
magnetoelastic effects, as well as the voltage-controlled magnetic anisotropy effects can all be

understood in a simple manner.

As given in the relativistic theory, the SOC perturbed Hamiltonian of an electron spin is
given by
H = HO + HSOC = HO + 19(7")0- - L Equation 2-9

where ¢ and L are the spin and orbital angular momentum operator, Hy is the crystalline part
without any SOC, and the SOC amplitude J(r) is given by the following with a detailed derivation

in Appendix 5.

eh? av(r)
2mic2r dr

I(r) =— Equation 2-10

Note that the atomic number of the atom Z is embedded in the electric potential V
experienced by the electron. Hence, the SOC magnitude is proportional to the element atomic

number as shown in Appendix 5. The lowest perturbation to the SOC term is in second order:

[{olo-L|u)|?
S€uo

Esoc = —9? Zo,u Equation 2-11

where o represents an occupied state and u represents an unoccupied state, and d€,, = €, — €,

refers to the energy difference between any two occupied and unoccupied states.
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As the magnetic anisotropy is defined as the energy difference between the easy axis and
hard axis, based on the above equation, we can write out the following equation for magnetic
anisotropy determined by the orbital angular momentum operators L, and L, between occupied
and unoccupied d-states and the energy difference between these states. Considering that the
majority spin states of Fe are well below the Fermi energy level as shown in Figure 1-12, the energy
difference between occupied majority spin states and unoccupied spin states are large, which
shows up as the denominator in Equation 2-11. Therefore, the SOC energies for these pairs of spin
states will be negligible. Similarly, if the energy difference between unoccupied majority spin
states and occupied minority spins is large, the corresponding SOC energies will also be negligible.

Therefore, only the minority spins contribution to the magnetic anisotropy is considered [109]:

[{0™ |Lz|u™)|* = [{0™ Ly ™)

m__m
€u —€o

Eani = Esoc(2) — Esoc(x) = 9% %o Equation 2-12

where the superscript m all denotes the minority spin states.

An energy- and k-resolved distribution of the Fe minority bands are shown in Figure 2-4,

where the occupied d,2_,2 states and unoccupied d,,, states generate a large magnetic

anisotropy by coupling through L, operator. [109]
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M

Figure 2-4 Energy- and k-resolved distribution of orbital characters of minority spin bands for Fe atom

occupied d,z_,2 states and unoccupied dy, states. The Fe atom is located near MgO with zero lattice

strain. [109]

2.3.2 Voltage-Controlled Magnetic Anisotropy

From Equation 2-12 there are possibly two mechanisms to induce the voltage control of
magnetic anisotropy effects: 1) charge screening or band filling effect, as described in the
numerators via the modulation of the electron states wave function;[110-112] 2) the changes in the
energy separation of the spin-orbit coupled pairs of occupied and unoccupied states, as described

in the denominator.[113-115]

First, we will illustrate an example where the charge screening at the Fe/MgO interface
modulates the magnetic anisotropy.[110] As shown in Figure 2-5 (a), when an electric field is
applied at the Fe/MgO interface, the electric field will be screened by free charges in Fe. Due to
the ferromagnetism of Fe this screening effect is spin-dependent which can be seen in the

modulation of orbital moment anisotropy as well as magnetic anisotropy. A more detailed
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understanding is illustrated by the electron density redistribution between different d-orbitals.
From the Figure 2-5 (b), we see a reduced occupation of dy,(y,y orbitals, and enhanced occupation
of d,,, orbitals. This will result in a decrease in the matrix element (d,,|L,|d, ), thus a decrease
in the perpendicular orbit magnetic moment. While for the L, coupled elements (d,,|Ly|d,, ) and

(dy;|Lx|dyy), the decrease of occupancy in dy,,, orbitals and increase of occupancy in d,,

orbitals are canceled out. Therefore in total, the magnetic anisotropy decreases with the electric

field.
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Figure 2-5 (a) Magnetic anisotropy energy (MCA) and orbital moment anisotropy (Am;) of the Fe/MgO
interface as a function of electric field in MgO. (b) Electric-field induced charge density change (in units
of e/A?) at the interfacial Fe atom for E = 1.0 V/nm in the x-z (010) plane (top) and x-y (001) plane
(bottom). The electric field is applied along the z direction. [110]

Next, a detailed example of the effect of the change of energy separation is illustrated
below.[116] The magnetic anisotropy change in Ta/FeCo/MgO structures under different external
electric field has been calculated. A detailed breakdown of the modulation of the occupied and

unoccupied energy bands near the Fermi level along the symmetry directions is shown in Figure
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2-6. If we look at the peaks identified by number 1 and 2 in the vicinity of I' point as shown in
Figure 2-6 (b) (¢), under both directions of electric field, the unoccupied Fe d,2_,2 bands exhibit a
downward energy shift, while the occupied Fe d, states remain un-shifted or shifts up (as
illustrated in the green circles). The coupling of these states via L, and the decrease of the
denominator results in an increase of magnetic anisotropy as shown in Figure 2-6 (a). Similarly, we
can explain the peak 3 under negative electric field by considering the significant downward shift

of the Ta unoccupied d,z_,2 states coupled via L, (as illustrated in the red circle).
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Figure 2-6 (a) Electric-field-induced change of magnetic anisotropy along symmetry directions in
Ta/FeCo/MgO structures with FeCo under 0% strain with respect to zero electric field case. (b) and (c) are
superposition of zero-field minority-spin band structures (dotted curves), under -0.37V/nm (green solid

curves), and under +0.37V/nm electric fields (red solid curves). The Fe and Ta states dominant in the
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VCMA effects are illustrated. (d) and (e) are the electric-field-induced change of magnetic anisotropy
plotted in the 2D Brillouin zone under -0.37V/nm and +0.37V/nm respectively. [116]

For peak 4 under positive electric field, the upward shift of the unoccupied Fe d,, will
increase the energy difference in the denominator, while the upward shift of the occupied Fe d,,,
bands will render some of the d,, bands partially unoccupied, which effectively changes the
numerator too. As d,, and d,,, are coupled via Ly, the above mentioned modulation in both the

energy spacing and the electron occupancy lead to a decreased contribution for the in-plane energy

and an enhanced perpendicular magnetic anisotropy.

As indicated above, the modulation of bands will also result in a change of the electron
occupancy thus a modulation of the matrix elements appearing in the numerator in Equation 2-12.
This has the same consequence as the charge screening theory. Hence though the two mechanisms,
i.e. charge screening and band separation energy change both can lead to the VCMA effect, both

effects could be explained by the modulation of the electronic band structure under electric field.

Of course, all these ab initio theoretical calculations assume perfect Fe (FeCo) and MgO
crystals with a perfect interface. However, in reality, there ultimately exist various types of defects
in the crystals and at the interface. Especially for the sputter-deposited samples, the materials
usually consist of polycrystalline crystallites exhibiting different crystal orientations as well as
amorphous regions with no clear crystal structures. Hence, care needs to be taken when comparing

between the ab initio calculations and experimental results.

2.3.3 Voltage Control of Interfacial Magnetization
Apart from the effects mentioned above, the charge screening from Fe conduction electrons

at the CoFe/MgO interface will also induce an interfacial magnetization.[110] As shown in Figure
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2-7, only the spin density at the interfacial Fe atoms is modulated significantly. From the
calculations, it is shown that the interface magnetoelectric coefficient ag as defined in ygAM =
aE is larger than that for the Fe/vacuum interface by a factor of 3.8. This could be explained by
arigid band model that all the screening charge will be localized within the first atomic monolayer,
and the charge polarized according to the density of states at the Fermi level will be seen as the

induced interface magnetization. Therefore, the surface magnetoelectric coefficient is given by

P . . . . . .
ag = E”BZ , where P is the spin polarization of the interface density of states at the Fermi energy
ec

level. It can thus be derived that the induced magnetization change is proportional to the dielectric

constant € of the insulator layer.

P .
AM = B Equation 2-13
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Figure 2-7 (a) Electric-field-induced spin density change with respect to zero electric-field, in units of e /A3,
projected to the x-z or (010) plane at the Fe/MgO interface with an electric field E=1.0V/nm in MgO. (b)
Magnetic moment of Fe at the Fe/MgO interface dependence on the electric field in MgO. The inset shows
the calculated electrostatic potential across the MgO/Fe/Cu layers under an electric field E=4.0V/nm. [110]
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2.3.4 Strain Modulation of Magnetic Anisotropy and Voltage-Controlled Magnetic

Anisotropy

Another important consideration in the above theoretical frameworks is the strain effect in

the multilayers. Because there is a wide distribution of crystal lattice constants among CoFe, MgO

and various heavy metals, assuming a zero strain on CoFe while all the other layers will be strained

to have the same lattice constant as CoFe is unrealistic in reality. In addition, during any post-

annealing process of the MTJ stacks, the strain at various interfaces will tend to relax, [82]

contributing to the change of various magnetic properties at different annealing temperatures.

Hence, it is very important to consider the effect of strain on both the magnetic anisotropy and the

VCMA effect.
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Figure 2-8 (a) Magnetic anisotropy under zero external electric field dependence on strain in FeCo/MgO in

a Ta/FeCo/MgO structure. (b) Dielectric constant of MgO dependence on strain in FeCo/MgO in a



Ta/FeCo/MgO structure, with the bulk MgO’s in-plane component € in solid squares, and out-of-plane
component €, in solid circles, and €, of thin films in open circles. (c)-(e) Energy- and k- resolved
distributions of the orbital character of minority-spin bands along I'M for the interfacial Fel atom d states
under strain Ngec, = 0%, 2%, and 4%, respectively. (f)-(h) Magnetic anisotropy in two dimensional

Brillouin zone for ngec, = 0%, 2%, and 4%, respectively. [115]

First, by ab initio calculations, the modulation of magnetic anisotropy by strain can be
modeled by the change of spacing between atoms. The calculation results fit pretty well to existing
experimental data on thin film magnetoelastic coefficients.[115] A physics understanding behind
this is illustrated in Figure 2-8 (¢)-(h), the shift of bands with different spin and symmetry character
will result in a rearrangement of occupied and unoccupied bands and thus change of both the
numerator matrix elements and the denominator energy separations in Equation 2-12. This
argument can also be used to explain the strain effect on VCMA because under different strain
conditions, the modified energy band structures will behave differently under electric field

compared with zero strain conditions.

On the other hand, the strain will also induce a change on the MgO dielectric constant as
illustrated in Figure 2-8 (b) where an expanding stress on MgO will lower the MgO dielectric
constant. One way to understand the effect of the MgO dielectric constant on the VCMA

coefficient is as follows. First the VCMA coefficient is defined as:

¢ = AK;/AE Equation 2-14

Next, based on Section 2.3.2, the modulation of energy bands will induce both screened
charges at the CoFe/MgO interface, as well as the band energy separation modulation. Hence, it is

possible to correlate the VCMA coefficient with the interface charge density g,, which could be

expressed as g, = €g€,.rfV /d = €p€. 57 E, where € was the permittivity of free space, and €.y was
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the effective dielectric constant of the tunnel barrier.[110, 117] Further, at rather small electric
fields, the change of magnetic anisotropy with respect to the electric field can be approximated as
a linear dependence. Therefore, from this linear dependence AK; = kAo, we can deduce the linear

dependence of VCMA coefficient on the tunnel barrier dielectric constant

¢= % - kﬁgq = keo€efs Equation 2-15

where k is a linear coefficient that describes the interfacial PMA change per charge density change
at the ferromagnetic/insulator interface. The value of k can be determined by running ab initio
calculations to see the evolution of complex band structures under external electric fields. Hence,
with a larger tunnel barrier dielectric constant, the VCMA coefficient could be increased. This is
similar in spirit as the interfacial magnetization dependence on electric field as expressed in

Equation 2-13.

2.4 MeRAM Scaling Trends

For MeRAM to successfully capture a portion of the memory markets in the future, it is
critical to evaluate MeRAM in terms of scaling. Below, we first illustrate the scaling requirement
for MeRAM at various MTJ diameters. Then we estimate the critical MeRAM device parameters
as required to replace various existing standalone and embedded technologies, including SRAM,

eDRAM, eFlash, and DRAM at different technology nodes.

First, we consider the critical MeRAM materials parameters for different circular MTJ

diameter. The following two equations are the most important:

@ — (Ki_uO(Nz_Nx)Mszt/Z'FKb)A
kT kT

A=

Equation 2-16
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E, = f%A Equation 2-17

Where A refers to the thermal stability of the MTJ, E}, is the energy barrier between two stable
states of a memory cell, i.e. P and AP configurations of the free layer and reference layer, K; is the
interfacial perpendicular magnetic anisotropy, K, is the bulk magnetocrystalline magnetic
anisotropy, N, , , is the demagnetization factor along x, y, z directions, Mg is the saturation
magnetization of the free layer, t is the thickness of the free layer, A is the area of the free layer, ¢
is the voltage controlled magnetic anisotropy coefficient, d is the thickness of the MgO barrier, V.
is the critical voltage needed to decrease the energy barrier to zero, k is the Boltzmann constant,
T is the temperature of the MTJ. The reason why N,, is not included is that for a circular MTJ pillar,
N, and N,, are the same. Hence, the demagnetization energies of magnetization aligning along x
and y directions are the same. The magnetic anisotropy from demagnetization energy thus can be
expressed as the subtraction of demagnetization energy between z and x (y) direction.

Specifically, Equation 2-16 describes the magnetic anisotropy in the case of a perpendicular
MT]J consisting of two parts, the interfacial PMA K; and the in plane shape anisotropy originated
from the demagnetization, as discussed in Section 2.1. Usually for a 1-2 nm CoFeB free layer
deposited by sputtering, the thickness is much smaller than the MTJ diameter. In this case, N, = 1
while N, ,, = 0, and the bulk magnetic anisotropy is negligible as the sputtered films are poly-
crystalline in nature. [84] When the device scales down to smaller and smaller sizes with
decreasing A, in order to keep the same thermal stability 4, one way is to keep the t relatively
small such that the shape anisotropy is small, and simultaneously increase the K; value.

Recently, another innovative solution has been demonstrated to solve this scaling issue

when the size of the MTJ diameter is below 20nm.[93] In this proposal, the free layer thickness t
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can be increased to be larger than the MTJ diameter, such that the demagnetization factors N, —
N, ,, will become negative. In this dissertation, as we will show in the following, the MTJ diameter
are mostly still above 20nm diameter for SRAM, eDRAM, and eFlash replacement applications.
Hence we will mainly focus on the case where t is set to be around 1nm and increasing K; value
is required. From calculation as shown in Figure 2-9, we can see K; values remain rather constant
around 1 mJ/m? when the MTJ diameter is above 22 nm, and shoots up quickly after the MTJ
scales down to below 14 nm. The highest K; values obtained in experiment is around 3.7mJ/m?
which is also indicated by the yellow region in Figure 2-9.[118] At the end of this section, we will
also briefly discuss the scaling of MeRAM beyond 20nm diameter for DRAM replacement.

For MeRAM that uses voltage to write the MTJ, another critical parameter is the voltage
control magnetic anisotropy coefficient £, which can be calculated from Equation 2-17. This
equation is defined when the applied critical voltage V. can lower the energy barrier E;, to zero.
When the MTJ diameter scales down, again E}, is kept constant, A decreases, the critical voltage
V. is limited by the maximum voltage the circuit can supply, and the MgO barrier thickness d is
kept relatively constant for the VCMA effect to dominate over the STT effect. Hence, the VCMA
coefficient is directly proportional to the inverse of the square of MTJ diameter, resulting in a very
steep scaling trend as shown in Figure 2-9. The largest VCMA coefficient demonstrated in a MTJ
device at present is by molecular beam epitaxy with a value of 370fJ/V-m, [119] while researchers
at Toshiba Corporation has also demonstrated VCMA of around 750 to 1050 fJ/V-m using
sputtering in a ferromagnet/insulator bilayer structure [120]. This highest value is also indicated

by the yellow region in the figure.

55



i :\' —m— A=20]| |
10000 - .\.\ —e— A=40 E
E \.\.\ -A=60| ]
- i TRy . o —v— A=80
£ 10001 TS
< 3 = \
% r \.\
L u [ ]
: 100 L \ls.\v E
an E l\.\
- V/d=1V/inm Demonstrated “-a s
.
10 1 1 1 1 1 1 1 1 1 L
32 _ —a— A=20 '
3 —e— A=40| 1
16 E_ A=60 -
o 8 _ —v— A=80 _
£ .\
S5 4k
é 3 3 Demonstrated ]
X : _ M_=1000 emu/cm _
= t=1nm :
5" ' ;

35 5 7 10 14 22 32 45 65 90
MTJ Diameter (nm)

Figure 2-9 (Top) VCMA coefficient (§) scaling trend over different MTJ diameter, as a function of
different thermal stability (Delta, or 4), assuming the critical switching voltage V¢ over MgO thickness d
equals 1 V/nm. (Bottom) Interfacial perpendicular magnetic anisotropy (K;) scaling trend over different
MTJ diameter, as a function of different thermal stability (Delta, or 4), assuming the saturation
magnetization of CoFeB free layer is 1000 emu/cm?®, and the thickness of CoFeB free layer is 1nm. The

yellow shaded regions refers to VCMA and interfacial PMA values demonstrated in experiments. [118, 120]

However, the above are all scaling analysis based on the MTJ diameter. In real applications,
the density of MeRAM is limited by the transistor selector size, especially at advanced nodes
beyond 28 nm where the CMOS transistor cell size keep increasing rapidly. Thus for a particular
CMOS technology node, the MTJ diameter can be relaxed to be larger than the CMOS technology

node size. In this case, the above scaling analysis as shown in Figure 2-9 is not as practical for
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benchmarking MeRAM against other technologies. With this in mind, next we will illustrate the
VCMA coefficient ¢ and interfacial PMA K; scaling requirements for MeRAM to replace SRAM,

eDRAM, eFlash, and DRAM, as a function of the CMOS technology node.
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Figure 2-10 (Top) VCMA coefficient (¢) scaling trend over different CMOS technology node for MeRAM

to replace various technologies with different requirements of thermal stability (4), assuming the critical
switching voltage Ve over MgO thickness d equals 1 V/nm. (Bottom) Interfacial perpendicular magnetic
anisotropy (K;) scaling trend over different CMOS technology node for MeRAM to replace various
technologies, assuming the saturation magnetization of CoFeB free layer is 1000 emu/cm’, and the
thickness of CoFeB free layer is 1nm. For both figures, the size of MTJ cell to replace SRAM, eDRAM,
and eFlash equals the 1/6 of a SRAM cell at the same node, while the size of MTJ cell to replace DRAM is
the same size with a DRAM cell. The MTJ diameter equals to half of the MTJ cell length of side. The
yellow shaded regions refers to VCMA and interfacial PMA values demonstrated in experiments. [118, 120]
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For SRAM, eDRAM and eFlash replacement, MTJs will be built upon conventional
transistor selectors. A good benchmark is the 1/6 size of a 6T-SRAM cell. Using this cell size (also
indicated by the upper edge of the yellow region in Figure 1-6), the VCMA coefficient and
interfacial PMA numbers required to replace SRAM, eDRAM, and eFlash at different technology
nodes are calculated as shown in Figure 2-10. However, for DRAM replacement, as the cell size
needs to be 8F? size (also indicated by the bottom edge of the yellow region in Figure 1-6) to satisfy
the high density requirement, the MTJ size is set to be the same as a DRAM cell. In the calculation,
the MTJ diameter is assumed to be half of the cell length of side as demonstrated using a
specialized process.[13] For MeRAM to replace different technologies, it is assumed that the
characteristic retention time will stay unchanged, i.e. SRAM 1 day (4=33), eDRAM 1 month
(4=36), eFlash 10 years (4=40), and DRAM 256ms (4=20). Note that for a larger array of MTlJs,
the thermal stability factor usually needs to be increased to account for process variations and
temperature effects. While error correcting codes and scrubbing (ECC) will also be employed on
the circuit level to reduce the errors introduced due to these variations.[121] In this dissertation,
we assume that with sufficient ECC, the process variations induced thermal stability increase will
be eliminated. It can be concluded that with the highest VCMA coefficient and interfacial PMA
demonstrated, MeRAM can replace SRAM, eDRAM and eFlash up to 3.5nm and even smaller
nodes (not calculated). While for both DRAM replacement, MeRAM can only scale to around
7nm. Note that a more general discussion of the MeRAM advantages and disadvantages against

these existing memory technologies in terms of scaling is covered in Section 1.2.2.
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2.5 Precessional Switching and Write Error Rate

Other than the above discussed requirement for high VCMA coefficient and interfacial
PMA, the successful adoption of MeRAM using voltage-controlled MTJs require a sufficiently
low write error rate on the bit-level and circuit-level. The precessional nature of the VCMA
switching process is illustrated in Figure 2-11. With an external field applied along the in-plane
orientation, the application of a voltage pulse across the MTJ will lower the energy barrier first.
Then the magnetization will start precessing around the external field direction. Due to damping
the magnetization will slowly point towards the in-plane direction. In this precession process,
removing the applied voltage pulse will recover the energy barrier and the magnetization will
choose to stay at the closest local minima. Hence, a precise timing of the voltage pulse to be half
of the precession period is essential to enable high switching probability and low write error rate

(WER). The switching time 7 can be derived from Equation 2-8 as the following:
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Figure 2-11 (Left) Experimental results of voltage controlled switching probability as a function of the
voltage pulse width. (Right) Schematic of the voltage-induced precessional switching of MTJ free layer.[24]
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where « is the Gilbert damping parameter, and H,,; is the in-plane external field. Note that in the

above equation, we assume at the voltage pulse duration, the magnetic anisotropy field H ,if I«

H,.:, hence can be neglected.

In order to achieve a low WER, good timing and pulse shape are required by the writing
circuitry. It is also possible to utilize multiple read/write cycles to lower the total WER.[122]
However, there are couple of device-level parameters that are critical in decreasing the WER,

including damping factor, thermal stability, and external in-plane field strength.
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Figure 2-12 Calculated write error rate as a function of the write pulse duration 7, for different values

of damping factor a. The free layer diameter is 20nm, and the thermal stability A is 40, external in-plane

field is 800 Oe.[123]

First, we will discuss the role of the damping factor. Using the Fokker-Planck equation,
the WER has been numerically calculated under different damping factor scenarios as shown in
Figure 2-12. It can be seen that the lower the damping is, the lower WER is. It can be understood

considering that a higher damping will drive the magnetization into the in-plane state in a faster
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rate. Hence even under the precise switching time = which is half the precession period, the

faster deviation to the external field direction will decrease the switching probability.

In reality, the damping factor of the magnetic material is usually limited due to inherent
material properties, non-uniformity of the material, such as pinning sites at the edges of the free
layer, and incoherent switching via nucleation reversal.[124] Hence, it is important to consider
other means to decrease WER. An experimental illustration of the impact of thermal stability and

external in-plane field on WER is shown in Figure 2-13.
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Figure 2-13 (Left) Experimentally obtained minimal write error rate as a function of the ratio of external
magnetic field over effective anisotropy field of the free layer, under different CoFeB thicknesses. (Right)
Calculated minimal WER as a function of the ratio of external magnetic field over effective anisotropy

field of the free layer, for different thermal stability and junction diameters.[125]

The thinner CoFeB used here will result in a higher magnetic anisotropy thus higher
thermal stability. The thermal stability factor effectively determines how much the thermal
barrier is susceptible to thermal agitation. A low thermal stability factor will result in stronger
thermal agitation of the free layer at the initial onset stage, the final relaxation stage, as well as
the whole switching stage, inducing a larger variation of the free layer cone angle and decrease

the switching probability. For different in-plane external fields applied during the switching
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process, the WER exhibits a minimum at a certain in-plane field, while the WER increases when
the in-plane field strength is smaller or larger than the optimal in-plane field strength, as shown
in Figure 2-13. This can be understood as follows: at a small in-plane field, the precessional
switching period is longer during which the thermal agitation affects the magnetization, and the
thermal agitation strength is effectively larger relative to the in-plane field, thus strongly
randomizes the switching process. While at large in-plane field, the magnetization tilts towards
the in-plane field direction and the thermal stability factor is lowered, also leading to a

decreasing WER. [125]

2.6 Read Speed and Read Disturbance

In addition to the write operation, the read operation of a memory device is also critical.
As mentioned in Section 1.2.3 briefly, MeRAM inherently has a thicker MgO tunnel barrier than
the STT-MRAM, which will give rise to higher resistance-capacitance delay in the sensing
circuit. However, there are some other factors that might remedy this high resistance-induced

low read speed.

First, as the MgO barrier in a MeRAM device is usually around 1.4 nm [22] compared
with that of around 0.9 nm [93] for a STT-MRAM device, the TMR values will increase giving
rise to a larger read margin.[65] The cause of this is usually attributed to the better crystal quality
of the barrier and/or the less shorting of the sidewall when the barrier is thicker. Secondly, as
STT-MRAM uses positive and negative polarities to induce switching from anti-parallel to
parallel and vice versa, if read current is large and close to the write current level, the read
operation can induce switching of the memory bit, or the so-called read disturbance. Therefore,
the read voltage needs to be relatively small to around 0.3-0.4V to avoid large read disturbance.
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While for MeRAM, only the positive polarity is used when writing. Hence one can use the

negative polarity Vpp value of around -1V for reading to achieve larger read margin as shown in

Figure 2-14. In addition, due to the linear VCMA effect, the negative voltage applied to a

MeRAM device can actually increase the thermal stability thus further reduce the read

disturbance. [122]
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Figure 2-14 (Top) Schematic of STT-MRAM and MeRAM read voltage range with respect to the write

voltage. (Bottom) Thermal stability, and measured (circles) and simulated (squares) read disturbance rate

as a function of sensing voltage for read pulses of 1, 10, 100, and 1000 ms for a MeRAM device.
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Chapter 3 Voltage-Controlled Magnetic Anisotropy: Fabrication
and Characterization

3.1 Magnetic Tunnel Junctions Fabrication Process

Fabrication of MTJs involve multiple steps as shown in Figure 3-1. First, a multilayer of
magnetic and nonmagnetic materials will be deposited by sputtering on a substrate, which is
either a Si substrate with thermal oxide or a planarized CMOS wafer with some interconnect
metal lines. Then the thin films need to be annealed at a high temperature and/or under the
external magnetic field to improve the magnetic properties of the thin films. Next, a hard mask
which has much slower etch rate compared with the MTJ materials will be defined and deposited
for the subsequent etching of the MTJ pillar. Note that the etching depth of the pillar is critical in
that the free CoFeB layer outside of the pillar region needs to be etched away but enough portion
of the bottom electrode in the MTJ stack needs to be reserved. For the etching, multiple methods
can be used separately or in combination including inductively coupled plasma (ICP) and ion-
milling processes. Next, an oxide layer to protect the MTJ pillar will be deposited using plasma-
enhanced chemical vapor deposition (PECVD), chemical vapor deposition (CVD), and atomic
layer deposition (ALD) methods. To connect to MTJ’s bottom and top electrodes, via will then
be etched and contact metals are evaporated to form the top and bottom electrodes. In this whole
process, the sputter deposition and pillar etching are the two most critical steps to ensure high
fabrication yield and good MTJ device performance. Next, these two critical steps will be

discussed at length.
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Figure 3-1 MTIJs fabrication process flow schematics showing the cross-section of each step.

3.1.1 Magnetic Thin Film Epitaxial Growth via Molecular Beam Epitaxy (MBE)

One of the first attempts of MgO-based MTJ growth is done by MBE because of its
superior control of film quality. The Ando group produced epitaxial Fe(001)/MgO(001)/Fe(001)
MT]J and obtained up to 180% TMR at room temperature.[126] X-ray absorption spectroscopy
(XAS) and x-ray magnetic circular dichroism (XMCD) have been carried out and none of the Fe

atoms adjacent to the MgO(001) layer are oxidized.

However, the epitaxial growth of single-crystal MgO(001) barrier by MBE is not
practical to industrial level production. For MBE growth, it starts with a single-crystal MgO(001)
substrate, then a MgO(001) seed layer is deposited followed by epitaxial Fe bottom electrode.
Sometimes, a Cr and/or Au seed layer[127] is also grown between the MgO seeding layer and Fe
bottom electrode due to their small lattice mismatch to Fe(001). In the growth process, an ultra-

high vacuum is required, while different annealing temperatures have to be optimized for each
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layer. To achieve the above mentioned epitaxial MTJ stacks, in-situ monitoring of the growth

quality is essential, for instance, via reflection high-energy electron diffraction (RHEED).

3.1.2 Magnetic Thin Film Polycrystalline Growth via Magnetron Sputtering

Apart from the MBE growth, another pioneering work has been done using magnetron
sputtering and ion beam deposition techniques. Parkin et al.,[80] sputtered MTJ stacks with
highly oriented polycrystalline MgO(001) barrier on a SiO> substrate using TaN seed layer such
that the CoFe electrodes along with the MgO barrier can be crystallized into (001) orientation.
Significant and more practical as it is, the requirement of a particular seed layer for sizable TMR
value is still too stringent for MRAM applications where a pinning layer might be necessary and

need to be grown as the seed layer.

Another pioneering work is done by replacing the CoFe/Fe with CoFeB which will solve
the abovementioned issue.[128] As grown the CoFeB is in an amorphous state. However, the
MgO layer sputtered on the amorphous CoFeB is (001)-oriented and polycrystalline. And upon
annealing, after all the layers are deposited, the amorphous CoFeB layer will crystalize according
to the adjacent MgO orientation, i.e. into bcc(001) CoFe. The nature of the amorphous CoFeB
indicates that the polycrystalline MTJ stacks can be grown on almost any materials, which make

the CoFeB/MgO/CoFeB structure highly competitive for real production.

Although the polycrystalline MTJ stack is not fully epitaxial, research has shown that the
grain-to-grain epitaxy of CoFe/MgO/CoFe more or less satisfies the coherent tunneling
requirement for high TMR value.[129] Very interestingly, within each grain, a 45° epitaxial
relationship is established to be (001)[110]CoFe//(001)[100]MgO//(001)[110]CoFe, as shown in

Figure 3-2. The reason is that the MgO lattice constant (0.4202nm) is 32% larger than that of
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CoFe (0.2866nm). Hence, a 45° rotational epitaxy can achieve only 2% lattice mismatch. And
this has been verified by a real diffraction pattern from the experiment. In addition, it has also
been observed that the grain boundaries offer very similar tunneling behavior compared with the
grain itself, indicating that the CoFeB/MgO/CoFeB MTIs deviate little to the fully epitaxial

MT]Js in terms of TMR and RA products.[130]

;g MgO d,,,, MgO
d,,, CoFeB d,;,» CoFeB
[100] MgO //[110] CoFeB
(a) ®) ()

Figure 3-2 (a) Schematic of MgO and CoFeB unit cells when [100]MgO is parallel to [110]CoFeB. (b) and
(c) are projected images of the schematic (a) when the electron beam is parallel to [100] MgO and [110]
MgO, respectively.[129]

3.1.3 Magnetic Tunnel Junctions Etching via Ion Beam Etching (IBE)

The most widely used etching method for defining MTJ pillars is the ion beam etching
(IBE) method or sometimes referred to as ion milling as shown in Figure 3-3. Ar plasma is first
excited applying a high voltage between the extractor cathode and anode. The Ar gas molecules
will then break down into Ar" ions and electrons. Under high electric field between the electrodes,
Ar" ions will accelerate to gain high energy and bombard material clusters out of the materials
under-etched. Because the size of the Ar plasma beam is limited and cannot cover the whole wafer

area, in practice a wafer is usually tilted and rotating under etching. To ensure that the etching
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process stops right at the layer desired in the MTJ stack, in-situ monitoring equipment is included:
a secondary ion mass spectroscopy (SIMS) system for etching end-point detection (EPD). The
critical parameters of this etching process include the ion beam angles and desired cell-to-cell

spacing widths of the MTJ pillars.
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Figure 3-3 (Top) Experimental apparatus of an ion beam etching (IBE) system including a secondary ion
mass spectroscopy (SIMS) system for etching end-point detection (EPD). (Bottom) Schematic of the ion

beam etching process close to the material under-etched.[131][132]

The main advantage of ion milling is being free of chemical damage. The etching process
only involves physical bombardment of inert gas ions. Thus it can achieve highly anisotropic etch

with a low level of undercutting at the corner of the etched patterns. But it also results in a low
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selectivity of certain materials. Due to the fact that the ion beam is at a tilted angle with respect to
the MT1J pillar, the flux of etched materials will be generated at different angles and some of them
will be redeposited onto the sidewall of the MTJ pillars, as shown in Figure 3-4. In particular, this
redeposition will depend on the cell-to-cell spacing and ion beam incidence angle. First, we know
that etching happens at both the sidewall and the bottom electrodes due to the small spray of the
ion beams. When the cell-to-cell spacing is large, a lower ion beam angle closer to grazing angle
is used. The majority of ion beam will bombard the sidewall instead of the bottom electrodes, thus
any redeposition of materials onto the pillar will be etched away efficiently. However, if the cell
density is increased, the ion beam angle has to be increased closer to the normal direction.
Otherwise, the neighboring pillars will also be etched. In this scenario, the etch rate of bottom
electrodes will be increased relative to that of the sidewall. There will be redeposition of bottom
electrode materials onto the sidewall. As the bottom electrodes are highly conductive metallic
materials, the redeposition will short the MTJ and reduce TMR values. To resolve this, one method
is to utilize various post-treatment process to remove the redeposition materials, such as oxygen
showering, nitrogen, or hydrogen treatment.[133] If the MTJ cell spacing is large enough, the best
way using IBE will be a two-step process: first, a perpendicular ion beam etching is used to define
the pillar and etch to bottom electrodes, then a second grazing angle ion milling process can etch

away the redeposition materials.
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Figure 3-4 Re-deposition of metallic by-products during an ion beam etching process for (a) large cell-to-

cell spacing and (b) small cell-to-cell spacing between the MTJ pillars.[133]

3.1.4 Magnetic Tunnel Junctions Etching via Inductively Coupled Plasma (ICP)

Compared with ion beam etching (IBE) processes which can become difficult for large-
scale production due to the limited size of the ion beam source, reactive ion etching (RIE) using
inductively coupled plasma (ICP) has been used for semiconductor mass production. Detailed
studies on the performance of RIE ICP etching of MTJs thus are also of great importance for the

MRAM industry.

As shown in Figure 3-5, reactive ion etching (RIE) uses an ICP source to generate plasma
from reactive gases such as Chlorine and Fluorine. The gas molecules under high energy will break
into electrons and C1/F mobile ions, which will react with the materials to be etched. The volatile
product will be formed through the reaction and pumped out. To ensure that the etching process
stops right at the layer desired in the MTJ stack, in-situ monitoring equipment is included: an

optical emission spectroscopy (OES) system for etching end-point detection (EPD). Other

70



parameters of the etcher can be controlled too such as the gas composition, gas pressure, bias
voltage/power of the plasma input, ion energy/voltage output of plasma, and hard mask taper

angle.[131]

The main advantage of this method is that the plasma will cover a much wider area and the
uniformity of this plasma etching will be significantly better than IBE. Also, the re-deposition rate
of etched MTJ materials back onto the MTJ pillar sidewall will be lower compared to IBE
considering that the byproducts of RIE etching is largely volatile but IBE etching will bombard
metallic clusters out of the MTJ stacks. By selecting different reactive gases, one can etch different
materials with high selectivity. However, the reactive chemical etching process is more isotropic
than IBE. Also, the reactive gases cause chemical damage to the magnetic layers which will
degrade the MTJ properties such as TMR values. To solve this process-induced damage (PID)
problem, one can recover the MTJ properties by an additional plasma treatment using chemical
gases that can eliminate the PID produced by the etching gas. For example, if methanol gas is used
for etching, then He/H> treatment after etching has been shown to recover the TMR values.[134]
Another way to reduce the PID is to use high-taper hard mask such that less area of the MTJ
sidewall is exposed to the plasma and less ion radiation and PID happen. Apart from using RIE
etching with a different gas, one can also use pure Argon gas in the ICP etcher such that PID due
to the chemical reactions from the reactive gases can be minimized. But in this way which is

effectively similar with an IBE etcher, more re-deposition of etched materials might happen.
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Figure 3-5 (Top) Experimental apparatus of an Inductively Coupled Plasma (ICP) etcher including an
optical emission spectroscopy (OES) system for etching end-point detection (EPD). (Bottom) Schematic of

the ICP reactive ion etching process close to the material under-etched.[131][135]

3.2 Device-Level Characterization of Voltage-Controlled Magnetic Anisotropy

The physics behind transport measurement is explained as the following. As the VCMA
coefficient is defined as the change of interfacial magnetic anisotropy under unit electric field
applied in the tunnel barrier, one need to first obtain the magnetic anisotropy energy of the free
layer under different electric fields. By definition, the magnetic anisotropy K. s equals the work
done to bring a free layer from an easy axis orientation to a hard axis orientation. As shown in

Figure 3-6, for a perpendicular free layer, by sweeping an in-plane field from 0 to above the
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saturation field Hy, a M-H curve can be obtained. Then the magnetic anisotropy K,z is expressed
as the following integral which is also illustrated in Figure 3-6. This equation is similar to Equation
2-1 in that any magnetic energy can be expressed as integration of the external magnetic field and

the change of magnetic moment induced by that magnetic field.

Mg = , = M, M, .
Keff = HUo fo HdM = puoMs fo H,d (Fs) Equation 3-1
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Figure 3-6 (Left) Normalized magnetization dependence on external magnetic field curves. The
perpendicular magnetic anisotropy is plotted in the blue region. (Right) The dependence of interfacial PMA
on electric field, with the slope as defined as the VCMA coefficient &.

After obtaining the magnetic anisotropy, the interfacial PMA K; will be calculated using

the following equation:

K

Kerr = - iﬂo(Nz - Nx,y)Msz + K Equation 3-2

tcoFeB

which is also embedded in Equation 2-16. As the CoFeB thin film is usually around 1-2 nm in
polycrystalline state, the bulk anisotropy term is usually very small and can be neglected.[84] Note

that the CoFeB thickness here should be after the subtraction of the dead layer. Then, the same
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procedure can be applied to different electric field cases, and by fitting the K; dependence on

electric field E, the VCMA coeftficient ¢ could be obtained.

For experimental characterization of the VCMA coefficient, one needs to measure the M-
H loop via some means. The measurement of M-H loop using a superconducting quantum
interference device (SQUID), vibrating sample magnetometer (VSM), Magneto-
Optical Kerr Effect (MOKE) or angle-dependent ferromagnetic resonance (FMR) technique in a
microwave cavity [136] is rather difficult as it requires a certain amount of un-patterned
ferromagnetic thin films to generate enough signals, which cannot take into account of the edge
effects in nanoscale MTJs. Also the application of voltage on these large-scale films are
challenging. Hence, it is necessary to measure the M-H loop using patterned devices. There have
been few studies to measure VCMA based on the effect of electric field on perpendicular CoFeB
coercivities in MTJs.[100, 137] Though coercivity is correlated with saturation field, it is more

accurate to quantify the VCMA effect in terms of interfacial PMA change per unit electric field.

Existing DC transport methods using patterned devices to achieve this goal mainly include
two. One is anomalous Hall resistance measurement in CoFeB/MgO/oxide structures with an
applied gate voltage, hereafter referred to as anomalous Hall measurement,[ 138]. The other is MTJ
resistance measurement using a free layer and a fixed layer with specific magnetization
configurations. The most accurate configuration to extract the VCMA coefficient is one where the
fixed layer does not change its magnetization orientation when a hard-axis loop for the free layer
is swept, hereafter referred to as strong fixed layer MTJ measurement.[139, 140] However, this
scenario is rather difficult to achieve as a synthetic antiferromagnetic (SAF) structure is usually

required for the strong pinning of the fixed layer. Henceforth, another special configuration that
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deviates from the abovementioned ideal scenario is often adopted which uses a weak in-plane layer
that switches at a rather low in-plane magnetic field, [141, 142] hereafter referred to as weak
reference layer MTJ measurement. In this scenario, the free layer has been assumed to be fully
perpendicular at zero external magnetic field and fully in-plane at the maximum in-plane external
field, while the saturation magnetization value does not change. Here we explore these different
methods and evaluate the validity of the different assumptions used to quantify the VCMA strength,

looking especially at the anomalous Hall and weak reference layer MTJ measurements methods.

3.2.1 Weak Reference Layer MTJ Measurement

We first used the MTJ structure with a weak in-plane fixed layer and a perpendicular free
layer. The MTJ resistance was measured under a varying in-plane magnetic field while bias
voltages were varied as shown in Figure 3-7(a). The positive bias voltage is defined as the top

electrode is at a positive electric potential.

Using a similar method as used in Ref. [142], the perpendicular anisotropy energy Krr
can be obtained using Equation 3-1. In this structure with a weak in-plane fixed layer and a
perpendicular free layer, the fixed layer will align to the in-plane field direction when the magnetic
field is swept. Hence, the normalized in-plane magnetization component M, of the free layer can
be expressed as M,, = M cos6, where 6 is the angle between the fixed layer and the free layer, as

indicated in Equation 1-3 can be written as the following
G = Gy(1 + pEM,/M,) Equation 3-3

Namely, the conductance of the MTJ G is a linear function of the M, /M, value. As we
know at zero external field, 8 = 90°, G(0) = G,; at the maximum in-plane external magnetic field,

0 = 0°, G(HI**) = Gy(1 + p#). Hence we can express the M, /M, value at a given magnetic
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field as a function of the conductance value G (H,, E) for each applied electric field case E as

follows
M, /Mg = [G(Hy, E) — G(0,E)]/[G(H*,E) — G(0,E)]  Equation 3-4

Here, G (H,, E) is the MTJ conductance at an in-plane magnetic field H, and electric field E, while
G(0,E) [G(HJ***, E)] is the conductance at zero [maximum] in-plane field and electric field E,

which acts as the reference value in the normalization process.

Then the interfacial magnetic anisotropy K; can be obtained by a simplified version of

Equation 3-2K, . = - %,uO(NZ - N,CJ,)MS2 + K, Equation 3-2 where

tcoFeB

the bulk magnetic anisotropy term K; and the in-plane demagnetization factors N,, N, are

neglected: [84]
1 .
ki = (E HoMS + Kepy ) Lcoren Equation 3-5

By applying different bias voltages, VCMA coefficient ¢ can be calculated by linear fitting
K; as a function of E. The R-H loops for a MTJ with 0.91nm CoFeB free layer under different £
are shown in Figure 3-7(a). The lower MT]J resistance at higher bias voltages is due to the inherent

bias dependence of the TMR effect.

Note that this method is only valid if the magnetization of the free layer is fully
perpendicular under zero external magnetic field and the saturation magnetization stays constant
for all CoFeB thicknesses and all applied electric fields. As the normalization process that

calculates M, /M; is carried out for conductance values at each individual measured electric field,
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we refer to the M, /M, value as the individual-normalized MTJ conductance G ,’J‘Td]"”"dml_N orm "as

shown in Figure 3-7(b).
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Figure 3-7 (a) Magnetic tunnel junction (MTJ) resistance Ryr; versus external in-plane magnetic field
Hy curves for different applied bias electric fields. The green and red arrows refer to the magnetization

directions of the in-plane fixed layer and the free layer, respectively. The inset shows the schematic for the

MT]J with varied bias voltage Vy,;,s applied. (b) Individual-normalized MTJ conductance G ,’\}‘T‘l]i”idual"v ,

which takes the maximum conductance range of each Gyr; — Hy loop as reference for normalization. The

stack structure of MT]J is Ta(18)/CozFesB20(0.91)/MgO(2.5)/CozFesoB20(2)/Ta(4)/Pt (2), (thickness in

nm).
3.2.2 Anomalous Hall Measurement

The VCMA effect was also studied by measuring the Hall resistance Ry,; under a varying
in-plane magnetic field Hy, with different applied gate voltages. The positive gate voltage is
defined as the top gate electrode being at a positive electric potential similar as in the previous

sections. The electric-field dependent R-H loops for a perpendicular Hall bar device with t;ype.p =
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0.8 nm is shown in Figure 3-8 (a). The switching behavior is due to the small misalignment of the

device plane with respect to the in-plane magnetic field direction.

To quantitatively measure the VCMA coefficient £, we utilized a similar method as
Ref.[138]. Note that here the CoFeB film is perpendicular easy axis, hence we have to apply an
in-plane hard axis loop to characterize the perpendicular anisotropy. While in the previous chapter,
an out-of-plane magnetic field is applied for the in-plane easy axis film. For anomalous Hall

measurements, the Hall resistance can be expressed using the following equation [138]

_ RouoHz | RsMz
Ryaqu =—"+t——

Equation 3-6
where R is the ordinary Hall coefficient, R is the anomalous Hall coefficient. Note that as the
external in-plane field has a very small misalignment angle (determined to be less than 0.05 rad)
with respect to the device plane, the ordinary Hall Effect contribution to the total Hall resistance

is negligible. Hence, Ry,;; can be safely assumed to be the same as the anomalous Hall resistance

RypE, thus proportional to M.

As shown in Figure 3-8(a), the perpendicular free layer will choose between pointing up
and pointing down at zero external magnetic field. The switching is due to a very small
perpendicular component of the external field due to misalignment. Hence, we know at zero
external magnetic field, M, = +M,. Therefore, one can write down the M, /M, value at a given
magnetic field as a function of the conductance value R,y (H,, E) for each applied electric field

case E as follows

M, /M = 2[Raup(E) — RAZE(E)]/[RAE(E) — RAFE(E)] —1  Equation3-7
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Here, M} is the perpendicular component of the magnetization, and RAZE (RAHE) is the

maximum (minimum) of R,yr values.

Next, we can convert the M, /M value into M,. /M, value that is used in Equation 3-
1Kerp = pho [ HAM = poM; [ Hod (22 Equation 3-1 to obtain th
eff = HoJ, = HoM; J, " Hxd (3 quation 3-1 to obtain the

perpendicular magnetic anisotropy energy as follows

M, /Mg = \/1 — (M,/M,)? Equation 3-8

Similar to the weak reference layer MTJ measurement described previously, the VCMA

coefficient is then calculated by linearly fitting K; as a function of E.

One caveat in the above-mentioned calculations is the choice of RAZE and RAHE values for

each applied electric field case. Equation 3-7 uses RALZE and RAHE values for every individual

electric field E. We will refer to the M,/ M, value obtained in the way as the individual-normalized

Hall resistance Ridiviaual=N " a5 shown in Figure 3-8(c). It is thus expected that the
Rindividual=Nor  yalyes will have a value of one at zero external field in all electric field cases.

This means that the magnetization at H, = 0 is constant under all electric fields, which is the same

assumption used in the weak reference layer MTJ method.

However, as the Hall resistance is directly proportional to M,, after careful inspection of
Figure 3-8(a), the zero-field R or RAHE changes with different electric fields. This clearly indicates
that the free layer magnetization value changes when varied electric fields are applied. Because
the PMA is very strong in this sample, we expect that the free layer magnetization is fully
perpendicular under zero external field. Hence, another possible explanation is the interface

magnetization modulation by electric field due to charge screening from the ferromagnetic Fe
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electrons, as described in Section 2.3.3.[110] As the change in magnetization value also goes into
voltage-control of magnetic anisotropy, it is necessary to consider it in the calculation of the
VCMA coefficient. If we take the maximum (RARE — RAHE) value across all electric field cases
(Ey=-1.76 MV/cm in this experiment) in the normalization to obtain the M, /Ms value, which will
be referred to as the overall normalization method hereafter, we can obtain the overall normalized

Hall resistance R92¢T!=NOT™ a5 shown in Figure 3-8(b) using the following equation

Mz/Ms = 2[RME(E) — Ry (Eo)1/ [RAA%(Eo) — Riyi® (o)1 — 1 Equation 3-9

—

\ —a—-1.76 MV/cm 1
| —e— 0 MV/cm

| A 1.76 MV/cm

Rian )

|
|
|
I
|

S 100k .
S
g " 3 l"
095 .-"?"r-"' ® .
S % ; .sz x Overall Normalization |
X gX : ' .
-2.0 -1.5 -1.0 -0.5 0.0
= c v T T T T T
E 1.00 ‘(")""""""""l“-.-.‘a;“:t.l“-—'
£ l[l-"" ]
T 095 355 '
g _ - —A,-'-.':si: |
%t§ 4“" |i Individual Normalization |
0.90 L ! L
2.0 -1.5 -1.0 -0.5 0.0
Hx (kOe)

Figure 3-8 (a) Hall resistance Ry ;; versus H, curves for different applied electric fields. The inset shows
the schematic for the Hall bar device with varied gate voltage V;;. The red arrows refer to the magnetization
Overall-Norm

directions of the ferromagnetic layer. (b) Overall-normalized Hall resistance Ry, , which takes

the maximum conductance range of each Ryr; — Hy loop as reference for normalization. (¢) Individual-
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normalized Hall resistance R/jidiviaual=No  \hich takes the maximum resistance range of each Ry —

H, loop at one specific electric field as reference for normalization. The stack structure is

Ta(S)/COmFe()oBzo(O.80)/Mg0(2.5)/A1203 (38), (thickness in nm).

In this case, the M, /M; value decreases under positive electric field, which is consistent
with the decrease of calculated K,z at positive electric field, both corresponding to a negative

VCMA coefficient €.

3.2.3 VCMA Measurement Based on Different Normalization Methods

As discussed, we used the individual normalization method for the MTJ measurement,
and both individual and overall normalization methods for the anomalous Hall measurement.
The obtained magnitude of VCMA coefficient as a function of CoFeB thickness is shown in
Figure 3-9 (a). Note that all measured VCMA coefficients are negative according to our definition
that a higher electric potential at the top electrode (opposite to the substrate) corresponds to

positive electric field.

It can be seen that the individual normalization method results in a similar strong VCMA
dependence on the CoFeB thickness for both Hall and MTJ measurements, where the & values
both peak at tcopeg~ 0.9nm. While the overall normalization method gives rise to a weak VCMA
dependence on the CoFeB thickness when 0.8nm < tcopep < 0.95nm. The obtained weak VCMA
dependence on the CoFeB thickness over the studied range is also consistent with previous

work,[136] which indicates the interfacial origin of VCMA effect from the CoFeB/MgO interface.
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Figure 3-9 (a) VCMA coefficient ¢ dependence on the CoFeB thickness tq,peg, Obtained from the overall
and individual normalized Hall bar R-H data, and individual normalized MTJ R-H data. (b) Hall
resistance Ry, versus external in-plane (out-of-plane) magnetic field Hy (H;) curve for different applied

electric fields. The inset shows the zoomed-in region with positive external magnetic field.

According to the decrease of RAHE at positive electric fields, as indicated from Figure 3-8
(b), we can conclude that at zero external magnetic field (H, = 0), the perpendicular component
of magnetization (M,) changes under different electric fields in the Hall bar device. Thus it is more
accurate to use the overall normalization method to calculate the VCMA coefficient for the
anomalous Hall measurement, which takes into account the change of magnetization under
different electric field cases. On the other hand, the individual normalization method

underestimates the VCMA coefficients and results in an artificially strong VCMA dependence on
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the CoFeB thickness due to an error in converting the anomalous Hall resistance into the
magnetization values, or in other words assuming the zero-magnetic-field magnetization value

does not change under electric fields.

If we compare both Hall and MTJ measurements using the individual normalization
method, we can find a very similar trend of VCMA coefficients as a function of CoFeB thickness,
with & peaking at tcopeg~ 0.9nm. This suggests that similar to the Hall measurement where zero-
magnetic-field magnetization changes under electric field, the same thing happens in the MTJ
measurement too. Meanwhile, as both TMR and resistance of a MTJ at H, = 0 depend on the bias
voltage,[126, 143] it is very difficult to determine the actual M, values at H, = 0 under different
electric fields using the MTJ measurement method alone. Hence, one might wonder if there is any
way to remedy this and find a more accurate way to measure VCMA using the MTJ method. As
mentioned before, the most accurate configuration to extract the VCMA coefficient from a MTJ
is one where the fixed layer does not change its magnetization orientation when a hard-axis loop

for the free layer is swept, or the strong fixed layer MTJ measurement.

Next, to explain the sharp decrease of VCMA with tcopep > 0.95nm, we carried out both
in-plane and out-of-plane R-H loops using the anomalous Hall measurement. As can be seen in the
in-plane loops in Figure 3-9 (b), at Hx = 0, the Hall resistance decreases significantly from negative
to positive electric field (more than 30%). In contrast, the Hall resistance change under electric
field at tcopep < 0.95 nm range is very small (less than 2%), as shown in Figure 3-8 (a) and (b). The
out-of-plane loops further validates that the magnetization is not fully perpendicular at H; = 0,
and RAHE decreases significantly at positive electric field (more than 10%). More importantly, the

Hall resistance at zero external magnetic field for a single electric field, but with different external
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magnetic field directions (Hy or H; = 0), do not coincide with each other. This means that the
free layer breaks into multi-domain configurations, which will contribute to the reduction of the

K.fr in addition to contribution from the external magnetic field. Thus, the VCMA coefficient

calculated will be significantly smaller than the real VCMA value. This can also explain the
decrease of VCMA obtained by the MTJ measurement at tcopeg > 0.95 nm. Because the free layer
CoFeB in these two structures should have similar transition thicknesses from perpendicular easy-

axis to in-plane easy-axis.

In order to obtain accurate VCMA coefficients, the overall normalization method should
be used in anomalous Hall measurements where the change of the perpendicular component of
magnetization at zero external magnetic field under different electric fields is considered. On the
contrary, the MTJ measurement using a weak in-plane fixed layer that switches at low in-plane
field will result in artificially lowered VCMA coefficients. On top of this, for both experiments
under zero external magnetic field, the magnetization needs to be fully perpendicular. Otherwise,
the multi-domain behavior of the magnetization will result in a large error for VCMA calculation

using a single-domain model.

In this dissertation, due to a lack of strong pinning layers in our sputtered film stacks, we
used the weak in-plane fixed layer method for a preliminary measurement of the VCMA values.
It should be always noted that the actual VCMA coefficients might be higher than what is measured

using the weak in-plane fixed layer method.
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Chapter 4 Tunnel Barrier Engineering with High Dielectric Constant

4.1 Introduction

As shown in Section 2.4, for MeRAM to replace eFlash, eEDRAM, and DRAM applications
at scaled CMOS below 10 nm, VCMA coefficients larger than 200 fJ/V-m may be needed.[23,
144] However, the traditional Ta/CoFeB/MgO system offers limited VCMA in the range of 10-60

fI/V-m.[117, 136, 138-140, 142, 145]

To achieve a larger VCMA effect, multiple approaches have been explored, such as using
different seed and cap layers adjacent to the ferromagnetic layer.[142, 146-149] Ab initio electronic
structure calculations have revealed that epitaxial strain has a dramatic effect on increasing the
VCMA.[116] Another promising method is by utilizing different dielectrics. As the VCMA effect
originates from the charge accumulated at the CoFeB/oxide interface when voltage is applied,[127]
it has been demonstrated theoretically that using a single oxide or multiple layers of oxides with
higher dielectric constant(s) (€) can induce a higher VCMA coefficient, thus a reduction of voltage
for magnetization switching[110]. This is also discussed in Section 2.3.4. In past experimental
works, enhanced VCMA effect was measured in CoFeB/oxide structures using MgO/Al,0O3 and
MgO/HfO,/AlbO3 as the gate oxide,[117] but lacked an electrical readout because full MTJ was
not fabricated. There has been intensive research on MTJs using barrier materials other than MgO.
However, MTJs using SrTiO3 with CoFe electrodes had a rather low TMR around 10%,[150] while
multiferroic tunnel junctions with ferroelectric barriers such as PbZro2TiosO03 and BaTiO3 with
Co/Fe and Lag7Sro3MnOs electrodes only demonstrated a reasonable TMR below room

temperature.[151, 152] Therefore, to achieve better writing efficiency with reliable readout for
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voltage-controlled MRAM, it is critical to have a sizeable room temperature TMR in addition to

VCMA enhancement after integration of high-€ oxide(s) into the stack.

In this chapter, we demonstrated a novel method to integrate an ultra-thin layer of high-e
lead zirconate titanate (PZT or Pb(ZrxTi1x)O3) thin film into the MgO tunnel barrier in order to
enhance the VCMA effect while maintaining a sizeable TMR. A combination of sputtering and
atomic layer deposition (ALD) techniques was used to grow MTJ stacks with an MgO/PZT/MgO
tunnel barrier. Based on measurements on an ensemble of MTJ devices with the MgO/PZT/MgO
barrier, the VCMA coefficients were improved by about 40% and room-temperature TMR values

were only slightly lower than in those of MgO barrier MTJs.

PZT has been commonly used in Ferroelectric Random Access Memory (FeRAM)
devices[153-155] and has been used in multiferroic tunnel junctions[151]. In this work, PZT thin
film was integrated into the tunnel barrier because it has one of the largest dielectric constants (i.e.
300-1300 for 1-3 um PZT thin films[156, 157]). Due to the fact that the PZT was interfaced with
MgO on both sides, the interfacial dead layer that is intrinsic to electrode/dielectric boundary is
expected to be negligible in our film.[158] PZT deposition was performed via ALD,[159, 160]
which has previously been shown to provide conformal atomically smooth ultra-thin films with

precise control over composition and thickness.[161]

4.2 Fabrication Methods and Materials Characterization

MT]Js with a pure MgO tunnel barrier were used as the reference sample and compared to
the MTJs with the MgO/PZT/MgO tunnel barrier (hereafter referred to as MgO MTJ and PZT

MT]J, respectively). Sample structures are schematically illustrated in Figure 4-1, with the following
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structures: Ta(18nm)/ Coz0Fes0B20(0.9nm)/ MgO(2.5nm)/ Coz0Fes0B20(2.0nm)/ Ta(4nm)/ Pt(2nm)
for the MgO MTJ, and Ta(18nm)/ Coz0Fes0B20(0.9nm)/ MgO(1.0nm)/ PZT(1.5nm)/ MgO(1.0nm)/

CozoFes0B20(2.0nm)/ Ta(4nm)/ Pt(2nm) for the PZT MT]J.

The stacks were deposited on thermally oxidized Si substrates using an AJA magnetron
sputtering system and thermal ALD. All metallic layers were DC sputtered. The Co20Fes0B2o
bottom free layer has a thickness of 0.9 nm and the top fixed layer has a thickness of 2.0 nm; they
were out-of-plane and in-plane magnetically anisotropic, respectively.[162] For the MgO MTJ, a
2.5 nm thick MgO tunnel barrier was grown by RF sputtering, while for the PZT MTJ, a 1.0 nm
thick MgO layer was first sputtered, then a 1.5 nm thick PZT film was deposited via ALD at a
substrate temperature of 250°C, and finally a 1.0 nm thick MgO was sputtered to form the
MgO/PZT/MgO tunnel barrier. The synthesis of PZT thin film has been outlined in previous
papers.[159, 160] The PZT MT]J film stack was annealed at 200°C under vacuum both before the
PZT deposition and after depositing the whole film stack. The reason why an additional annealing
step before the PZT deposition is needed is due to that this induces the crystallization of the bottom
CoFeB/MgO bilayer into stable cubic crystal structure, and the ensuing PZT growth will not
interfere much with the already crystallized CoFeB/MgO bilayer. As with the 200°C annealing
temperature, this temperature is chosen because it yields the best MTJ perpendicular magnetic
anisotropy among the four annealing temperatures tested, i.e. 200°C, 250°C, 300°C, and 350°C.
Since the PZT MT]J film stack was also in-situ annealed during the ALD process under 250°C, we
annealed the MgO MT]Js at 250°C for a fair comparison. MTJ devices with elliptical diameters of
4x16 um and 4x12 um were subsequently fabricated using standard photolithography and dry

etching techniques.
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Figure 4-1 Schematics of (a) MgO MTJ, and (b) PZT MTJ with the MgO/PZT/MgO tunnel barrier measured
in this work. Devices measured had elliptical dimensions of 4x16 pm and 4x12 pm. Arrows show the
magnetic anisotropic directions of the CoFeB top fixed layer (in-plane) and the bottom free layer

(perpendicular).

First, material properties of the MTJ stacks were characterized using Kratos AXIS X-ray
photoelectron spectroscopy (XPS) and an FEI Titan scanning transmission electron microscope
(STEM). XPS confirmed the composition ratio Zr:Ti = 52:48 of the PZT thin film deposited on
the bottom layers of a film stack, as shown in Figure 2a. Note that it has been shown that PZT
exhibits enhanced properties (e.g. dielectric constant) at the morphotropic phase boundary
composition of Zr:Ti = 52:48.[163] The XPS survey scan also showed the Mg KLL, Co 2p, Fe 2p,
and Ta 4d elemental peaks. Note that the B /s peak was not observed because the estimated XPS
penetration depth is limited to 10 nm and the boron diffused into the Ta layer due to the annealing

process.[164, 165]

Cross-sectional TEM was performed on the fabricated MgO MTJ and PZT MT]J devices,

as shown in Figure 4-2 (b) and (c), respectively, in which the arrows indicate the general location
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of layer interfaces, spaced per Figure 4-1. Nano-diffraction patterns were collected for both cross-
sections, as shown in the insets of Figure 4-2 (b) and (c). A selected-area aperture was used for the
MgO MT]J, but in order to maximize diffracted intensity from the ~3 nm thick MgO/PZT/MgO
layers-of-interest in the PZT MTJ, we employed a highly condensed probe, elongated along the
in-plane direction of the film, which provided informative results due to the FEI Titan's parallel
beam nearly all the way to the crossover point. The inset diffraction patterns clearly showed that
the MgO had crystallized; however, indexing of the remaining spots to either CoFeB or PZT was

not possible due to resolution limitations.

Next, unpatterned MgO and PZT MTJ stacks were characterized for their magnetic
properties using superconducting quantum interference device (SQUID) magnetometry. The
saturation magnetizations (M;) were measured to be 1017422 emu/cm?® and 932441 emu/cm? for
MgO and PZT MT]J stacks, respectively, indicating that the ALD PZT deposition had not

significantly affected the magnetic properties of the CoFeB layers.
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Figure 4-2 (a) XPS confirms PZT composition of Zr:Ti = 52:48 of a 1.5 nm thick PZT film deposited on
Ta (18nm)/CoFeB (0.8nm)/MgO (1.0nm) followed by annealing at 200°C for 30 minutes. Schematic of
stack is shown in the inset, with the red arrow denoting the bottom free CoFeB layer to have a perpendicular
magnetically anisotropy. TEM of (b) MgO MTJ annealed at 250°C for 30 min and (c) PZT MTJ annealed
at 200°C for 30 min. Both images are scaled identically, with the substrate-side in the bottom of each image.

Nano-diffraction patterns are shown as inset in both (b) and (c), which have the same scale.
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4.3 Electrical Characterization and Results

The MTJs were then measured electrically to investigate the VCMA effect via the TMR
readout at room temperature.[142, 166] The resistance was measured as the in-plane magnetic
field was swept while voltages were applied between -300 to +300 mV, as shown in Figure 4-3 (a).
At zero magnetic field, the magnetic moment of the bottom CoFeB free layer was perpendicular
and that of the top fixed CoFeB layer was in-plane, while at the maximum in-plane magnetic field,
the two CoFeB layers were both in-plane magnetized. Hence, the resistance decreased as the
magnetic field was increased. The resistance-area (RA) products of the PZT and MgO MTJ in
Figure 4-3 (a) were 98 kQ - um? and 14 kQ - pm?, respectively, which are quite normal for voltage-

controlled MRAM.[23, 100]

Following the weak fixed layer MTJ measurement discussed in Section 3.2.1, we can
calculate the VCMA of these MTJs using Equation 1-3, the measured conductance G of the MTJ
was related to the relative angle between the two CoFeB layers, where Gs was the mean surface
conductance, 6 was the angle between two CoFeB layers, and Pr was the effective spin
polarization.[83] As the top 2.0 nm thick CoFeB layer was fixed at an in-plane direction, the in-
plane magnetization component M, of the bottom free layer CoFeB can be obtained by Equation 3-
4, where G (H,), G(H'***), and G(0), are respectively the MTJ conductances at in-plane magnetic
field H, at the maximum in-plane magnetic field measured, and at zero external field. Note that
here H*** was determined by saturation of the free layer magnetization to the in-plane orientation,
and the PZT MTJ demonstrated a higher saturation field than the MgO MT]J. The perpendicular

magnetic anisotropy energy K, s can then be calculated by conducting the following integration
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for the free layer from the perpendicular easy axis (at zero external field), to the in-plane hard axis

(at H***) using Equation 3-1.
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Figure 4-3 (a) Resistance vs. in-plane magnetic field of varying applied voltages from -300 to 300 mV for
the PZT MT]J device, inset showing that of the reference MgO MTJ device and (b) interfacial perpendicular
magnetic anisotropy (X;) vs. applied electric field (E.;) for an MgO and PZT MT]J device.

Using Equation 3-2 we can obtain the value of interfacial PMA (K;),[84] where tcorep is the
thickness of the CoFeB free layer. Finally, the VCMA coefficient ¢ was determined by ¢ =

AK;/AE, s, where the effective electric field Eey was calculated by dividing the applied voltage V
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with the total thickness d of the tunnel barrier. All measurements were performed at room

temperature.

The VCMA coefficients &, (i.e. the slope of K; versus Ee plot) are shown in Figure 4-3(b)
for two representative MgO and PZT MT]J devices. A total of six devices were measured for each
MT] stack. The average VCMA coefficients were $average = 14.3£2.7 f1/V-m for MgO MT]Js, and
Eaverage = 19.8+1.3 fJ/V-m for PZT MT]Js, as shown in Figure 4-4(a). Therefore, by incorporating

the PZT film into the MgO barrier, the VCMA effect was shown to be enhanced by about 40%.

4.4 Analysis of Dielectric Constants Enhancements

From the physics point of view, this enhanced VCMA effect could be understood as
follows. As indicated from ab initio calculations, the K; stemmed from the hybridization of Fe/Co
3d orbitals and O 2p orbitals at the CoFeB/MgO interface.[107, 108] The application of a positive
electric field (i.e. top electrode of the MTJ at a higher electric potential) across the MgO barrier
will induce accumulation of electrons at the bottom CoFeB/MgO interface, which in turn will
affect the hybridization of Fe/Co and O orbitals, thus decreasing the value of K;, which is consistent
with the data shown in Figure 4-3(b). [110, 127][110, 127] [106, 124] Hence, if the interface charge

density g, increases for the same applied electric field E.sf¢, a larger VCMA coefficient (& =

AK;/AE,r) can effectively be achieved. The interface charge density g, could be expressed as

Og = eoeeffV/d = EOEeffEeff Equation 4-1

where €, was the permittivity of free space, and €. was the effective dielectric constant of the
tunnel barrier.[110, 117] Thereby, for the same tunnel barrier thickness and applied voltage, the

increase of the effective dielectric constant €. by incorporating PZT in the tunnel barrier will give
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rise to a larger interface charge density change at the CoFeB/MgO interface, thus resulting in a

larger overall VCMA. This is also explained in a more detailed manner in Section 2.3.4.

24
22l /] PZTMT (a)
20) |' | £,,=19.8 1.3 fIV-m

—~ 18} (T [ &)

E 16 | }7 / JI %:

2 Ol N/ &

2 14 MgOMTJ Bd

woqpl g =148227fN-m T
o

8 . 1 . 1 . 1 n
0.500 0.525 0.550 0.575 0.600

K (mJ/m?)
24

22t
20 H
18}
16}
141

12+
10l AMgO MTJ

TMR, =61.4%11.5%
50 55 60 65 70 75

TMR Ratio (%)

PZT MTJ (b)
 TMR,, =563.1%1.7%

£ (FIN-m)

Figure 4-4 For all measured devices of MgO MTJ and PZT MTJ: VCMA coefficient £, vs. (a) K; and (b)
TMR ratio. The error bars are included for SQUID and electrical measurements, and subsequent VCMA
calculations. The circles are drawn to illustrate the distribution of VCMA coefficients for the MgO and PZT
MT]Js.

From the obtained VCMA ratio between the PZT MTJ and the MgO MT]J, the dielectric
constant for the PZT ultra-thin film could also be calculated using a serial capacitor assumption.

First, the areal capacitance of the total PZT-MgO hybrid barrier is
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€Mgo €pZT
dmgo  dpzr

Ceotat = Cugo + Cpzr = Equation 4-2

Hence for the PZT MT]J, the effective dielectric constant was

dmgo+dpzr
IMgo  dpzT
€Mgo €PZT

€pzr—m1] = Crotat(Amgo + dpzr) = Equation 4-3

While for the MgO MT]J, the dielectric constant was assumed to be €yg0-m7; = Epgo =
10.[167] As the change of interfacial PMA is proportional to the change of interface charge density,
Le. AK; < Ao, we can deduce § « €,¢5.[117] Thus, based on the VCMA coefficients obtained for
PZT and MgO MT], the dielectric constant of the PZT ultra-thin film was estimated to be 28.4, a
plausible value taking into account the 1.5 nm PZT thickness, as well as existing literature values

for an ultra-thin ALD PZT film.[158, 160]

Admittedly, there might be other factors driving the observed increase of VCMA
coefficient besides the relatively higher dielectric constant of PZT, including the hybridization of
PZT with CoFeB atoms, and ferroelectricity or piezoelectricity of PZT. However, as the PZT does
not interface with the CoFeB layers, it is safe to exclude any orbitals contribution of PZT
hybridizing with CoFeB. In addition, we have swept the K; vs E 4y curve as shown in Figure 4-3(b)
back-and-forth multiple times and do not see any hysteresis in the curves, which indicates that in
the PZT MTlJs, PZT does not produce any remnant ferroelectric polarizations contributing to the
change of PMA of the CoFeB layers. Therefore, no piezoelectricity can emerge without any

ferroelectric polarizations from the PZT.

The VCMA coefficients were also plotted against K; (Figure 4-4a) and TMR ratio (Figure

4-4b) for all measured MgO and PZT MTJ devices. The PZT MTJs were observed to have a larger
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VCMA effect and a slightly smaller TMR ratio compared to the MgO MTJs. The VCMA average Was
14.34+2.7 {1/V-m for MgO MTIJs, and 19.8+1.3 fJ/V-m for PZT MTJs. The TMRaverage Was
61.4+11.5% for MgO MTlJs, and 53.1£1.7% for PZT MTJs. Note that the TMR ratio here was
defined by TMR = (Ry, — R,)/R, , where the anti-parallel resistance R,, was calculated

according to equation [83], which can also be derived from Equation 1-3:
1/Rap = 2/Rore — 1/R, Equation 4-4

where the parallel resistance R, was the resistance at the maximum magnetic field or 1/G (Hypqax),

and the orthogonal CoFeB configuration resistance R,,; was the resistance at zero external

magnetic field or 1/G(0).

Compared with other works on Ta/CoFeB/MgO in the literature with the VCMA
coefficients ranging from 10-60 fJ/V-m,[117, 136, 138-140, 142, 145] the VCMA coefficient
values in our PZT and MgO MT]Js are at the lower bound, but the VCMA effect can be improved
by optimizing a number of parameters including annealing conditions,[149] surface
roughness,[168] and intrinsic strain[116] of the layers. Nevertheless, a 40% enhancement in the
VCMA coefficient was achieved by using the MgO/PZT/MgO tunnel barrier while a relatively

high TMR was still preserved.

In conclusion, by combining atomic layer deposition and magnetron sputtering techniques,
an ultrathin PZT layer was successfully incorporated into the MgO tunnel barrier of a magnetic
tunnel junction for the first time. The resulting magnetic tunnel junctions using a high-€ tunnel

barrier were shown to have both large tunneling magnetoresistance (>50%) and an enhanced
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VCMA effect (by 40%) at room temperature. This novel high-€e tunnel barrier MTJ is a potential

candidate for future voltage-controlled, ultralow-power, high-density MRAM devices.

97



Chapter 5 Interfacial Engineering by Atomic Level Insertions

5.1 Motivation

In the past decade, CoFeB/MgO/CoFeB-based magnetic tunnel junctions (MTJs) have
been at the core of spintronic memory research and development. For practical memory
applications, large tunneling magnetoresistance (TMR), perpendicular magnetic anisotropy
(PMA), and switching efficiency are desirable. The physics behind the TMR and PMA

phenomena has been widely studied in the context of the CoFeB/MgO interface.[82, 169-171]

Recently, the electric-field-induced writing of perpendicular CoFeB/MgO/CoFeB MT]J
structures has shown great promise for high density, high-speed, and energy efficient
memory.[100, 101] Previous work has shown sub-nanosecond writing of perpendicular MTJs
with voltages of approximately 2 V for VCMA coefficients near 30 fJ/V-m.[22, 172] In order to
reduce the write voltage below 0.6 V to be compatible with advanced CMOS transistors, a higher

VCMA coefficient of at least 100 fJ/V-m will be required.

The VCMA effect, i.e., the modification of the PMA by an external electric field, is also
closely linked with the CoFeB/MgO interface. Ab initio calculations[108, 110] suggest that the
application of an electric field, corresponding to charge accumulation/depletion at the
CoFeB/MgO interface, modifies the occupation of the hybridized Fe/Co and O orbitals
responsible for generating the PMA.[107, 108] More recent ab initio calculations revealed that
epitaxial strain at the CoFe/MgO interface can lead to non-linear electric-field dependences of
PMA.[115, 116] Experimentally, the VCMA effect is found to be independent of the CoFeB
thickness,[136, 149, 173] which suggests that the VCMA effect indeed originates from the
CoFeB/MgO interface. While previous works have explored various seed and capping
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layers,[ 146, 149] as well as insulating materials[117, 174] in the MTJ structure in order to
enlarge the VCMA coefficient, direct modification of the ferromagnet/insulator interface may
provide a deeper understanding of the underlying physics of the VCMA effect, as well as

guidance to further enhance the VCMA coefficient.

Ab initio calculations in the past have investigated the impact of different oxidation levels
at the Fe/MgO interface on the VCMA effect: over-oxidation, under-oxidation, and the ideal
Fe/MgO interface.[113] The impact on the VCMA coefficient of various heavy metal insertion
layers (Pd, Pt, and Au) at the Fe/MgO interface was also studied theoretically.[175, 176]
Experimentally, there have been few VCMA studies using insertion layers at the
ferromagnet/insulator interface. Hf insertion at the CoFeB/MgO interface[177] shows limited
VCMA effect around 4 fJ/V-m. VCMA coefficient of around 86 fJ/V-m has been demonstrated
using Pd insertion at the Co/MgO interface,[ 1 78] but it is not based on the typical CoFeB/MgO
structure for magnetic memory. Previous works have demonstrated that a thin Mg interlayer can
improve the MgO (001) texture and thus the TMR ratio, as well as the thermal stress stability of
PMA.[179-181] However, the impact of Mg insertion on the VCMA effect is still missing.
Hence, there is a need for experimental work studying the role of Mg and various heavy metal

materials inserted at the standard CoFeB/MgO interface for increasing the VCMA effect.

In this chapter, the effect of Ta, Pt, and Mg insertion layers at the CoFeB/MgO interface
is investigated. The VCMA coefficient, interfacial PMA, and saturation magnetization are
analyzed for different insertion layer materials of various thicknesses. A maximum VCMA
coefficient of 100 fJ/V-m is demonstrated for an Mg insertion layer thickness of 0.1-0.3 nm. In

order to understand the observed trend and origin of the enhancement of the VCMA eftect,
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synchrotron-based grazing-incidence wide-angle X-ray scattering (GIWAXS) was used to
investigate the crystallinity and texture of the films as a function of the various insertion material

thicknesses.

5.2 Fabrication Methods and Measurement Results

Three different materials were inserted into the CoFeB/MgO interface using magnetron
sputtering. The stack structure consists of Ta(5)/CoFeB(1)/X(t)/MgO(2.5)/Al,03(5) deposited on
a thermally oxidized Si substrate, where the numbers in parentheses represent the layer
thicknesses in nm. The insertion layer X (Ta, Pt, or Mg) has a continuously changing (wedged)
thickness in the range of 0.1-0.3 nm for Ta and Pt and 0.1-2.4 nm for Mg. All metallic layers
were grown using DC sputtering, while the insulating layers were grown using RF sputtering.
The stacks were annealed at 325°C for 30 min in situ in the sputtering system with a base
pressure lower than 10”7 Torr. Subsequently, the films were patterned into Hall bar devices by
photolithography and dry etching. A 33 nm Al>O; gate oxide was deposited using atomic layer
deposition (ALD), and Cr/Au layers were fabricated as a top gate electrode. The dielectric
constants of MgO and Al,O3; were assumed to be 10 and 7, respectively.[167, 182] The
dimensions of the Hall bars were 20 um x 130 um. All electrical measurements were done at
room temperature. The saturation magnetization values were obtained by measuring M-H loops
via a superconducting quantum interference device (SQUID) magnetometer, and dividing the

total magnetic moment by the total volume of the ferromagnetic layer in the sample of interest.

Figure 5-1 (a) shows the measured anomalous Hall resistance (Ruau) as a function of the
out-of-plane magnetic field (Hz) for CoFeB/Ta/MgO-based films. For Ta insertion layers thinner
than ~0.2 nm, the CoFeB layer has an out-of-plane easy axis; as the Ta insertion layer thickness
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increases beyond 0.2 nm, the magnetic easy axis of the CoFeB layer undergoes a gradual
transition to in-plane. This trend also applies to the case of Pt and Mg insertion layers if the hard
axis anisotropy fields (Hk) are plotted, as shown in Figure 5-1 (b). However, the insertion layer
thickness at which this transition occurs is very thin in the cases of Ta and Pt (both around 0.2
nm) and much thicker in the case of Mg (1.5 nm). Possible reasons for this difference in
transition thickness will be discussed later. Note that, since PMA is strongly desired in these
devices, investigation into insertion layers thicker than the transition thicknesses is not the
primary goal of this work. In addition, the resolution of Ta thickness down to 0.01nm does not
mean the actual thickness of Ta as one monolayer of Ta is 0.33nm. Instead, the thickness
numbers here represent the averaged thickness of a dusting layer of Ta with discontinuous and

island-like morphology.
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Figure 5-1 (a) Anomalous Hall resistance (Rua) as a function of applied perpendicular magnetic field

(uoHz) for different Ta insertion thicknesses (7). (b) Hard axis anisotropy field (uoHx) as a function of
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insertion layer thickness (Zinsersion) for Ta, Pt, and Mg. The region where woHyx > 0 (< 0) refers to that the

CoFeB is out-of-plane (in-plane) easy axis.

To extract the VCMA coefficient, anomalous Hall effect (AHE) is used to characterize
the perpendicular anisotropy energy volume density (Eperp) under different gate voltages by
sweeping the magnetic field along the hard axis of the CoFeB.[138, 149, 173] For perpendicular
CoFeB, using the anomalous Hall measurement technique mentioned in Section 3.2.2, the
perpendicular magnetic anisotropy energy can first be obtained using Equation 3-1, where the
normalized in-plane magnetization, Mx/Ms, can be obtained through the normalized Ruau values.
The electric-field-dependent interfacial PMA values, K;, can be obtained via Equation 3-5. The

slope of K; versus electric field equals the VCMA coefficient, ¢.
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Figure 5-2 (a) Hall resistance (Ruqi) as a function of in-plane magnetic field («ofHx) under different

applied gate electric fields (£). Top right inset: Zoomed-in view of Ry - poHx data with -0.5 T < poHx <
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-0.1 T. Bottom left inset: Schematic for the Hall bar device under different applied gate voltages (V). A
positive gate voltage is defined as the top gate electrode being at a positive electric potential, as shown in
the bottom left inset. (b) Interfacial perpendicular magnetic anisotropy (K;) as a function £. The K; values
were obtained by applying multiple back-and-forth gate voltage sweeps: 5V to -5V and back to 5V, for
three times. The linear fit of the K; values versus E yields a VCMA coefficient £ =-95.7 £ 2.7 fJ/(V-m).

Data from (a) and (b) are obtained from a device with a Mg insertion layer thickness of 0.31 nm.

One result of using this method for an Mg insertion layer sample (#mg = 0.31 nm) is
shown in Figure 5-2 (a). First, the anomalous Hall resistance dependence on the in-plane
magnetic field is shown under various applied gate voltages. The inset in the upper right corner
clearly shows the difference between the hard axis Ry - noHx loops under three different gate
voltages. The calculated values of K; versus electric field are shown in Figure 5-2 (b). The linear
fit gives a negative VCMA coefficient of -95.742.7 fJ/V-m. Note that the K; values were
obtained by applying multiple back-and-forth gate voltage sweeps: 5V to -5V and back to 5V,
swept three times. The small linear fitting error indicates that there is minimal mobile ionic

charging in our material stacks.[127, 183]

Following the above method, the VCMA coefficient and interfacial PMA K; were
measured for various insertion materials with various thicknesses. The results are shown in
Figure 5-3 (a) and (b). Note that all VCMA values are absolute values. For Ta and Pt insertions,
the VCMA coefficients have maximum values in the range of 40-50 fJ/V-m. However, for the
Mg insertion sample, the VCMA values show a large variation from almost zero to maximum
values of around 100 fJ/V-m. Here, we will break down the range of Mg insertion thicknesses
into four different regions: Region I, 0.1 nm < 3, < 0.3 nm; Region II, 0.5 nm < #31 < 1.1 nm;
Region III, 1.1 nm < #3, < 1.3 nm; and Region IV, 1z > 1.3 nm. Compared with published

VCMA coefficients of around 30 fJ/V-m based on Ta/CoFeB/MgO structures,[138, 139, 142] the
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VCMA coefficients in Region I are improved by more than a factor of 3. The VCMA
coefficients first decrease and then reach a plateau when from Region I to Region II and III. With
further increase of the Mg thickness to Region IV, the VCMA coefficient drastically approaches
zero. Interfacial PMA (K;) values decrease for Ta and Pt at thicker insertion thicknesses. For Mg,
the K; dependence on Mg insertion layer thickness is non-monotonic. In Region III, where the
VCMA plateaus around 70 fJ/V-m, the PMA reaches maximum. The PMA first sharply
decreases and then increases slightly when # transitions from Region II to I. In Region IV, both

VCMA and PMA decrease sharply.
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Figure 5-3 (a) VCMA coefficient (&), (b) interfacial perpendicular magnetic anisotropy (X;), and (c)
saturation magnetization (uoMs) as a function of insertion layer thickness (Zinserion) for Ta, Pt, and Mg. The
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VCMA coefficients here are all absolute values, while the measured values are all negative (according to
the definition that positive voltage corresponds to higher electric potential at the top gate electrode).

Region I to IV are designated with different colors.

The saturation magnetization (Ms) dependences on insertion material thickness for all
three materials (Ta, Pt, Mg) are shown in Figure 5-3 (c). The saturation magnetization values of
all three materials peak around 1.1 T. Interestingly, the peak of the My values for Mg is around
1.2 nm (Region III), where the PMA reaches maximum. For thicknesses less than 1.2 nm, Ms
decreases gradually, while for Mg thickness larger than 1.2 nm, My decreases sharply. Note that
all saturation magnetization values here were obtained without considering any CoFeB dead

layer.

5.3 Analysis of Mg Insertions via X-Ray Diffraction

First, we will analyze the case of Mg insertion in detail before comparing it against Ta/Pt
insertions. We hypothesize that the change of CoFe oxidation levels with varying Mg insertion
thickness contributes to the above observed VCMA, PMA, and Ms dependence on the Mg
insertion thickness. Here, the oxygen content responsible for oxidizing CoFe partly comes from
the high energy O ions generated in the RF sputtering of MgO, which will bombard and oxidize
the CoFeB/Mg layers underneath.[ 184-186] In addition, during the post annealing process,
oxygen from the MgO and Al>Os layers might diffuse into the CoFeB/Mg layers.[187] Thus,
using a Mg insertion layer of an appropriate thickness can precisely control the oxidation level of
the CoFeB layer. In particular, our hypothesis is that Region III corresponds to an ideal
CoFe/MgO interface, Region I and II to an over-oxidized CoFe/MgO interface (Co/Fe-oxides at
the interface), and Region IV to an under-oxidized CoFe/MgO interface (metallic Mg at the

interface).
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Figure 5-4 X-ray diffraction (XRD) intensity versus reciprocal lattice vector ¢ for films with different Mg
insertion layer thicknesses (#i). (2) The data is integrated over azimuthal angle x at 80° <y < 100°. The ¢

value region corresponding to the crystalline peak for CoFe (110) is highlighted. (b) The data is integrated
over azimuthal angle y at 40° <y < 80°. The ¢ value region corresponding to the crystalline peak for MgO

(220) is highlighted.

To validate this hypothesis, XRD studies on the unpatterned film stacks were performed
at the Stanford Synchrotron Radiation Lightsource (SSRL) using the 11-3 beamline, which is
specially equipped for grazing incidence wide angle X-ray scattering (GIWAXS). Two-
dimensional XRD patterns, which contain information on the phase, stress, texture, and grain
size of the samples, were obtained for various Mg insertion layer thicknesses and integrated over
a small range of azimuthal angle y in the 2D scan. Two sets of data are obtained for different Mg
insertion thicknesses as shown in Figure 5-4 (a) and (b) across different ¢ and y value ranges. As
highlighted in Figure 5-4 (a) and (b), CoFe (110) and MgO (220) crystalline peaks only show up
prominently for a Mg insertion layer thickness of 1.20 nm. This thickness range near 1.20 nm

corresponds to Region III, where the PMA and Mg are also the highest as seen from Figure 5-3
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(b)-(c). Figure 5-4 (a) shows a broad peak at ¢ values from 2.4 to 2.8 A, which we attribute to a
convolution of amorphous and/or small crystallite signals from Ta, Al203, SiO2, and possibly
CoFe20s4. Unfortunately, the large number of overlapping peaks in this region prevented a

quantitative analysis of each material as a function of the insertion layer thickness.

The above observation that the crystalline CoFe and MgO peaks only show up
prominently in Region III corroborates our hypothesis that only Region III corresponds to an
ideal CoFe/MgO interface. From the peak positions of CoFe and MgO, we can calculate that
there is a 3-4% lattice mismatch between CoFe and MgO, which is consistent with published
results.[129] This can be explained by considering the crystallization process of CoFeB in the
CoFeB/MgO material system. It is widely accepted that the MgO becomes crystalline when
deposited onto amorphous CoFeB and that the CoFeB crystalizes based on the crystallinity of the
adjacent MgO layer.[129, 188] In other words, if the CoFe/MgO interface is under-oxidized, the
excessive Mg interlayer between CoFe and MgO may prevent the formation of crystalline MgO
during deposition, as well as the crystallization of CoFeB based on the MgO crystal orientation.
On the other hand, if the CoFe/MgO interface is over-oxidized, the Co/Fe-oxides will also
degrade the CoFeB crystallization quality. In the following discussion, we will explain the
VCMA, PMA, and Ms dependence on the Mg insertion thickness using this corroborated

hypothesis.

In order to understand why the maximum M5 value shows up in Region III, the effect of
CoFeB oxidation on the magnetic properties of the layered system must be considered.
Generally, it is known that CoFe oxidizes into either an antiferromagnetic (CoO, FeO, a-

Fe»03)[189] or ferrimagnetic (Fe3O4, y-Fe203, CoFexO4) phase, all of which have lower M
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values than Co and Fe.[190] Thus, for Mg thickness smaller than Region III, the thinner the Mg
is, the more CoFeB will be oxidized, resulting in a lower My value. As analyzed above, the
CoFeB crystallization quality is degraded for regions other than Region IIL1.[191] This
degradation may be caused in part by the bombardment of high energy oxygen atoms during
MgO sputtering, resulting in a lower My value with a thinner Mg layer as the sacrificial

layer.[192]

The thickness of the Mg insertion layer also exhibits a complex effect on the PMA of
CoFeB. A4b initio calculations have shown that an under-oxidized CoFe/MgO interface will lead
to a decrease in PMA due to the disappearance of Fe/Co - O hybridized states compared to an
ideal CoFe/MgO interface, while an over-oxidized CoFe/MgO interface similarly leads to a
decrease in PMA as a result of the splitting of these same hybridized states.[107, 193]
Experimental work also shows similar results.[194-196] Generally, the PMA decreases for Mg
insertion layer thicknesses other than Region III. However, the PMA of the CoFeB shows a
small increase when a very thin Mg insertion layer is inserted (Region I). This might be
attributed to different strain conditions[109] at the over-oxidized CoFe/MgO interface as well as

the formation of CoFe204.[197]

Lastly, the effect of Mg insertion layer thickness on the VCMA magnitude will be
discussed. Our results suggest that a strongly over-oxidized CoFe/MgO interface will increase
the VCMA effect. This observed trend is also consistent with ab initio calculations where an
interfacial FeO layer enhanced the VCMA coeftficient.[113, 175] A deeper understanding of the
evolution of the VCMA effect from very thin Mg insertion thickness (Region I) to the Mg

insertion thickness showing ideal CoFe/MgO interface (Region III) requires ab initio
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calculations which also take into account the different strain conditions when the CoFe/MgO

interface are under different oxidation levels.[115, 116]

5.4 Analysis of Ta and Pt Insertions

After understanding the case of Mg insertion, Ta and Pt insertion layers will be discussed
briefly as compared with Mg. First, as can be seen from both Figure 5-1 and Figure 5-3 (b), the
PMA decreases with increasing Ta/Pt/Mg insertion thickness, consistent with previous
reports.[181, 198] As shown in Figure 5-1 (b), an Mg insertion layer induces a much larger out-
of-plane to in-plane transition thickness than either Ta or Pt. One cause for this difference in
transition thickness might be that as the PMA originates from the hybridization of Co/Fe and O
orbitals at the CoFeB/MgO interface,[ 107, 108] a sufficiently thick extrinsic insertion layer such
as Ta or Pt, will weaken the Co/Fe and O orbitals hybridization by binding to the O atoms, thus
leading to the decrease of PMA.[199] Secondly, as the VCMA effect relies on the modulation of
PMA, the decreased extent of oxidation between the Co/Fe and O orbitals might also decrease
the VCMA effect, as shown in Figure 5-3(a). Thirdly, at very small insertion thicknesses, the My
values for Ta/Pt insertions are much larger than that of the Mg, as shown in Figure 5-3(c). This
difference could be understood by considering that Ta/Pt has a smaller negative oxide formation
enthalpy than Mg. Hence, during the MgO deposition and annealing processes, the lower degree
of CoFeB oxidation for the Ta/Pt insertions scenario might result in a higher Ms. Another
possible reason is that the MgO deposition process will also sputter the CoFeB and metallic
insertion layers underneath.[192] With larger atomic numbers and higher sublimation
temperatures than Mg, the Ta and Pt insertion layers are harder to be sputtered off. Therefore,

less CoFeB is sputtered off and a larger Ms is obtained.

109



In conclusion, we systematically studied how inserting various materials (Ta, Pt, and Mg)
at the CoFeB/MgO interface affects the VCMA effect. A maximum VCMA coefficient of around
100 fJ/V-m was realized for a very thin Mg insertion layer, which is more than 3 times larger
compared to average VCMA values reported for traditional CoFeB/MgO stacks where no
material is inserted. Using XRD results, the emergence of strong CoFe and MgO crystalline
peaks is correlated to the maximum PMA and saturation magnetization. This indicates that
precise control over the Mg insertion thickness and CoFe oxidation level at the CoFeB/MgO
interface is critical to achieving the desired device performance, with a tradeoff between VCMA,
PMA, and saturation magnetization. The high VCMA coefficient of around 100 fJ/V-m
demonstrated in this work will pave the way for low-power high-density magnetoelectric

memories utilizing electric-field-induced writing with very low write voltage.
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Chapter 6 Seed and Spacer Layers Engineering for Thermal Stress
Stability

6.1 Motivation

As mentioned in Chapter 1, the electric-field assisted writing of magnetic memory that
exploits the voltage-controlled magnetic anisotropy (VCMA) effect offers great potential for
high performance on-chip memory due to its low write energy and fast write speed.[100, 101] In
particular, as the leakage power and cell size continue to increase at smaller nodes for traditional
CMOS SRAM technologys, it is of great promise to integrate Magnetoelectric Random Access
Memory (MeRAM) into advanced CMOS back-end-of-line (BEOL) processes for high density
SRAM replacement.[24, 99, 200, 201] To achieve the full potential of voltage-controlled
Magnetoelectric random access memory (MeRAM), it is critical to design magnetic materials
with a) high voltage-induced writing efficiency, i.e. VCMA coefficient, b) thermal stress stability
under annealing process of 400°C, and ¢) high tunneling magnetoresistance for writing, i.e.

TMR.

In the commonly used Ta/CoFeB/MgO system, the PMA and TMR cannot be sustained
when an annealing temperature above 400°C is used,[202, 203] making it incompatible with
advanced CMOS back-end-of-line processes, where metallic interconnects and low-k dielectrics
used between the interconnects require a thermal budget over 400°C.[204, 205] Several works
have recently explored MTJs with improved thermally stable TMR and PMA for STT-MRAM
applications, primarily by blocking or eliminating Ta diffusion under high temperatures.[192, 204-
206] Nevertheless, for VCMA-based embedded memory applications, it is critical to develop new

material systems that can also provide thermally stable VCMA after annealing at 400°C.
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Figure 6-1 (Left) Schematic of MTJ stacks with different layers. (Right) Published VCMA and PMA
experimental results for different seed/spacer/insertion layers as a function of thermal stress temperature:
(Top) Absolute value of VCMA coefficient (£), (Bottom) interfacial PMA magnetization (K;) values from
published literature as a function of thermal stress temperature. The blue open circles refer to MTJ stacks
grown by molecular beam epitaxy (MBE), the green (red) solid squares refer to those grown via
sputtering by UCLA (other researchers). The labels besides each data point indicates the seed material

used, while the bracket indicates the insertion material between the magnetic free layer and tunnel barrier.

A possible route to achieve this goal is to exploit the effect of the metal seed/spacer layer

on the PMA and VCMA in MT]J structures as shown in Figure 6-1.[146, 149] First, the seed and



spacer materials provide a template for the CoFeB/MgO/CoFeB trilayer growth, which is critical
for both tunnel magnetoresistance (TMR) and VCMA. Next, in the annealing process, the inter-
diffusion of seed and spacer layers and the CoFeB/MgO/CoFeB trilayer will also affect the TMR
and VCMA. A survey of published works done by groups outside of UCLA are summarized in
Figure 6-1. [141, 142, 146, 147, 149, 207-215] Note that the use of seed layer X and spacer layer
Y is designated using X/Y labels, while the insertion material Z at the CoFeB/MgO interface is

also included as indicated in the brackets in the labels as X/Y(Z).[118, 119, 216, 217]

As can be seen in the Figure 6-1, only recently, there have been reports on improving the
thermal stability of PMA, TMR and VCMA in MTJs by changing the Ta-based material stacks to
Mo/CoFeB/MgO [218] and W/CoFeB/MgO under annealing temperatures above 400°C. [146, 219]
Hence, exploration of different seed/spacer materials to achieve thermal stability of PMA and
VCMA after annealing above 400°C is highly desired for bringing MeRAM into embedded
applications. Note that in relation to Chapter 4 and Chapter 5, the VCMA and PMA values obtained
there are both annealed at temperatures below 400°C. In particular, the Ta(Pt), Ta(Ta), and Ta(Mg)

data points refer to the insertion works in Chapter 5.

Here we will first present a detailed study on the effect of annealing on PMA, saturation
magnetization (Ms), and VCMA in Mo/CoFeB/MgO film stacks. A VCMA coefficient () of 40
fJ/V-m is demonstrated after annealing at 430°C for 30 minutes.[220] We also observe a higher §
of 50 fJ/V-m at lower annealing temperature (7a) of 360°C. These VCMA coefficients are
comparable to the best high-temperature VCMA (>400°C) values (40-50 fJ/V-m) reported to date
for W-based samples in Ref. [146], as well as typical § values (30-60 fJ/V-m) measured in the

Ta/CoFeB/MgO system.[136, 138-140, 142] The results also show that a higher annealing
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temperature improves the Ms, as well as the interfacial PMA K; of the film stack within the studied
temperature range. Ab initio electronic structure calculation results further show that the calculated
K values increase as the epitaxial tensile strain on the FeCo layers relaxes. In addition, the CoFeB
thickness dependences of the VCMA and K are studied in this work for annealing at different

temperatures, showing no significant dependences over the measured thickness range.

Based on the above result using Mo seed, which can provide thermal stress stability for
VCMA above 400°C, [149] we also explored various seed materials with Mo as a spacer layer
between seed and free layer to enable thermal stress stability for TMR, PMA, and VCMA above
400°C. In particular, Ir, Ta seeds are investigated in two cases where Mo is used as a spacer and
Mo is not used at all. By exploring these different seed/spacer combinations, high VCMA
coefficient of 115 fJ/V-m, TMR of 160%, and PMA of 1.74 mJ/m? annealed above 400°C were
demonstrated using industrially applicable sputtering process, which are among the highest

values reported and represented in Figure 6-1.[118, 119, 216]

In addition, high resolution transmission electron microscopy (TEM) experiments were
carried out to further study the material chemical and structural change when different seed
materials are used and annealed under different temperatures. TEM results show that the
crystallinity of CoFeB, MgO and seed layer, as well as the oxygen concentration in the Fe
content of the top CoFeB layer both correlate well with device TMR. The CoFe alloy ratio
correlates well with the saturation magnetization and interfacial PMA values. While the higher
oxygen concentration in the bottom Fe correlates well with the VCMA coefficient. These well-
established correlations indicate that by materials engineering using various stack structures and

annealing conditions, it is most critical to control the Co, O, and Mg atomic concentration in the
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top and bottom CoFeB layers to achieve the optimal VCMA, PMA, saturation magnetization,
and TMR values. These experimental results as well as physical understandings will shed light
on how to further improve MeRAM materials for on-chip cache at advanced nodes as well as

utilize Mo as spacer layer for embedded MRAM with high thermal stress stability.

6.2 Molybdenum Spacer Layer for High Thermal Stress Stability

6.2.1 Materials and Methods

The magnetic film stacks were deposited in a magnetron sputtering system on a thermally
oxidized Si/SiO> substrate. We prepared samples with a uniform CoFeB thickness with the
following structures: Mo(5)/Co2oFesoB20(1=0.94,1.06,1.18)/Mg0O(2.5)/Al>03(5), with the numbers
in the parentheses designating nominal thickness in nm. We also deposited samples with gradually
changing (wedged) CoFeB thickness with similar structures:
Mo(5)/Coz0Fes0B20(1)/MgO(2.5)/Al203(5), where the CoFeB thickness ¢ was continuously varied
in the range of 0.65 to 1.45 nm across the wafer. All metallic layers were grown using DC
sputtering, while the MgO and Al,O3 layers were RF sputtered from insulating MgO and Al>O3
targets. Stacks were annealed at 360°C, 400°C, and 430°C respectively for 30 minutes under
vacuum (< 1077 Torr). The rise time of the annealing system was less than 2 minutes, while the
cool-down time from 430°C to 200°C was approximately 30 minutes. The samples were
subsequently patterned into Hall bar devices by standard photolithography and dry etching
techniques and further covered by a 33 nm Al,O3 gate oxide using atomic layer deposition (ALD).
Last, a patterned ITO electrode was fabricated on top for gating. The dielectric constants of MgO
and AbO3 are assumed to be 10 and 7, respectively according to the literature, for the calculation

of the electric field strength at the CoFeB/MgO interface.[167, 182] The dimensions of the Hall
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bars were 20 um X 130 pum. For the wedged samples, the Hall bar length was perpendicular to the

wedge direction.

Ab initio electronic structure calculations were carried out within the framework of the
projector augmented-wave formalism, as implemented in the Vienna ab initio simulation
package (VASP)[221] at the generalized gradient approximation level.[222] The slab supercell
model of the magnetic layered structure consists of three monolayers (MLs) of bcc Mo, on top of
3 MLs of B2-type FeCo, on top of 7 MLs of MgO and a 15-A-thick vacuum region, as shown in

the inset of Figure 6-6(c). The O atoms at the interface are placed atop Fe atoms.

6.2.2 Dependence of Saturation Magnetization and Dead Layer on Annealing Temperature

The unpatterned films were first characterized by a vibrating sample magnetometer (VSM)
to obtain M-H loops, in order to study the change of PMA and Ms with different annealing
temperatures. Exemplary results from a sample with a uniform CoFeB thickness of 1.06 nm are
shown in Figure 6-2 (a), where the magnetic field is swept in the out-of-plane direction. As the
annealing temperature increases, the squareness of the M-H loop improves, and the out-of-plane
saturation field decreases, both of which indicate that the PMA of the film increases at higher
annealing temperatures. Similar results were also observed for samples with CoFeB thicknesses
0f0.94 and 1.18 nm. By carrying out a linear fit of the magnetic moment per unit area as a function
of the CoFeB thickness, we further obtained the saturation magnetization (Ms) and dead layer
thickness (74) values at different annealing temperatures.[191] As shown in Figure 6-2 (b), both the
Ms and ¢4 values increase at higher annealing temperatures. Note that all CoFeB thicknesses

mentioned in the paper refer to the nominal thickness without dead layer subtraction.
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Figure 6-2 (a) M-H curves for different annealing temperatures (T,). M/A refers to magnetic moment per
unit area. Hy refers to out-of-plane magnetic field. The CoFeB thickness (t) is 1.06nm. (b) Dependence of

saturation magnetization (Mg) and dead layer thickness (ty) on Ty.

This increase of PMA, Ms, and 74 in the Mo/CoFeB/MgO system with annealing
temperature is consistent with the observations of Ref. [191], and can be associated with the
competition between boron diffusion from the CoFeB layer into the molybdenum film,[223] and
molybdenum diffusion into the CoFeB layer upon annealing. It is known that the diffusion of boron
promotes better crystallization of CoFe from the amorphous state to a bcc(001) crystal
structure,[ 164] resulting in a higher saturation magnetization. According to ab initio calculations,
the PMA in the CoFeB/MgO system stems primarily from the hybridized Fe/Co 3d orbitals and O
2p orbitals at the interface,[ 107, 108] hence the decrease of boron atoms at the interface might be

expected to induce stronger orbital hybridization and a higher PMA.
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It is worth noting that the observed monotonic increase of both Ms and PMA from 360°C
to 430°C in the Mo-based system is in sharp contrast to the Ta-based system, where both Ms and
PMA drop when annealed at temperatures higher than 300°C.[203, 223] Similarly, the dead layer
thickness of the Ta/CoFeB/MgO system increases above 0.5 nm at around 330°C[191] while the
dead layer thickness increases above 0.5 nm at a higher temperature of around 430°C of the
Mo/CoFeB/MgO system. This better thermal annealing stability of PMA and Ms in
Mo/CoFeB/MgO structures can be explained by a number of causes. Namely, the smaller negative
formation enthalpy of Mo oxides compared to Ta oxides, the crystalline structure of the sputtered
Mo film,[ 191] and the smaller negative formation energy of Fe-Mo alloys compared to Fe-Ta,[224]
all contribute to the prevention of molybdenum atoms from significantly diffusing into the free
layer, leading to a more stable PMA and Ms after high-temperature annealing. On the contrast, the
decrease of Ms in the Ta-based system at higher annealing temperatures has been attributed to
intermixing of CoFeB and Ta,[215] while the decrease of PMA results mainly from the diffusion
of Ta into the CoFeB/MgO interface.[170] Hence in our Mo/CoFeB/MgO system, as the magnetic
properties keep improving from 360°C to 430°C, boron diffusion (out of the free layer) has a
dominating effect over molybdenum diffusion (into the free layer) over the studied temperature

range.

6.2.3 Dependence of VCMA and Interfacial PMA on Annealing Temperature

The VCMA was subsequently characterized as follows. The Hall resistance Ry, was
measured under a sweeping out-of-plane magnetic field while different gate voltages were applied.
A positive gate voltage is defined as the top gate electrode being at a positive electric potential, as
shown in Figure 6-3 top right inset. Figure 6-3 shows the measurement results of the wedged sample
with a CoFeB thickness of 1.45nm, annealed at 430°C for 30 minutes, where three different gate
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voltages are applied. As the CoFeB in this case has an in-plane easy-axis, an out-of-plane (i.e.
hard-axis) magnetic field is applied in order to obtain the perpendicular anisotropy energy
(Eperp)-[138] As can be seen from the bottom left inset of Figure 6-3, a noticeable difference of the

Ruan-H loop is observed for different applied electric fields.

90 X T x T v T * T x T ¥ T ¥ T
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Figure 6-3 (Left) Hall resistance dependence on the out-of-plane magnetic field, under different gate
voltages. The film stack was annealed at 430°C for 30 minutes. Top right inset: Top view of a Hall bar
device with an ITO gate electrode. The scale bar is 20 pm. Bottom left inset: Zoomed-in view of the main
figure with the same units for both axes.

To measure the VCMA coefficient ¢, we follow an approach similar to Ref.[138], also

similar to the anomalous Hall measurement method mentioned in Section 3.2.2. The value of

E

perp 1 Obtained from the equation for an in-plane easy-axis film

E

perp = ~Ho fol HzdM; Equation 6-1

where the normalized Mz /Mg value can be expressed by Equation 3-7. The value of — Ep,er, /Mg =

fol H;dM;/Ms is also shown in the right figure of Figure 6-3. Here, Mg is the saturation
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magnetization, M, is the perpendicular component of the magnetization, H; is the out-of-plane

AHE

RAHE i5 the anomalous Hall resistance, and RALZE (RALE) is the maximum

external magnetic field,

RAHE RAHE

(minimum) of values measured. The value of can be extracted from Ry, by
subtraction of the ordinary Hall contributions according to Equation 3-6, where the first term is the
ordinary Hall resistance, and the second term represents R4"E. Here, R, and R are the ordinary
and anomalous Hall coefficients, respectively, and p, is the permeability of free space. The
ordinary Hall coefficients can be obtained from a fit to the Ry,;; — H; loop at the high field regions.
From this, we can obtain the electric field dependence of the perpendicular anisotropy energy
Eperp(E), and hence the electric field dependent interfacial perpendicular anisotropy (Ki) can be

calculated using Equation 3-5. Hence, one can obtain the electric field dependence of K; and

measure the VCMA coefficient ¢.
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Figure 6-4 Interfacial perpendicular magnetic anisotropy (K;) dependence on electric field () for different

T4. The inset numbers indicate the VCMA coefficient (§).

Next, we compare three exemplary dependencies of K; as a function of electric field, for

devices with the same CoFeB thickness annealed at different temperatures. As shown in Figure 6-4,
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a linear dependence with a negative slope is obtained, which means that depletion of electrons at
the CoFeB/MgO interface increases the interfacial perpendicular anisotropy. From the fitted
curves, a ¢ of ~40 fJ/V-m is demonstrated after annealing at 430°C, along with a higher ¢ of ~50

fJ/V-m at 360°C annealing temperature.
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Figure 6-5 (a) VCMA coefficient &, and (b) Interfacial PMA K; dependence on CoFeB thickness (), under

different Ta.

In addition, we carried out gate voltage-dependent hard-axis Ry,; — H measurements for
devices along the length of the wedge-shaped sample, to study the CoFeB thickness dependence
of the VCMA coefficient (§) and interfacial perpendicular anisotropy (K;) for different annealing
temperatures, as shown in Figure 6-5 (a) and (b). No significant CoFeB thickness dependence of

either & or K is observed over the measured thickness range, which is consistent with some
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previous reports,[136] that the interfacial anisotropy and its electric field control originate

primarily from the CoFeB interfaces.
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Figure 6-6 (a) &, and (b) Ki dependence on Ta. The VCMA coefficients here are all absolute values, while
the measured values are all negative (according to the definition that a positive voltage corresponds to
higher electric potential at the top gate electrode). Error bars are included to take into account the
uncertainty in t; and Mg values. (c) The ab initio electronic structure calculated K; of

Mo(3ML)/FeCo(3ML)/MgO(7ML) as a function of tensile strain on FeCo layer (npeco)-

The dependences of ¢ and K (after averaging over the measured thickness values) on the
annealing temperature are summarized in Figure 6-6 (a) and (b). Apart from the slight decrease of
the VCMA coefficient, K; increases by 20% from 0.74 mJ/m? to 0.89 mJ/m? after annealing. This
slight drop of ¢ along with a continued increase of K; at higher annealing temperature is consistent
with previous reports in Ir/CoFeB/MgO [209] and W/CoFeB/MgO systems [146] which indicates
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that the electric-field control of Kj is more sensitive to annealing effects than Kj itself. A possible
reason for the increase of Kj and slight VCMA degradation at higher annealing temperature is that
the annealing relaxes the compressive strain of the MgO layer, such that the lattice constant of the

MgO approaches its bulk value.[82]

6.2.4 Analysis of Results via Ab Initio Calculations

To further investigate the effect of strain on Ki, we performed ab initio electronic structure
calculations of interfacial PMA (K;) in Mo(3ML)/FeCo(3ML)/MgO(7ML) structures, as a function
of tensile strain on the FeCo layer (ngqc,). As shown in Figure 6-6 (¢), the relaxation of epitaxial
FeCo strain, thus relaxation of epitaxial MgO strain, can give rise to an increase of Ki. Note that
as discussed before, the diffusion of boron atoms away from the CoFeB/MgO interface might also
contribute to the increase of interfacial PMA. According to our recent ab initio work on the
dependence of VCMA on epitaxial strain of CoFeB/MgO structures, a relaxation of compressive
strain of the MgO layer will lead to a lower dielectric constant of the MgO, which might reduce

the VCMA effect.[116]

It is worthwhile to compare our results to those obtained in other material systems of
interest for MeRAM. Thermal stability of VCMA above 400°C has been previously studied in the
W/CoFeB/MgO system.[146] Our observed € values, along with a slight decrease of the ¢ values
above 400°C in the Mo-based system, are very similar to those in the W-based system. The
comparable ¢ values between the two material systems also agree well with a previous experiment
on vacuum/Fe/Mo(110) and vacuum/Fe/W(110) systems using nanoscale ferromagnetic islands
on metallic substrates at 45 K.[210] While for Ta/CoFeB/MgO structures, a VCMA coefficient of

30-60fJ/V-m has been obtained in several previous work with annealing temperatures below
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300°C.[136, 138-140, 142] In other structures with seed layers such as Au,[101] Ru,[142] Ir,[209]
Ag, CuN, Zr, Nb,[146] and MgO,[141] & values of 20-100fJ/V-m have been demonstrated with

annealing temperatures generally not exceeding 350°C.

It is also worth noting that a number of reports have shown large ¢ values of 100-
1,20011/V-m,[127, 183, 225] which can be attributed to mobile ionic charges in the oxides besides
the MgO layer. These charges may, however, be too slow to achieve high frequency memory
writing using voltage pulses. To eliminate the possibility of such an ionic effect in our films, we
carried out a hysteretic sweep of the gate voltage[127] from -10V to 10V and back to -10V. The
K; vs electric field plots for different sweeping directions coincide with each other and are within
the error bars of the measurement, hence confirming that there is no contribution from mobile

charges in our films.

In conclusion, it is demonstrated that the interfacial PMA in Mo/CoFeB/MgO structures
increases and the VCMA is sustained with annealing temperatures up to 430°C. A VCMA
coefficient of 40 fJ/V-m is demonstrated after annealing at 430°C, indicating a VCMA comparable
to Ta-seeded systems, along with a marked improvement in its temperature stability. Ab initio
electronic structure calculations further corroborate the enhancement of experimental K; values at
high temperatures. No significant CoFeB dependence of the VCMA effect and the interfacial PMA
is observed over the thickness range studied. The demonstration of thermally stable VCMA and
PMA provides a pathway for the integration of Mo/CoFeB/MgO into Magnetoelectric RAM

devices compatible with advanced embedded CMOS technologies.
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6.3 Seed Layer Engineering with Molybdenum Spacer Layer for Thermal Stress
Stability

Based on the above results, Molybdenum seems to be a good material that has minimal
diffusion compared with Ta. Hence, Mo can act as a spacer layer between seed layer such as Ta
and the free layer CoFeB. When the Mo layer is thin enough, the seed layer such as Ta can still
influence the free layer magnetic properties through diffusion of seed layer and the seed layer as a
growth template for Mo/CoFeB layers. In this way, the seed layer/CoFeB bilayer properties can
be partially maintained while possessing the thermal stress stability required for CMOS back-end-

of-line (BEOL) processing.

Similar work has been done to investigate the effect of Mo insertion in Ta/Mo/CoFeB-
based MTJs on PMA and TMR.[226] However, a detailed study of the effect of Mo
spacer/insertion on the VCMA effect is missing. Also, a comparison between different seed
materials combining with Mo spacer is desired to further understand the complex interplay
between seed/spacer bilayer and the CoFeB/MgO/CoFeB junction. In terms of VCMA effect, Ir
seed give rise to the highest VCMA coefficients (~ 100 fJ/V-m) reported by sputtering. However,
Ir seeded MTIJs will lose its PMA above 350°C annealing.[209] Hence, the combination of Ir/Mo
bilayers might produce both high VCMA values and PMA under high annealing temperatures. In
this section, we will show the PMA, TMR, VCMA, and saturation magnetization values of MTJs

using Ta and Ir seeds with/without the Mo spacer layers.

In addition, while there are already considerable amount of literature investigating the
material properties of MTJ stacks, no clear material structural and chemical properties have been
experimentally identified to explain the wide-spread magnetic properties values for different

seeded materials annealed at different temperatures, especially the PMA and VCMA values. Hence,
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it is crucial to pinpoint experimentally what are the underlying material properties that govern the
evolution of these magnetic properties. In this work, we carried out X-ray Diffraction (XRD) and
transmission electron microscopy (TEM) studies to carefully investigate the materials structural
and chemical properties. By carefully analyzing the Energy Dispersive X-ray Spectroscopy (EDS)
data for each element distribution in the MTJ stack, we have established strong correlations
between the PMA, TMR, VCMA, and saturation magnetization values and the element-specific
Fe, Co, O, and Mg distribution profile. These correlations will provide critical guidance to the
design and engineering of better materials for future STT-RAM and voltage-controlled magnetic

memory.

6.3.1 Materials and methods

CoFeB with gradually changing (wedged) thickness were deposited as part of stacks grown
on a thermally oxidized Si/SiO; substrate in a magnetron sputtering system to study the tcopen
dependence of the VCMA effect using the weak reference layer MTJ measurement method as in
Section 3.2.1. The stack is seed/Co2oFes0B20( tcorer )/MgO(2.5)/Co20FesoB20(2)/Ta(4)/Pt(2),
(thickness in nm), consisting of a wedged CoFeB free layer and a 2 nm-thick weak CoFeB
reference layer. In particular, there are 4 variations of the seed layer, i.e. Ta(18), Ta(18)/Mo(1),
Ir(18), and Ir(18)/Mo(1). The wedged CoFeB layer thickness tc,pep 1S continuously varied in the
range of 0.7 to 1.4 nm across the wafer. All metallic layers were deposited using DC sputtering,
while the MgO layers were deposited using RF sputtering from insulating MgO targets. All stacks
were annealed at various temperatures ranging from 290°C to 470°C for 30 minutes in a vacuum
under 1077 Torr, and then measured by a superconducting quantum interference device (SQUID)
to obtain saturation magnetization values. The stack for MTJ measurement was fabricated into

MTIJs with the elliptical diameters of 4 um X 8 um using standard photolithography and reactive
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ion etching (RIE) techniques. The dielectric constants of MgO are assumed to be 10 for the

calculation of the electric field strength at the CoFeB/MgO interface.
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Figure 6-7 Interfacial PMA magnetization (K;), VCMA coefficient (§), and saturation magnetization (M)

values for MTJs with Ir, Ir/Mo, Ta, and Ta/Mo seed layers, annealed at different temperatures (T,). The
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circled data points refer to: 1, Ta seed annealed at 290°C; 2, Ta/Mo seed annealed at 470°C; 3, Ir/Mo seed
annealed at 430°C; and 4, Ir/Mo seed annealed at 470°C. The detailed stack structure and annealing

conditions of these 4 samples are also shown in Figure 6-9.

6.3.2 Saturation Magnetization and Device Level Electrical Results

First, using the weak reference layer measurement method as described in Section 3.2.1,
interfacial PMA, VCMA coefficient and saturation magnetization values measured via SQUID are
shown in Figure 6-7. It can be seen that the general trends of interfacial PMA, VCMA, and saturation
magnetization values are similar. The Ta and Ir seeded samples show a monotonic decrease when
annealed from 290°C to 400°C and loses both PMA and good saturation magnetization properties
beyond 400°C annealing temperature. If Mo spacer is inserted however, the Ta/Mo samples show
a monotonic increase of PMA and Mg from 325°C all the way to 470°C, while the Ir/Mo samples
show an inverse V-shaped curve with optimal PMA, VCMA, and saturation magnetization values

at 430°C.
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Figure 6-8 Full TMR values for MTJs with Ir, Ir/Mo, Ta, and Ta/Mo seed layers, annealed at different

temperatures (T4). The circled data points refer to: 1, Ta seed annealed at 290°C; 2, Ta/Mo seed annealed
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at 470°C; 3, Ir/Mo seed annealed at 430°C; and 4, Ir/Mo seed annealed at 470°C. The detailed stack structure

and annealing conditions of these 4 samples are also shown in Figure 6-9.

Next, the full TMR value is measured and calculated based on the method described in
Section 4.3, as shown in Figure 6-8. From the data, the trend of TMR for each seed material under
different annealing temperatures is drastically different from that of PMA, VCMA, and saturation
magnetization values. The Ir and Ta-seeded samples both show an inverse V-shaped curve with
optimal TMR around 325°C. The Ir/Mo seeded MTJs yield much higher TMR values (100-160%)
with a monotonic increase at higher annealing temperature. While the Ta/Mo samples have

plateaued TMR values around 30% at high annealing temperature.

1-Ta(18)  2-Ta(18)/Mo (1) 3-Ir(18)/Mo (1) 4 -Ir(18)/Mo (1) Sample
T,=290°C T,=470°C T,=430°C T,=470°C Schematic
Pt (2) Pt (2) Bi(2) Pt (2)

Cap Layer
Ta (4) Ta (4) Ta (4) ERC))

Cap Layer

CoyFesoBao (2) CoxFepoBao (2) CoxFesoBao (2) CoyFegoBao (2) Fixed Layer

MgO (2.5) MgO (2.5) MgO (2.5) MgO (2.5) Tunnel Barrier

Mo (1) Mo (1) Mo (1)
Ta (18) Ta (18) Ir (18) Ir (18)

Free Layer

Spacer Layer
Seed Layer

Figure 6-9 MTJ thin film stack for 4 samples selected for further TEM studies, i.e. 1, Ta seed annealed at
290°C; 2, Ta/Mo seed annealed at 470°C; 3, Ir/Mo seed annealed at 430°C; and 4, Ir/Mo seed annealed at
470°C. The schematic of the MT]J stack with each layer is also illustrated on the right hand side.

To further investigate the origin of these variation of TMR, PMA, VCMA, and saturation
magnetization values, and especially the contrasting temperature dependent trends of TMR value
versus PMA, VCMA and saturation magnetization values, we chose 4 samples as indicated by the

circles in Figure 6-7 and Figure 6-8. The film structure of these 4 samples are also illustrated in
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Figure 6-9. We first carried out X-ray diffraction (XRD) on these four set of samples to characterize
the materials crystal structure in a rough manner. Then each of these 4 samples will be investigated
using high resolution transmission electron microscopy (TEM) and Energy Dispersive X-ray
Spectroscopy (EDS) to understand their detailed material and structural characteristics. The data

will be shown in next Section.

6.3.3 Film Level Structural and Chemical Results

First, XRD is carried out to characterize the materials structural properties of the above
selected 4 samples as well as an Ir-seeded sample annealed at 290°C, as shown in Figure 6-10. The
crystalline peaks of relevant materials are identified by light colored regions. Note that we did not
consider any CoFe, MgO, or Mo peaks even through some of their crystalline peaks might overlap
with the identified Ir, @-Ta, and f-Ta peaks. The reason is that the thickness of CoFeB, MgO, and
Mo are thinner than 3nm, thus cannot give rise to a large diffraction signal in the XRD setup we
used where normal X-ray incidence angle is used, even when these ultrathin layers are well
crystalized. As seen in the figure, the Ir and Ir/Mo-seeded samples all show a clear Ir (111)
crystalline peak, lacking any clear Ir (200) peaks (data not shown). Hence, Ir seed are crystallized
in (111) orientation mostly. While for Ta and Ta/Mo-seeded samples, they show a clear 5-Ta (002)
peak. As all samples have Ta as a capping layer on top of the CoFeB/MgO/CoFeB layers, but only
Ta and Ta/Mo-seeded samples have Ta seed grown on top of the oxidized Si substrate, it can be
concluded that the f-Ta (002) peak comes from the Ta seed. This is consistent with previous
reports where Ta grown on top of oxidized Si substrate will be in 8 phase.[165] While for all
samples, a weak and broad a-Ta (110) peak can be found, which can only be attributed to the Ta
capping layer. This is consistent with previous reports where Ta grown on top of CoFeB will be

partially crystalized into bce (001) phase. [120]
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Figure 6-10 8 — 26 X-ray diffraction intensity scan for samples with Ir seed annealed at 290 °C; 1, Ta seed
annealed at 290°C; 2, Ta/Mo seed annealed at 470°C; 3, Ir/Mo seed annealed at 430°C; and 4, Ir/Mo seed
annealed at 470°C. The detailed stack structure and annealing conditions of these 4 samples are also shown

in Figure 6-9.

Then, transmission electron microscopy (TEM) are conducted to characterize the detailed
structural difference between the four selected samples. As seen in Figure 6-11, the diffraction
patterns evolve from blurry diffraction rings to more distinct and well-separated diffraction points
as the sample moves from Ta seed annealed at 290°C (sample 1), to Ta/Mo seed annealed at 470°C
(sample 2), Ir/Mo seed annealed at 430°C (sample 3), and finally Ir/Mo seed annealed at 470°C
(sample 4). This is also consistent with the constant TMR value increase from sample 1 to sample
4 as shown in Figure 6-8. Hence, the improved crystallinity of CoFeB/MgO/CoFeB layers lead to

the increase of TMR.
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Figure 6-11 TEM diffraction patterns for different material layers (top CoFeB, MgO, bottom CoFeB, Mo
spacer, and Ta/Ir seed) in the four selected samples: 1, Ta seed annealed at 290°C; 2, Ta/Mo seed
annealed at 470°C; 3, Ir/Mo seed annealed at 430°C; and 4, Ir/Mo seed annealed at 470°C. The detailed
stack structure and annealing conditions of these 4 samples are also shown in Figure 6-9. The key
diagram of the diffraction patterns for CoFe and MgO are plotted against the diffraction pattern to
illustrate the lattice orientation of CoFe and MgO layers. It is indicated using arrow that the multilayers
evolve from amorphous to crystalline from sample 1 to sample 4, which is consistent with the increase of

TMR from sample 1 to 4.

Before delving into the EELS and EDS data, it is worthy to compare the two Ir/Mo samples
annealed at 430°C and 470°C respectively as shown in Figure 6-12. As shown in the Annular dark-
field imaging of scanning transmission electron microscope ADF-STEM image on the top, the

crystallinity of the CoFeB and MgO annealed at 470°C is enhanced compared with the case
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annealed at 430°C. To check whether this is commonly observed feature, dark field imaging was
done for large area. Excited diffraction spots are indicated by arrows in the diffraction patterns. As
shown in the dark field images exciting MgO (020) and CoFe (020), the CoFeB and MgO layers
in the sample annealed at 470°C has more excited crystallites compared to those in the 430°C
annealed sample. This nature would explain the higher TMR in the sample annealed at 470°C.

- Ir(18)/Mo(1), T,=430°C — Ir(18)/Mo(1), TA_470 C
CoFe (020)

MgO (020) MgO —»
CoFeB 7

CoFe
(020)

MgO
(020)

Figure 6-12 (Top) ADF-STEM imaging of sample 3 Ir/Mo seed annealed at 430°C; and sample 4, Ir/Mo

seed annealed at 470°C. Diffraction patterns of CoFeB and MgO layers are shown in the middle with CoFe
(020) and MgO (020) diffraction points indicted by arrows. (Bottom) Dark-field imaging of excited MgO
(020) and CoFe (020) crystallites of sample 3 and 4. The larger number of both CoFe (020) and MgO (020)

crystallites in sample 4 confirms the better crystallinity of sample 4 than sample 3, as shown in Figure 6-11.

Next, we will analyze the element-specific EDS data obtained on these 4 samples to further
correlate the measured TMR, VCMA, PMA and saturation magnetization values with element-
specific data. In particular, EDS is capable of capturing the inter-diffusion of different elements in

a MT]J stack at different annealing temperatures. Thus we can obtain a lot of detailed material data
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including the degree of CoFe alloying, Fe/Co oxidation, inter-diffusion of Mg, seed and Mo spacer
into CoFe, etc. As shown in Figure 6-13, the detailed distribution of all elements except Boron are

mapped out along the vertical direction of the sputtered films.
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Figure 6-13 Energy Dispersive X-ray Spectroscopy (EDS) element distribution data of Ta, Co, Fe, Mg, O,
Mo, Ir, Pt in the four selected samples, i.e. 1, Ta seed annealed at 290°C; 2, Ta/Mo seed annealed at 470°C;
3, Ir/Mo seed annealed at 430°C; and 4, Ir/Mo seed annealed at 470°C. The detailed stack structure and

annealing conditions of these 4 samples are also shown in Figure 6-9.

6.3.4 Correlation between Element-Specific Data and Device-Level Data

First, the method we used to gather element-specific data is described as the following.
As shown in Figure 6-14 Left figure, the EDS data illustrates the atomic concentration of each
element along the depth profile of the whole MT1J stack. As illustrated in Figure 6-14 Left figure,
the green region delineates the concentration of Fe in the CoFeB layer on top of the MgO barrier
(hereafter referred to as the top Fe). Then the brown region delineates the concentration of O
overlapping with the Fe content region in the top CoFeB layer. Hence, the O atomic

concentration in the top Fe content can be calculated through dividing the O concentration
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(brown region) over the top Fe concentration (green region). If the O atomic concentration in top
Fe is plotted for all the four selected samples, we find that the trend correlates rather well with
the TMR ratio of these four samples, as shown in Figure 6-14 Right figure. This indicates that the
TMR ratio increase driven by the crystallinity improvement of both CoFeB layers will also
coexist with an increased oxygen content in the top Fe. Note that we also calculated the relative
oxygen concentration in bottom Fe (see Figure 6-16) and in the MgO barrier region (data now
shown), neither of these oxygen concentrations values correlate with the TMR values. The
reason might be that the change of the top CoFeB polarization is more sensitive to different seeds

and annealing temperatures than that of the bottom CoFeB.
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Figure 6-14 (Left) EDS element distribution data of sample 3, Ir/Mo seed annealed at 430°C. The Fe
element concentration in the top CoFeB layer is highlighted with green color, and the O concentration
overlapping with the top Fe content is highlighted with brown color. (Right) The atomic concentration of
O in the top Fe, as calculated by the ratio of O highlighted area over Fe highlighted area in the Left figure,
and the tunneling magnetoresistance (TMR) ratio as a function of the four selected samples, i.e. 1, Ta

seed annealed at 290°C; 2, Ta/Mo seed annealed at 470°C; 3, Ir/Mo seed annealed at 430°C; and 4, Ir/Mo
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seed annealed at 470°C. The detailed stack structure and annealing conditions of these 4 samples are also
shown in Figure 6-9. The correlation between the O concentration in top Fe and the TMR ratio confirms

that TMR increase in our samples is driven by the O concentration in top Fe.

Below, we will analyze the effects of O concentration in the top Fe. Though some
existing ab initio works [227, 228] indicate that the small oxygen concentration in the
asymmetric Fe/FeOx/MgO/Fe structure will result in a large decrease of TMR, there is inevitably
diffusion of oxygen into the CoFeB layer adjacent to the MgO layer during annealing
process[229]. Hence, ab initio calculation of the symmetric Fe/FeO/MgO/FeO/Fe structure is a
better estimate of the experimental reality. One ab initio work [229] has found that the
symmetric presence of FeO layer at both sides of the MgO barrier will result in coherent
tunneling through interface resonance states in the FeO layer. While the asymmetric
Fe/FeO/MgO/Fe structure does not have coherent tunneling thus exhibits a lower TMR than
Fe/FeO/MgO/FeO/Fe. Therefore, the increase of O concentration at the Fe layers might also

induce a higher TMR due to enhanced coherent tunneling.

Next, we will look at the correlation between the bottom CoFe alloy ratio, bottom CoFe
saturation magnetization and interfacial PMA of the bottom CoFeB/MgO interface. Similar as
Figure 6-14 Left figure, the relative concentration of Co and Fe in the bottom CoFeB layer can be
obtained by integrating the area of the EDS Co and Fe curve for the bottom CoFeB layer. To
compare the dependence of CoFe saturation magnetization and the Slater-Pauling curve, we
plotted the average valence electrons number per atom (Z) for the CoFe alloy considering each
Fe has 26 valence electrons and each Co 27. As shown in Figure 6-15 Top figure, the highest
saturation magnetization values correspond to a Z number of around 26.26 to 26.30, while the

saturation magnetization values will decrease when Z is outside of this range. This observed
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optimal Z number is consistent with the well-known Slater-Pauling curve of CoFe alloy.[230]
Hence, it can be concluded that the CoFe alloy ratio is the most critical factor for determining the
saturation magnetization in these ultrathin MTJ stacks. Another physical property that can be
correlated with the CoFe alloy ratio is the interfacial PMA. As shown in Figure 6-15 Bottom
figure, x as in Coi.xFex and the interfacial PMA correlate very well with each other across the
four selected samples. This clearly indicates that the interfacial PMA originates mainly from the
Fe and O orbital hybridization, instead of the Co and O orbital hybridization. The above
conclusion is also consistent with previous ab initio calculations[107] and experimental

results[231] where Fe-rich CoFeB will give rise to larger interfacial PMA than Co-rich CoFeB.
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Figure 6-15 (Top) Number of valence electrons per atom Z for bottom CoFe alloy and saturation
magnetization (ugMy) of the bottom CoFeB layer; (Bottom) The alloy ratio x as in bottom Co,.xFex and
the interfacial PMA (K;) as a function of the four selected samples, i.e. 1, Ta seed annealed at 290°C; 2,

Ta/Mo seed annealed at 470°C; 3, Ir/Mo seed annealed at 430°C; and 4, Ir/Mo seed annealed at 470°C.

137



The detailed stack structure and annealing conditions of these 4 samples are also shown in Figure 6-9.
The data shows clear correlation between the Fe concentration, PMA, and saturation magnetization of the

bottom CoFe alloy.

Lastly, the VCMA coefficient can be correlated with the O and Mg concentration in the
Fe content of the bottom CoFeB layer (hereafter referred to as bottom Fe). As shown in Figure
6-16 Top figure, the Mg and O concentration in the bottom Fe exhibit an opposite trend across
the four selected samples. The higher the O content is, the lower the Mg content becomes. To
better correlate the change of Mg and O with the evolution of the VCMA coefficient, it is useful
to define the excessive O concentration which can be calculated through subtracting O
concentration by Mg concentration. One justification for using this excessive O concentration is
that as O has the highest formation enthalpy when reacting with Mg compared with Ta, Co, Fe,
and Pt, and the Mg concentration profile follows that of the O closely, we can assume that all Mg
will react with O and form MgO, thus the excessive O atomic concentration will be the
dominating factor in reacting with the bottom Fe. As shown in Figure 6-16 bottom figure, the
excessive O concentration correlates pretty well with the VCMA coefficient. This over-oxidation
driven VCMA enhancement is consistent with Chapter 5 where the thin Mg insertion layer with
over-oxidized CoFeB gives rise to the highest VCMA coefficient. Also, some ab initio works

have shown similar results. [113, 175]
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Figure 6-16 (Top) Mg and O atomic concentration in the bottom Fe; (Bottom) Excessive O atomic
concentration in the bottom Fe and the VCMA coefficient () as a function of the four selected samples,
1.e. 1, Ta seed annealed at 290°C; 2, Ta/Mo seed annealed at 470°C; 3, Ir/Mo seed annealed at 430°C; and
4, Ir/Mo seed annealed at 470°C. The detailed stack structure and annealing conditions of these 4 samples
are also shown in Figure 6-9. The correlation between the excessive O concentration in bottom Fe and the
VCMA confirms that VCMA increase in our samples is driven by the excessive O concentration in

bottom Fe.

In addition, note that in Section 6.3.2, we found that the trend of TMR for a specific seed
material annealed at different temperatures is in sharp contrast to the other values. Element-wise,
we can explain the above observed trend by considering that only the TMR value is correlated to
the top Fe, while VCMA, PMA, and saturation magnetization are all correlated to the bottom Fe.
Because the top CoFeB layer is 2 nm and thicker than the bottom CoFeB layer ranging from 1
nm to 1.5 nm, the dependence of top and bottom Fe on annealing temperature is different. For

the bottom Fe dependent properties (VCMA, PMA, and saturation magnetization), the Ir and Ta
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seeded samples show a monotonic decrease from 290°C to 400°C, the Ta/Mo seeded sample
show a slow monotonic increase from 325°C all the way to 470°C, while the Ir/Mo samples show
an inverse V-shaped curve with optimal value at 430°C. If we look at the top Fe dependent
property TMR, the Ir and Ta seeded samples show an optimal value at 325°C, the Ta/Mo seeded
sample still show a slow monotonic increase from 325°C all the way to 470°C, while the Ir/Mo
samples show a large monotonic increase from 325°C all the way to 470°C. It can be concluded
that the top Fe exhibit a higher thermal annealing stability than the bottom Fe. Effectively, the
temperature-dependent curves of the TMR value is shifted to the high temperature end by around
40°C. This indicates that the thicker CoFeB layer can sustain good magnetic properties at high
annealing temperatures. The reason behind this might be that the other elements will have a

smaller relative atomic concentration in Fe upon diffusion.[82]

Based on the insights gained from the above, we further designed an MTJ stack with even
higher PMA and VCMA performance when annealed above 400°C, which is also indicated by
the green data point in Figure 6-1 as Ir/Mo(Mg). In particular, as shown in Figure 6-17(a), the new
stack utilizes the Ir/Mo seed which possesses the best VCMA coefficient when annealed above
400°C in the above analysis. It also takes advantage of the Mg insertion at the CoFeB/MgO
interface which will induce over-oxidation of the CoFeB layers beneath the Mg insertion layer in
the sputtering process.[217] In addition, an additional Mo insertion layer is used inside the
CoFeB free layer, resulting in a much larger free layer thickness and interfacial PMA value.
Similar works where Ta and W are inserted in the free layer also show drastic PMA
increases.[232, 233] The cause of these higher PMA due to insertions could also be attributed to

the higher Fe concentration in CoFe alloy. As Co has higher negative formation enthalpy to form
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alloy with Mo, Ta, W than Fe does,[234] Co tends to diffuse into the insertion layer and leave

the CoFe layer more Fe-rich, thus resulting in a larger PMA.
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Figure 6-17 PMA and VCMA results for MTJ stack based on Ir/Mo seed and Mg insertion. a, MTJ stack
structure and annealing condition. b, The normalized MTJ conductance dependences on in-plane external
magnetic field for different MTJ bias voltages. ¢, Product of effective magnetic anisotropy (K.rr) and the
total CoFeB thickness (2t;,rep) as a function of total CoFeB thickness. The interfacial PMA (K;) and

saturation magnetization (uyMy) values obtained from linear fitting of the above curve are also indicated.

d, The distribution of VCMA coefficients (¢) and interfacial PMA values for 18 devices on the same chip.

As shown in Figure 6-17(c), the interfacial PMA and saturation magnetization values can

be obtained from linear fitting of the K, sty dependence of ¢y, curve, resulting in an interfacial
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PMA of 1.74mJ/m?, where K, #r 1s the effective magnetic anisotropy and tg;, is the total free
layer thickness adding the two CoFeB layers together. While in Figure 6-17(d), the VCMA and
interfacial PMA distribution of 18 devices on the same chip is also illustrated, showing a rather
tight distribution of VCMA ranging from 95 to 115 fJ/V-m, with K; ranging from 1.73 to

1.75mJ/m>.

This work has provided the key element-specific distribution parameters that directly
correlates with these device-level parameters for device design. However, in practical materials
design process, further guidance is required as with what materials stack and annealing
conditions will result in the best CoFe alloy ratio and Fe oxidation concentration to achieve
optimal device-level parameters such as high TMR for readout, enough PMA and saturation
magnetization for thermal stability, and high VCMA for write efficiency. This requires a careful
study on the diffusion coefficient of all used materials in the MTJ stack, the various formation
enthalpy values for all possible chemical reaction in the MTJ stack upon annealing process, such
as alloying, oxidation, and reduction. Based on these element chemical properties, the final
element concentration distribution after annealing the whole MTJ stack might be simulated.
Then the simulated data could be processed in the same manner as used in this work to predict
the device-level parameters and provide feedback for iterative materials optimization towards the

desired device parameters.

In conclusion, by exploring these different seed/spacer combinations, high VCMA
coefficient of 115 fJ/V-m, TMR of 160%, and PMA of 1.74 mJ/m? annealed above 400°C were
demonstrated using industrially applicable sputtering process, which are among the highest

values reported.[118, 119, 216] In addition, we have carefully studied the correlation between
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element distribution and the magnetic properties of MTJ stacks with different seed annealed at
different temperatures via high resolution transmission electron microscopy (TEM) experiments.
The elemental distribution results show that the crystallinity of CoFeB, MgO and seed layer, as
well as the oxygen concentration in the top Fe both correlate well with device TMR. The CoFe
alloy ratio correlates well with the saturation magnetization and interfacial PMA values. While
the higher oxygen concentration in the bottom Fe correlates well with the VCMA coefficient.
These well-established correlations indicate that by materials engineering using various stack
structures and annealing conditions, it is most critical to control the Co, O, and Mg atomic
concentration in the top and bottom Fe to achieve the optimal VCMA, PMA, saturation
magnetization, and TMR values. The insight obtained through the above analysis will provide
critical guidance to future development of both spin-transfer torque and voltage-controlled

magnetic memory.
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Chapter 7 Summary and Qutlook

7.1 Summary

Today, the world is on the cusp of transitioning from personal mobile electronic devices
aiding almost all personal activities to intelligent low-power electronic devices controlling
almost all human artifacts in the society. The need for faster, more energy-efficient and denser
storage and access of information will continue to grow as data are being generated from more
and more electronic devices. The continuous bandwidth advancement of logic transistors,
Ethernet, and video outperforming the decades-old also calls for new memory solutions with
higher bandwidth. More importantly, the emerging big data and machine learning applications
that are data intensive have an even larger appetite for memory access with low latency and high

bandwidth.

Various approaches have been explored to develop better memories, including further
scaling down of existing technologies, various emerging non-volatile memory (NVM)
technologies, and 3D stacking and packaging innovations over existing technologies to improve
the memory bandwidth. In Chapter 1, we benchmark the newly emerging variation of
Magnetoresistive Random Access Memory (MRAM), i.e. Magnetoelectric RAM (MeRAM)
utilizing voltage-controlled magnetic anisotropy (VCMA) effect against other existing,
prototypical, and emerging technologies with a focus on array-level memory performance,
comparison in particular with spin-transfer-torque RAM (STT-RAM), potential system-level 3D
integration, and scaling at advanced nodes. Then a historical overview of the evolution of different
MRAM read and write mechanisms is presented to introduce the basic MRAM related technical

concepts and parameters that are critical for understanding the remaining parts of this dissertation.
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In Chapter 2, we introduce the fundamentals of magnetic memory analysis including statics
and dynamics of the magnetization in any energy landscape. Then the physics origin of the
perpendicular magnetic anisotropy (PMA) and the VCMA effect, i.e. spin-orbit coupling is
discussed. The voltage-induced modulation of the orbitals occupancy and energy separations of
these orbitals via spin-orbit coupling is the origin of the modulation of the PMA as well as the
interfacial magnetization. In addition, we will discuss the drastic effect of strain in the magnetic
multilayers on both PMA and VCMA, which is an important changing parameter under different
deposition and annealing conditions. Based on the above basic understanding, the requirements
for reliable MeRAM operation when scaled at advanced nodes is analyzed and other challenges

facing MeRAM are briefly presented.
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- High-KMgO|PZT|MgO barrier enhances VCMA by 40%

D. Chien,* Xiang Li,* et al., Applied Physics Letters 108 (11), 112402 (2016)
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Figure 7-1 Summary of different approaches and potential future work to increase the VCMA coefficient

by materials engineering of the MeRAM stack. Published paper references are also included.

Following the physics and device operation of the VCMA effect, in Chapter 3, we first

briefly discuss the deposition and fabrication methods for MRAM devices. Among them, the
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magnetron sputtering and inductively coupled plasma (ICP) etching are used for MeRAM devices
shown in this dissertation. Next, we discuss in detail the advantages and disadvantages of the two
electrical measurement techniques we used to quantify the VCMA effect, i.e. the weak reference
layer MTJ measurement, and the anomalous Hall measurement. We also emphasize the importance

of using the most accurate assumptions in data processing.

Then, three approaches taken to enhance the VCMA coefficient with a value of around 30
fJ/V-m in standard Ta/CoFeB/MgO structures will be presented, a summary figure of these three
approaches are also illustrated in Figure 7-1. As the VCMA effect takes place via charge
accumulation and depletion at the insulator barrier interface, in Chapter 4, we demonstrated a novel
method to integrate an ultra-thin layer of high-€ lead zirconate titanate (PZT or Pb(ZrxTi1-x)O3)
thin film into the MgO tunnel barrier, which increases the VCMA coefficient by 40%, while
maintaining sizable room-temperature tunneling magnetoresistance (TMR) values only slightly

lower than in those of MgO barrier MTJs.

In Chapter 5, we systematically studied how inserting various materials (Ta, Pt, and Mg)
at the CoFeB/MgO interface affects the VCMA effect. A maximum VCMA coefficient of around
100 fJ/V-m was realized for a very thin Mg insertion layer, which is more than 3 times larger
compared to average VCMA values reported for traditional CoFeB/MgO stacks where no material
is inserted. Using XRD results, the emergence of strong CoFe and MgO crystalline peaks is
correlated to the maximum PMA and saturation magnetization. This indicates that precise control
over the Mg insertion thickness and CoFe oxidation level at the CoFeB/MgO interface is critical
to achieving the desired device performance, with a tradeoff between VCMA, PMA, and saturation

magnetization.
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Last in Chapter 6, different heavy metal based seed/Mo materials are explored to achieve
stable VCMA coefficient of 115 fJ/V-m, TMR of 160%, and perpendicular magnetic anisotropy
(PMA) of 1.74 mJ/m? when annealed at temperatures exceeding 400°C were demonstrated using
industrially applicable sputtering process, which are among the highest values reported. This will
enable MeRAM to be compatible with embedded applications. We have carefully studied the
correlation between element distribution and the magnetic properties of MTJ stacks with different
seed annealed at different temperatures via high resolution transmission electron microscopy
(TEM) experiments. TEM results show that the crystallinity of CoFeB, MgO and seed layer, as
well as the oxygen concentration in the top Fe both correlate well with device TMR. The CoFe
alloy ratio correlates well with the saturation magnetization and interfacial PMA values. While the
higher oxygen concentration in the bottom Fe correlates well with the VCMA coefficient. These
well-established correlations indicate that by materials engineering using various stack structures
and annealing conditions, it is most critical to control the Co, O, and Mg atomic concentration in
the top and bottom Fe to achieve the optimal VCMA, PMA, saturation magnetization, and TMR
values. These experimental results as well as physical understandings will shed light on how to
further improve MeRAM materials for on-chip cache at advanced nodes as well as utilize Mo as

spacer layer for embedded MRAM with high thermal stress stability.

7.2 Outlook

Looking to the future, the prospect of bringing MeRAM into commercial product faces

several challenges.

First, the need for high VCMA and PMA materials that are compatible with BEOL
processing temperatures is still a pre-requisite for commercial MeRAM cache solutions as
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discussed in detail in Section 2.4. In view of the recent breakthrough of sputtering deposited
CoFe/MgO junction with VCMA around 750-1050 fJ/V-m with PMA of 1.91 mJ/m?, [120] it is
highly possible that by combining the highly epitaxial film stack with thermal diffusion barriers
such as Mo and W as discussed in Chapter 6 of this dissertation, high VCMA and PMA that are

stable under 400°C annealing temperatures can be achieved.

It is also critical to achieve high TMR ratio with BEOL-compatible processing temperature.
The main driver behind this is actually that the majority of operation in a cache is read instead of
write. [235] Though a lot of innovations have been discovered to increase the magnetic-based
reading signal from around 1% in an AMR device to around 600% in an MgO-based in-plane
magnetic tunnel junction as illustrated in Figure 1-10, the on/off ratio for readout is still
significantly smaller than that of the CMOS technology which is usually above 10* [236, 237] or
even other non-volatile memory technologies which ranges from 10 to 10° for ReRAM with
different conducting mechanisms, i.e. oxide-RAM or conductive bridge RAM, and 10 to 1000 for
PCRAM. [238] This small TMR ratio poses great challenges for designing circuits with fast
sensing and low read disturbance. Though there are several circuit-level proposals to alleviate this
issue via dual-data line sensing [239] and negative differential resistance[240], the quest for high

TMR magnetic memory devices is still highly desired especially considering process variations.

Of course, materials-level innovations are not the guarantee of mass production. It is
critical to improve the processing capabilities for high-yield devices manufactured in high volume.
While commercialization also requires the product-market fit and strong competitive advantage

over other alternative solutions.

148



Chapter 8 Appendices

Appendix 1: Julliere’s Tunneling Magnetoresistance Theory
As introduced in Section 1.3.1, we will illustrate how Equation 1-1 is obtained in detail.

— RAP—RP — 2P1P2
Rp 1-P1P,

TMR Equation 1-1

First, for tunneling through an insulator with normal metals on two sides, we can write
the quantum-mechanical transition current across the insulator from an occupied state k4 on the

left side of the barrier to an unoccupied state k, on the right side as the following [241]

i =4me/h Yk, Xi IMI*nafi(1 — f2) Equation 8-1

where k; (k,) is the component of wave number transverse (perpendicular) to the barrier, e is
the electron charge, |M|? is the transition matrix element, n, (n,) is the density of states on the

left (right) of the barrier, f; (f3) is the probability that state k4 (k) is occupied.

Summing the above equation over k, to an integral over the energy level with fixed k;

gives rise to

i=A Zkt f_oooolMlznlnzfl(l - fz)dE Equation 8-2

where A is a constant and E is the energy measured from the Fermi energy. Then one can write
similar current equation as above to describe the current flow from an occupied state on the right
of the barrier to an unoccupied state on the left of the barrier. A simple subtraction of the two

will result in the following
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I = AZkt fjooo|M|2n1n2(f1 _fz)dE Equation 8-3
If we assume that [M|? is constant over the energy of interest, and the voltage potential

difference between the barrier is V and minimally small, then the total current can be simplified as

I = A'ny(Ep)n,(Egp)eV Equation 8-4

Then, if we consider there are two spin channels for a ferromagnetic/insulator/ferromagnet
trilayer structure, and we assume there is no spin flip in the spin transport as a first approximation,

then the total conductance is the sum of the two spin channel conductance as following

G = eA,(NTlNTz + NllNlZ) Equation 8-5

where N;;(Ns,) is the spin up density of states on the left (right) of the barrier, while N;; (N;,) is
the spin down density of states on the left (right) of the barrier. Then, we can write down the
conductance of the MTJ when two ferromagnetic layers have parallel magnetization, and when

they have anti-parallel magnetization.

Gp = eA,(NMlNMz + leNmz), GAP = eA’(NMleZ + leNMZ) Equation 8-6

where spin-split DOS at the Fermi level for majority and minority spin electrons are designated

as Ny, N,,,. Thus, we can write down the TMR value and find it to the same as Equation 1-1.

Rap—R Gp—G 2P, P,
TMR — AP P — P AP — 112
Rp Gap 1-P1P,

Equation 8-7

where the spin polarization of the ferromagnet at the two sides of the barrier is defined as the

Np1—Nma _ Np2—Nmo

following: P; = , P, = .
Nm1+Nma Nmz2+Nm2
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Appendix 2: Slonczewski’s Tunneling Magnetoresistance Theory

As introduced in Section 1.3.1, we will illustrate how the following equation is obtained

in detail.
G = Go(1 + pZcosh) Equation 1-3

A more careful characterization of the tunneling magnetoresistance can be obtained by
solving a full-fledged tunnel barrier problem in quantum mechanics. If one uses a free-electron
approximation of the spin-polarized conduction electron inside the ferromagnetic electrodes, the
Hamiltonian as a function of the longitudinal location across the MTJ stack will be the

following:

1(d)? :
K, = _E(E) +U(x)—h(x)-o Equation 8-8

which consists of the kinetic energy, potential energy, and the internal exchange energy where
—h(x) is the molecular field and @ is the conventional Pauli spin operator. In this case, a
rectangular barrier is used where U = U, and h = 0 inside the barrier region with a depth of d,
while outside we assume U = 0 and same ferromagnetic materials at both sides which possess
the same |h| = h,, but different directions, the angle between the directions of hy and h, being

defined as 0.

Then one can obtain the wave function solutions in all three regions for a spin-up incident
wave in region 1 (left side of the barrier) by solving the Schrodinger equation with the above

Hamiltonian and standard boundary conditions.

Y = kT_l/ze”‘Tx + Rye~#1* 1), = R e~*i* for ferromagnet 1

151



Yoo = Age ™ + Bye™™, 0 =T, for barrier region
Yhs = Cre*o*=D 5 =1, | for ferromagnet 2 Equation 8-9

where k, is the electron momentum in the ferromagnet regions, and ik is the imaginary electron

momentum, and the coefficients are expressed in more details in reference [83].

Next, based on the solved wave function, one can calculate the spin transmissivity as

d :
T, = Im Y, 0; (%) Equation 8-10
Then the conductance is expressed as a function of the spin transmissivity

2
e KTp
8m2h d

= Go(1 + picosO) Equation 8-11

where the effective spin polarization of the ferromagnet-barrier couple is

_ (k=ky)(*—krky)

Pr = (kp+ky) (2 +krk)) Equatlon 8-12

The mean surface conductance is

_ K (eK(KZ"'kal)(kT"‘kl))z o —2Kd

Go = hd \ m(k2+k?)(k2+k?) Equation 8-13

Appendix 3: Spin-Transfer Torque Switching Critical Current

In order to derive the following two equations, one has to start with a Stoner-Wohlfarth

macrospin model described using the Landau-Lifshitz-Gilbert equation.

fo = (4eakT) (1 + ﬁ) Equation 1-4
A hn 2Hy,

Ico _ 4ea .

2 Equation 1-5

152



First, as defined in Figure 8-1, the magnetic layer has a length of [,,, along the e,
direction, and a in both e,,, e, directions.[242] The energy landscape can be fully described
considering the following three items. An applied field H in the plane of e, — e,, making an
angle of ¢ with e,; a uniaxial anisotropy energy Uy with easy axis along e, direction; and an
easy-plane anisotropy U, in the plane of e, — e,, effectively describing the in-plane shape
anisotropy when the ferromagnetic layer is a thin film with [,,, < a. Then the magnetization M is
described by the coordinates (6, ), and the spin current S possessing a direction at an angle of

¢ with e, direction passing along the —e, direction, and the spin polarization factor is 7.

Figure 8-1 Model geometry definition and related mathematical symbols for a magnetic layer under spin

current injection

Thus, one can write the total energy landscape to be

U = Ug + Up + Uy = 3 M;Hy sin? 0 + 2wM2(sin? 0 cos? ¢ — 1) —
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MH (sin8sin@siny + cosOcosy) Equation 8-14

where Hj, is the uniaxial magnetic anisotropy field, M, is the saturation magnetization. Then the
torques acting upon the magnetization can be obtained by taking the derivative of the total

energy by the angles in a spherical unit system.

Ty — -y, X VU(O, @) Equation 8-15

lm
Corresponding to the three terms in the energy landscape, there emerge three torques
which are shown in [242]. In addition, the spin current will also generate a spin transfer torque.
Assuming that the spin current only transfer angular-momentum to the magnetization in the

direction perpendicular to M, then the spin torque can be expressed as

hnj

—o Mtm X (s X Nyy) Equation 8-16

[or =

anJ . : . . :
where s = zie] is the spin-angular momentum deposited per unit time, n = (Jy — J,)/(y +J1) is

the spin-polarization factor of the incident current /, and n; is a unit vector of the initial spin

direction of the current.

Substituting all of the above torques into the Landau-Lifshitz-Gilbert equation as

dny,

d .
= ﬁ (T'y + Iyp) — an,, X Em Equation 8-17
m

dt

where « is the Gilbert damping coefficient and y = gug/h is the gyromagnetic ratio. The above

equation then can be simplified to be

1+a? dé .

VHO; i —0[a(1+h) + h,(sing + acosp)cosg + hs]

1+a?d . :

VHO; d—‘f = —1—h,(cosp — asing)cosp — h + hsa Equation 8-18
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where h = H/Hy, h, = 4nM/Hy, hy = (h/2e)n] /1, M Hy.

Then one can write the total energy change over time as the following while assuming

¢ =m/2,0 =0, < 1 small initial angle

2 1+a?dU _ 1 5 '
MgHy yHy dt —2(1+h) [(1 +h+ 2 hp) a+ hs] 6o Equation 8-19

For |h| < 1, the above equation presents the on-axis stability threshold for spin-current-
driven motion at the small cone-angle limit. When the above equation is larger than zero,

instability occurs as

hy < hge = — (1 + h + %hp ) a Equation 8-20

Hence we have the critical current density as the following

_ 2 2 a2 ity | 1) _
I, =a%]. = i Teos] & [ H M (1 + i + = Equation 8-21

Considering the thermal stability factor as the following

a?ly,HiMg
2kT

A= Equation 8-22

Therefore critical current over thermal stability factor under zero external magnetic field

when the spin current direction is antiparallel to the magnetization direction (¢ = m) is

oo (22T (14 2%) = (22) (1452 Equation 8-23
A an Hy hn 2Hj

where H; = 4mM; is the out-of-plane demagnetization field.

In the case of magnetic layer with an perpendicular easy-axis, the demagnetization field
H, effectively can be eliminated by the introduction of the perpendicular anisotropy field

Hy, (> H,;). In this case, the above equation will be modified to be
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Ico __ 4eak
= P

Equation 1-5

Next, we will consider the spin Hall effect induced switching of a ferromagnet/heavy
metal bilayer structure. According to the definition of the spin Hall effect, the spin Hall angle
Osy 1s defined as s = Oy /- where Js is the spin current density generated through a charge
current with density /. passing through the heavy metal strip adjacent to the ferromagnet layer.

Considering that Iy = J-Ars, We can obtain the following equation

Isy _ JSHArq/OsH

= Equation 8-24
IstT ]gTTAMT]/U d

As the spin current needed to switch a ferromagnet is similar in both spin transfer torque

and spin Hall cases, we can obtain Equation 1-6.

Appendix 4: Equivalence of Two forms of Landau-Lifshitz and Gilbert Equation

Here we refer to the first equation below as LL equation while the second one LLG

equation.

M , 1 e
— = —YoM X Hepy — EM X (M x Heff) (Landau-Lifshitz)
dM a dM .

E = —]/OM X Heff + VSM X E (Gllbert)

Equation 2-7
Now we will prove the equivalence of the two equations above using a solution of LLG
equation first, do the cross product of M with the LLG equation gives:

daM a daM .
M X s —YoM X M X Heff + M_s(M X M X E) Equation 8-25
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am

AsMxde—MzM(M-
dt dt

) —d—MMSZ, and M - 22 = 0, thus
dt dt

daM aM .
M X — = —YoM X M X Heff — aMSE Equation 8-26

Further substitute LLG equation into the left-hand-side of the above derives

aM a am .
M XS5 = —yoM X M X Hepp — aMs (—yoM X Heyy + M %) Equation 8-27

Which can be written as
am )
(1+ a®)M x s ayoMsM X Herp — YoM X M X Hep Equation 8-28

Cross product M with the above, similar as the first step will result in

—MZ2(1 + a?) ‘;—": = ayoMs M X M X Hypp — M§yoM X Hepr Equation 8-29
Thus

M M X H+—E M xMxH Equation 8-30

dt 1+a? eff U 1+a?)mg eff q

If we assume in LL equation y§ = ¥,/(1 + a@?) and 1 = yoa/(1 + a?), then the above equation

has been proved to be the same with the LL equation.

Appendix 5: Spin-Orbit Interaction

For an electron orbiting the nucleus, in the reference frame of the electron, the nucleus
appears to rotate around it and the moving nucleus charge will create a magnetic induction
according to Maxwell’s equation. Then one can write down the magnetic field experienced by

the electron as [243]
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B =-2£ Equation 8-31

2¢2
Note that by simple transformation between the electron frame and the nucleus frame the
factor 2 is missing. This 2 factor can be explained via the Dirac equation that takes into account

relativistic effects. Putting E = —VV we can get

B*=—. (p x VV) Equation 8-32

2Mmec?

Assume that V(r) = Ze/(4me,r) for the electrostatic potential of the nuclear charges
+Ze and define the orbital angular momentum operator as (r X p) = hL, we can write the spin

orbit coupling Hamiltonian to be

2
Hgoc = ;—Zg .B* = eh dV(T)a - L Equation 8-33

2mic2r dr

av(r) _ Ze
dr ~ 4meyr?

Equation 8-34

To calculate the eigenvalue of the above spin orbit coupling Hamiltonian, in the first
order of perturbation as the SOC matrix diagonal elements vanish due to time-reversal
symmetry, effectively the energy shift is zero. Thus only the second order term will show up in

the SOC induced energy change, which gives rise to Equation 2-11.
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