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SUMMARY

Spin-transfer torque magnetic random access memory (STT-MRAM) has attracted con-
siderable attention owing to its competitive write performance, endurance, retention,
and low power consumption [1]. Since the first commercial MRAM product was intro-
duced in 2006, world-leading foundries and producers, such as TSMC, Samsung, Intel,
and Everspin, have entered the market, leading to the single-chip storage capacity in-
creasing from 4 MB to 1 GB. However, further development of the mass production of
STT-MRAM technology still faces critical challenges, one of which is the vulnerability to
manufacturing defects. Compared with the regular CMOS manufacturing, more man-
ufacturing defects are introduced during the STT-MRAM manufacturing process, since
it involves several additional steps for the magnetic tunnel junction (MT]) fabrication
and integration. Furthermore, the magnetic field and the spin-transfer torque (STT),
which play a role in MTJ switching, have introduced a variety of unique defect types.
Due to these additional defect types, directly transplanting test methods from conven-
tional memories to STT-MRAMs causes a high test escape rate and/or high yield losses.
To overcome this challenge, it is critical to design accurate defect models, derive appro-
priate fault models, and develop efficient test/diagnosis solutions, not only to speed up
yield learning but also to provide high product quality.

This dissertation focuses on the development of effective test/diagnosis methodolo-
gies for STT-MRAMs. The testing methodology for STT-MRAMs follows the approach
used for traditional memories, such as SRAMs, consisting of three steps: 1) defect mod-
eling, 2) fault modeling, and 3) test generation.

The first step begins by analyzing the STT-MRAM fabrication process to identify po-
tential physical defects, which can be classified into conventional memory defects in
transistor, contact, and interconnect, and defects unique to MT]J. Literature and device
characterization demonstrated the existence of these defects. Conventional defects are
similar to those observed in traditional memories like SRAMs; these are typically mod-
eled as linear resistors. This thesis uses the same model for STT-MRAM traditional de-
fects, and classifies them into opens, shorts, and bridges. Unique defects within MTJs
have been reported to cause irregular/non-linear faulty behaviors, rendering them un-
suitable for modeling with linear resistors or parasitic capacitors. As a solution, a ded-
icated method named ‘Device-Aware Test (DAT)’ has been put forward, which designs
compact models for defective MTJs by incorporating the impact of physical (manufac-
turing) defects on electrical and magnetic behavior. Previous works have applied the
DAT method to pinhole, Synthetic Anti-Ferromagnet Flip, and Intermediate state. This
thesis extends the application of the DAT method to a new defect unique to MT]Js, viz.,
Back-hopping (BH).

In the second step, defect models are injected into the STT-MRAM array, and how
these defects manifest themselves at the behavior level during actual operations is ana-
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Xii SUMMARY

lyzed. Injecting conventional models is performed by adding an additional resistor into
the array; read/write operations are then performed to incite potential erroneous func-
tionality. Notice that the specific MT] working mechanism effect must be included in this
step to derive accurate fault models. This thesis incorporates the impact of MTJ intrinsic
stochasticity, magnetic coupling, and process variation into the fault modeling, ensuring
the robustness of the derived fault map for conventional defects. Unique defects are in-
jected by replacing the regular MT] model with the device-aware model for the defective
one. Then, read/write operations are applied, and the corresponding faulty behaviors
are analyzed. This thesis performs fault modeling for BH.

In the last step, we design test solutions that guarantee a high coverage of faults while
maintaining a short test time. This thesis designs March tests that ensure full coverage of
permanent faults that are sensitized in the presence of strong conventional defects and
pinholes. However, applying March tests to detect intermittent faults and coupling faults
that are introduced by weak conventional defects and other unique defects results in a
high escape rate and/or low time-efficiency. To solve this challenge, dedicated Design-
for-Test methodologies are put forward to improve the coverage and reduce test time.

In addition, this thesis presents a further advancement based on the DAT frame-
work, introducing Device-Aware Diagnosis (DA-Diagnosis). This method is applied to
diagnose and identify unique defects by employing a primitive march algorithm to ex-
tract distinctive features of each defect. Through measurement data from real chips, the
DA-Diagnosis approach is demonstrated to be cost-effective, flexible, and practical for
diagnosing unique defects in STT-MRAMs.

In short, this thesis conducts a structured testing on STT-MRAMs, tracing the pro-
cess from defect analysis to test chip implementation. We begin by identifying defects,
mapping them to corresponding fault behaviors, and evaluating potential test strategies,
including March tests and Design-for-Testability (DfT) techniques. Notably, we provide
a systematic assessment of various DfT approaches and, to the best of our knowledge,
present the first implementations of a selected DfT strategy in an STT-MRAM array. This
study encompasses circuit-to-layout integration, demonstrating the practical feasibility
of the proposed methodology.
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INTRODUCTION

Spin-transfer torque magnetic random access memory (STT-MRAM) has emerged as one
of the leading non-volatile memory technologies, with commercial products coming af-
ter more than 40 years of research and development. As companies start ramping up ef-
forts toward commercialization, the need for effective and cost-efficient testing solutions
has become critical in ensuring the high quality of STT-MRAM products. This disserta-
tion focuses on investigating manufacturing defects introduced during STT-MRAM fab-
rication, deriving corresponding fault models, and developing robust test solutions. This
chapter presents an introduction to the dissertation, including 1) a review of emerging
non-volatile memory technologies; 2) an in-depth look at MRAMSs; 3) the principles and
philosophies of memory testing; 4) the research objectives and contributions of this thesis;
and 5) an outline of the dissertation structure.
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Figure 1.1: The memory hierarchy.

1.1. MEMORY HIERARCHY

In mordent computer systems, memory plays an absolutely critical role, serving as the
indispensable workspace for the Central Processing Unit (CPU) and the temporary or
permanent storage for all data and instructions. The efficiency with which a computer
system handles and accesses data is directly proportional to the effectiveness of its mem-
ory subsystem. However, designing a single type of memory that is both incredibly
fast, infinitely large, and prohibitively cheap is physically impossible. This fundamen-
tal challenge leads to the sophisticated solution known as the memory hierarchy, an
ingenious architectural design that balances these conflicting demands by employing
multiple levels of memory, each with distinct characteristics, to optimize overall system
performance.

The memory hierarchy is often visualized as a pyramid, as shown in Fig. 1.1, a lay-
ered structure that elegantly addresses the trade-offs between speed, capacity, and cost
[2], [3]. Atits apex, closest to the CPU, are the fastest, most expensive, and smallest mem-
ory types. As one descends the pyramid, the memory types become progressively slower,
less expensive, and larger in capacity. This deliberate arrangement is underpinned by the
principle of locality of reference, a fundamental observation that computer programs
tend to access data and instructions that have either been recently accessed (tempo-
ral locality) or are located near recently accessed items in memory (spatial locality). By
strategically placing frequently used data in faster, smaller memory levels, the overall
performance and efficiency of the computing system are significantly enhanced, effec-
tively creating the illusion of a single, large, and fast memory.

At the very pinnacle of this hierarchy, in intimate proximity to the CPU, lies Cache
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memory. As illustrated in the provided in Fig. 1.1, cache memory is further subdivided
into multiple levels, typically designated as L1, L2, and sometimes L3, or even L4, rep-
resented collectively as ‘L1 — Ln’ [2]. These cache levels are predominantly imple-
mented using Static Random-Access Memory (SRAM). SRAM is celebrated for its ex-
ceptionally high speed and relatively low power consumption, largely because, unlike
Dynamic Random-Access Memory (DRAM), it does not require constant refreshing to
retain data. However, SRAM is also more complex and significantly more expensive to
manufacture, which inherently limits its capacity. Consequently, cache memory pos-
sesses the highest speed within the entire memory hierarchy; L1 cache, being the closest
to the CPU, offers the fastest access times, followed by L2, and then L3. This unpar-
alleled speed is paramount because it directly dictates the CPU’s ability to execute in-
structions without incurring idle wait states for data. A "cache hit" — where the required
data is found within the cache—dramatically reduces data access time, whereas a "cache
miss" — where the data is not present in the cache—necessitates fetching the data from
a slower memory level, thereby imposing a performance penalty. Due to its high cost
and the physical constraints of integrating it closely with the CPU, cache memory boasts
the lowest capacity in the hierarchy. L1 cache typically ranges from mere tens to hun-
dreds of kilobytes (KB), L2 from hundreds of KB to a few megabytes (MB), and L3 from
several MB to perhaps tens of MB. Despite their seemingly small size, caches prove in-
credibly effective because they intelligently store the most frequently accessed data and
instructions, ensuring their immediate availability to the CPU.

Moving down the hierarchy, just below the cache, we encounter Main memory, com-
monly referred to simply as Random-Access Memory (RAM). Main memory is predom-
inantly constructed from DRAM. DRAM offers a compelling advantage over SRAM in
terms of cost-effectiveness and density, enabling the realization of significantly larger
capacities. However, its ‘dynamic’ nature means it requires constant electrical refreshing
to preserve its data charge, which renders it inherently slower than SRAM. Despite this,
Main memory is still considerably faster than any form of storage memory. Its speed is a
critical determinant of overall system performance, as it serves as the primary working
area for the CPU. All programs loaded for execution, as well as the operating system it-
self, reside in main memory. When a cache miss occurs, the CPU’s next recourse is main
memory to retrieve the necessary data. Main memory provides a medium capacity when
compared to the extremes of cache and storage. Modern computer systems typically in-
corporate main memory capacities ranging from several gigabytes (GB) to tens or even
hundreds of GB. This ample capacity allows the operating system, currently running ap-
plications, and their associated data to reside in memory, facilitating rapid and efficient
access.

At the lowest tier of the active memory hierarchy lies Storage memory, also known
as secondary storage or mass storage. This level encompasses a diverse array of non-
volatile storage technologies, meaning they retain data even when power is removed,
making them suitable for long-term data persistence. Fig. 1.1 specifically highlights
"Flash, Hard disk," pointing to the two most prevalent types in contemporary comput-
ing: Hard Disk Drives (HDDs) and Solid State Drives (SSDs). HDDs store data mag-
netically on spinning platters, relying on mechanical components for operation, while
SSDs leverage semiconductor flash memory, which operates entirely electronically. Con-
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sequently, storage memory exhibits the lowest speed among the three primary levels.
HDDs, with their mechanical nature, are inherently slower than electronic memory.
While SSDs represent a substantial leap in speed over HDDs due to the absence of mov-
ing parts, they are still orders of magnitude slower than both DRAM and SRAM. Data
transfer rates for storage are typically measured in megabytes per second (MB/s) or giga-
bytes per second (GB/s), which pale in comparison to the nanosecond-level access times
of cache and main memory. Conversely, storage memory offers the highest capacity in
the entire hierarchy. Modern HDDs and SSDs provide capacities ranging from hundreds
of GB to several terabytes (TB), and in enterprise-level solutions, even petabytes (PB).
This vast capacity is indispensable for storing the operating system, numerous applica-
tions, vast user files, and large multimedia content that are not actively being processed
by the CPU but are required for long-term retention.

In essence, the memory hierarchy is an ingenious and indispensable architectural so-
lution that orchestrates the flow of data within a computer system. By intelligently com-
bining memory technologies with varying speeds, capacities, and costs, and by leverag-
ing the principle of locality, the system effectively creates the illusion of a single, enor-
mous, and exceptionally fast memory. This masterful design optimizes data access pat-
terns, minimizes performance bottlenecks, and maximizes overall computational effi-
ciency, thereby allowing the CPU to operate at its full potential and ensuring a responsive
and powerful computing experience.

1.2. EMERGING NON-VOLATILE MEMORIES

Non-Volatile Memories (NVMs) are a type of memory that retains stored data even when
power is removed, which plays a critical role in maintaining data integrity in comput-
ing systems [4], [5]. Traditional NVM, such as Flash, has been widely used in applica-
tions ranging from consumer electronics to enterprise storage due to its high density
and cost-effectiveness. With the growing demand for faster, more energy-efficient, and
highly durable memory solutions, emerging NVM technologies have gained significant
attention.

Among these emerging memories, Magnetoresistive Random-Access Memory
(MRAM) applies Magnetic Tunnel Junctions (MTJs) with magnetization-switchable thin
ferromagneticlayer to store information, offering high speed and high endurance [6], [7].
Resistive Random-Access Memory (RRAM) utilizes the resistance switching mechanism
in metal oxides by metal or oxide filaments, to achieve high scalability [8], [9]. Phase-
Change Memory (PCRAM) relies on the reversible phase transition between amor-
phous and crystalline states in specific chalcogenide materials [10], [11]. Ferroelectric
Random-Access Memory (FERAM) uses the polarization of a Ferroelectric (FE) material
to store data, offering fast read and write speeds, low power consumption, and high en-
durance [12], [13]. Ferroelectric Field-Effect Transistor (FeFET) memory employs a FE
layer in the transistor gate to enable non-volatile charge storage with low power con-
sumption [14], [15].

Each of these next-generation NVM technologies presents unique advantages and
trade-offs in terms of speed, power efficiency, endurance, and scalability. As the lim-
itations of traditional Flash memory become more pronounced, these novel memory
solutions are being actively explored for applications in embedded systems, Al accel-
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Table 1.1: Summarization of emerging non-volatile memories.

Technology | Mechanism Work Voltage | Write time | Read time | Write energy | Retention | Endurance
MRAM Magnetic tunnel <2V <10ns <10ns 0.1pJ >10y >10'4
RRAM Resistive switching <5V <10us <10ns 10pJ >10y >10%
PCRAM Phase change material | <4V <100 ns <10ns 10pJ >10y >10°
FeFET Ferroelectrical material | <6V 10ns-10ps | <100ns 1pJ >10y >107
FeRAM Ferroelectrical material | <6V <30ns <100 ns 10pJ >10y >107

erators, neuromorphic computing, and next-generation storage architectures. Looking
ahead, emerging NVMs are expected to complement and, in some cases, replace con-
ventional memory technologies in various applications. With continuous advancements
in fabrication processes and material engineering, these memories are anticipated to
achieve higher densities, lower power consumption, and improved reliability, making
them viable candidates for future computing systems. As the demand for high-speed,
low-power, and non-volatile storage grows in areas such as artificial intelligence, edge
computing, and cloud infrastructure, NVMs are poised to play a critical role in shap-
ing the next generation of memory hierarchy. While challenges such as scalability, cost-
effectiveness, and integration with existing architectures remain, ongoing research and
development efforts are steadily bringing these technologies closer to widespread com-
mercialization. Ultimately, non-volatile memories hold the potential to redefine the bal-
ance between performance, energy efficiency, and data retention, driving innovations
across a broad spectrum of computing and storage applications.

Next in this section, RRAM, PCRAM, FeFET, and FeRAM are briefly described in se-
quence. This work focuses on MRAMs, which will be described in detail in the next sec-
tion. The following table summarizes the mechanism and the parameters of emerging
non-volatile memories.

1.2.1. RESISTIVE RANDOM-ACCESS MEMORY

A RRAM device features a Metal-Insulator-Metal (MIM) configuration. Fig. 1.2 displays
two kinds of RRAM. Its structure consists of a central metal oxide layer—typically TiOx or
HfOy - sandwiched between two metallic electrodes: the Top Electrode (TE) and Bottom
Electrode (BE). Sometimes, a capping layer, often composed of Hf, Ti, or Ta, is integrated
between the TE and oxide (not shown in the figure) as an oxygen reservoir, which man-
ages oxygen ions to stabilize the formation and dissolution of the conductive filament,
thereby improving the ON/OFF ratio and reproducibility, yet with a cost of reliability
[16], [17].

The application of a forming voltage induces localized oxygen vacancies, leading to
the creation of a Conducting Filament (CF) between the electrodes. This forming pro-
cess, essentially a soft breakdown of the insulating layer, results in a reversible conduc-
tive pathway within the dielectric. The device’s resistance state is dictated by the CF’s
length, with an extended CF corresponding to a low-resistance state (logic ‘1’) and a
shorter CF representing a high-resistance state (logic ‘0’). While Conductive Bridging
Random Access Memory (CBRAM) and Oxide-based Resistive Random Access Mem-
ory(OxRAM) exhibit comparable electrical behavior, OxXRAM stands out due to its su-
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Figure 1.2: Structure of RRAMs (a) OXRAM and (b) CBRAM.

perior endurance and more straightforward fabrication process [18], [19].

It is possible to change an RRAM device’s resistance between different states by ap-
plying certain programming voltages to it. As the resistance level rises, binary RRAM can
be categorized into five states [20]-[22]: (1) the excessively high conductance faulty state
‘H’, (2) the correct Low Resistive State (LRS) ‘1’, (3) an indeterminate faulty state, referred
to as the intermediate range between LRS and HRS, labeled as ‘U’ [20], (4) the correct
High Resistive State (HRS) ‘0’, and (5) the extremely low conductance faulty state ‘L. The
length of the CF increases when a positive voltage applied from TE to BE surpasses a
specific threshold (Vg = Vsgr), leading to the formation of additional Oxygen Vacancies
(OV). On the other hand, some oxygen ions shorten the CF by migrating back from the
capping layer and filling the vacancies.

1.2.2. PHASE CHANGE RANDOM ACCESS MEMORY

PCRAM is a type of non-volatile memory that uses the unique properties of phase-
change materials to store data. Unlike traditional memory technologies, PCRAM stores
information by changing the phase of the material, typically from a crystalline to an
amorphous state or vice versa [10], [11]. These phase transitions result in significant
changes in the material’s electrical resistance, which can be utilized to represent binary
data. PCRAM combines the advantages of high-speed access and non-volatility, making
it a promising candidate for future memory devices.

There are several key types of PCRAM, distinguished primarily by the phase-
change materials used. The most common material is GeSbTe (germanium-antimony-
tellurium), which undergoes a reversible phase transition between amorphous and crys-
talline states when applied with electrical pulses [23]. Other materials, such as AgInSbTe
(silver-indium-antimony-tellurium) and Si-Ge alloys, are also explored for use in PCRAM
due to their unique phase-change characteristics and potential for higher performance
[24], [25].

Fig. 1.3 presents the planar and confined device structure of PCRAMs [23], where the
phase change material is placed differently between these two structures. The typical
PCRAM device structure consists of three main components: the top and bottom elec-
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Figure 1.3: Structure of PCRAM (a) planar cell structure, and (b) confined cell structure.

trodes, which are applied with the electrical pulses needed to induce phase changes, and
the phase-change material, which is the core of the memory cell. This material is sand-
wiched between the electrodes and is typically in a thin film form. When a high voltage
is applied, it heats the material to a temperature where it can switch between its amor-
phous and crystalline states. A crystalline phase typically represents an LRS, while the
amorphous phase corresponds to an HRS.

PCRAM operates based on the principle of material phase-change [26]: when a volt-
age pulse is applied, it causes localized heating of the phase-change material. A fast
pulse induces a rapid transition to an amorphous state, while a slower, lower pulse al-
lows the material to crystallize, changing the resistance. This resistance change is read
by measuring the current passing through the material, with the two distinct resistance
states corresponding to the binary values 0 and 1.

In conclusion, PCRAM offers several advantages, such as high-speed data access,
low power consumption, and non-volatility, making it a strong candidate for applica-
tions in both storage and memory technologies [27]. Its ability to combine fast switching
speeds with the benefits of non-volatile storage places PCRAM at the forefront of next-
generation memory solutions.

1.2.3. FERROELECTRIC FIELD-EFFECT TRANSISTOR

FeFET is a type of non-volatile memory that incorporates FE materials into the gate stack
of a conventional Field-Effect Transistor (FET) [12], [13]. Unlike traditional charge-based
memory technologies, FeFET stores two-bit data based on the remanent polarization of
FE materials. This enables advantages such as low power consumption, high-speed op-
eration, and long data retention. Due to its compatibility with CMOS technology, Fe-
FET is considered a promising candidate for next-generation embedded and standalone
memory applications.

A typical FeFET consists of a FE layer integrated with a standard MOSFET structure
[28]. Fig. 1.4 presents the device structure and the Transmission Electron Microscopy
(TEM) picture of the gate stack [29]. The key component is the FE layer, commonly made
of H f Zr O, (hafnium zirconium oxide) or PZT (lead zirconate titanate), placed between
the gate electrode and the transistor’s channel [30], [31]. Unlike conventional dielectrics,
this FE layer can retain its polarization state even after the applied voltage is removed,
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Figure 1.5: (a) Structure of FE capacitor, (b) FeRAM cell structure.

enabling non-volatile data storage.

FeFET operates based on the table polarization states of the FE material [32]. The
FE layer consists of multiple domains; when all domains are polarized positively (‘1’),
the FeFET exhibits a high threshold voltage (V;j,), also known as High Threshold Voltage
(HVT) or logic 0'. Conversely, when all domains are polarized negatively (‘|’), the FeFET
demonstrates a Low Threshold Voltage (LVT), or logic ‘1".

One of the key advantages of FeFETs is their ultra-low power consumption, as they re-
quire minimal energy to switch states, making them suitable for low-power applications.
They also offer high-speed operation, with switching speeds comparable to DRAM. Ad-
ditionally, FeFETs exhibit long data retention, capable of storing information for over a
decade, outperforming traditional Flash memory. Furthermore, FeFETs are compatible
with CMOS fabrication processes, allowing easy integration with existing semiconductor
technology.

1.2.4. FERROELECTRIC FIELD RANDOM-ACCESS MEMORY

FeRAM is a type of non-volatile memory that utilizes the FE properties of certain mate-
rials to store data [12], [13]. Unlike traditional charge-based memories such as DRAM
and Flash, FeRAM relies on the remanent polarization of a FE capacitor to represent bi-
nary data. This unique mechanism allows FeRAM to achieve fast read/write speeds, low
power consumption, and high endurance, making it a promising alternative for embed-
ded and low-power applications.
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The core structure of FeRAM consists of an FE capacitor and a transistor-based ac-
cess device (1T-1C), similar to DRAM [33]. Fig. 1.5 presents the FE capacitor and the
FeRAM cell structure. The FE capacitor typically utilizes FE materials as its dielectric,
which exhibit stable polarization states even after the applied voltage is removed. The
capacitor is connected to a transistor that controls access to the memory cell. When a
voltage is applied, the polarization direction of the FE material changes, corresponding
to the storage of binary data (0 or 1).

FeRAM operates based on the hysteresis behavior of FE materials [34]. When an elec-
tric field is applied across the FE capacitor, its polarization switches between two stable
states, each representing a distinct resistance level. Reading the stored data involves de-
tecting this polarization state. However, the read process is destructive, meaning that
the data must be rewritten after being read, similar to DRAM. Despite this, FeRAM offers
much faster write speeds compared to Flash memory and does not require high-voltage
programming.

One of FeRAM’s key advantages is its low power consumption, as it requires signif-
icantly less energy per write cycle than Flash memory or DRAM [35]. It also features
high-speed operation, with access times comparable to SRAM and DRAM. Additionally,
FeRAM exhibits high endurance, capable of sustaining billions to trillions of write cycles
without significant degradation, unlike Flash, which suffers from wear over time. How-
ever, FeRAM still faces challenges, such as its relatively lower storage density compared
to Flash, which limits its scalability for high-capacity applications.

1.3. INTRODUCTION TO MRAMS

As an emerging non-volatile memory technology, MRAM utilizes magnetic properties
to store data, distinguishing it from traditional charge-based memory systems, such as
DRAM or Flash. Due to this specific mechanism, MRAM achieves non-volatility, high-
speed, low power consumption, and high endurance, making it an attractive option for
applications requiring both performance and reliability.

In this section, we introduce the fundamental principles of MRAM, including its core
structure based on MTJs and the magnetoresistive effect that enables data storage. The
classification of MRAM technologies is presented according to their switching mech-
anisms, highlighting key differences between different MRAM types. Finally, we dis-
cuss the potential applications of MRAM in various fields and its prospects as a next-
generation non-volatile memory technology.

1.3.1. MTJ AND MAGNETORESISTANCE

The MT]J is the key component in MRAM, consisting of three main layers: a Reference
Layer (RL), a Tunnel Barrier (TB), and a Free Layer (FL). Fig. 1.6 (a) and (b) present the
structure of an in-plane MT]J in P state and AP state, respectively, in which the magne-
tization is within the plane of the two layers. Another type of MT] is the perpendicular
MT]J, in which the magnetization of the FL and the RL is perpendicular to the layer plane
(out-of-plane), as presented in Fig. 1.6 (c) and (d). The RL has a stable magnetization di-
rection, while the FL can change its magnetization in response to external stimuli (e.g.,
magnetic field). These two layers are separated by a thin TB, typically made of Magne-
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Figure 1.6: (a) Perpendicular MT]J in P state; (b) Perpendicular MTJ in AP state; (c) In-plane MT]J in P state; (d)
In-plane MTJ in AP state; (e) Tunneling current dependence on the magnetization in P state; (f)Tunneling
current dependence on the magnetization in AP state.

sium Oxide (Mg0O), which allows quantum mechanical electron tunneling. The electrical
resistance of the MTJ depends on the relative alignment of the magnetization between
the FL and RL, forming the basis of data storage in MRAM.

The Tunneling Magnetoresistance (TMR) effect describes how the resistance of an
MT]J changes based on the relative magnetization of its two ferromagnetic layers [36]. Ac-
cording to Julliére’s model, this resistance change is determined by the spin-dependent
density of states in the FL and the RL [37]. When the magnetization of the two layers
is in parallel (P), the majority spin electrons from one layer can easily tunnel through
the barrier and occupy available majority spin states in the other layer, leading to high
conductance and low resistance, as presented in Fig. 1.6 (e). In contrast, when the mag-
netization of the two layers is in antiparallel (AP), the majority spin electrons in one layer
do not find enough available states in the other, reducing the tunneling probability and
resulting in low conductance and high resistance, as presented in Fig. 1.6 (f). This signif-
icant difference in resistance between the two states enables reliable binary data storage
in MRAM.

1.3.2. SWITCHING MECHANISM AND CLASSIFICATION OF MRAMS

The switching mechanism of MRAM is based on controlling the magnetization of the
free layer in an MTJ to toggle between P and AP states, thereby altering resistance and
storing binary data. Depending on the method used to switch the free layer’s magne-
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Table 1.2: Comparison of different MRAMs.

Feature STT-MRAM SOT-MRAM VCMA-MRAM
Write Mechanism STT by current [38] | SOT by injecting current [39] | VCMA by electric field [40]
Write Energy per Bit | 100 f] [41] 10-50 f] [39] <1 1] [40]
Switching Speed 1-10 ns [42] <1 ns [43] <100 ps (potential) [40]
Endurance 1012 cycles [42] >101° cycles [43] >101° cycles (potential) [40]
Retention Time >10 years [42] >10 years [43] Very limited [40]

tization, MRAM can be classified into Spin-Transfer Torque MRAM (STT-MRAM), Spin-
Orbit Torque MRAM (SOT-MRAM), and Voltage-Controlled Magnetic Anisotropy MRAM
(VCMA-MRAM) [44]. Table 1.2 presents the performance of different types of MRAMs.

STT-MRAM switches the magnetization of the free layer by applying a spin-polarized
current directly through the MT]J [38]. The Spin-Transfer Torque (STT) generated by this
current exerts a force on the free layer magnetization, causing it to flip between P and AP
states. STT-MRAM offers high density, non-volatility, and compatibility with CMOS fab-
rication, making it a strong candidate for replacing SRAM and DRAM in various applica-
tions. However, it suffers from relatively high write energy consumption, as the switch-
ing current must be sufficiently large to overcome the energy barrier, leading to higher
power dissipation and potential reliability concerns due to increased current stress on
the MT]J.

Instead of passing current through the MTJ, SOT-MRAM injects current into an adja-
cent heavy metal layer (such as Pt, Ta, or W), where spin-orbit interaction generates spin
current[39]. This spin current applies Spin-Orbit Torque (SOT) to the free layer, enabling
magnetization switching with lower power and higher speed compared to STT. The ad-
vantages of SOT-MRAM include faster switching, higher endurance due to reduced stress
on the MT]J, and improved reliability. However, its main drawback is that it requires an
additional write electrode, increasing the overall cell size and limiting its scalability for
high-density applications.

VCMA-MRAM takes a different approach by using an electric field rather than a spin-
polarized current to overcome the energy barrier of the free layer [40]. By applying a
voltage across the MTJ, the magnetic anisotropy of the free layer is altered, allowing
low-energy and high-speed switching. However, VCMA-MRAM is still in the early stages
of development, with challenges related to retention, reliability, and compatibility with
CMOS technologies [44]. Despite these limitations, its potential for energy-efficient and
high-density memory makes it a promising candidate for future low-power applications.

1.3.3. APPLICATION OF MRAMS

MRAM is emerging as a potential application across various domains, including embed-
ded systems, Artificial Intelligence (AI), and standalone memory solutions [45]-[48]. In
embedded systems, where power efficiency and reliability are critical, MRAM attracts at-
tention due to the non-volatility and low energy consumption [47]. Al workloads, which
demand high-speed memory access and endurance, can benefit from MRAM’s fast
read/write capabilities, particularly accelerator applications [49]. Additionally, MRAM is
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Speed Memory MRAM
type type
CPU sub-ns
L1~L2 VCMA-MRAM
e 1~10 ns SRAM STO-MRAM
ache STT-MRAM
L3~L4 10~30 ns eDRAM | STO-MRAM
Cache STT-MRAM
30~100 ns DRAM STT-MRAM

Figure 1.7: The potential application of different MRAM types within the memory hierarchy.

being explored as a standalone memory solution [48]. These diverse applications high-
light the potential of MRAMs to reshape modern computing architectures by balancing
speed, power efficiency, and data retention.

Within the memory hierarchy, different types of MRAM potentially serve specific
roles. Fig. 1.7 presents a general memory hierarchy on the computer and the potential
application of different MRAM types [50]-[52]. At the L1 and L2 cache level, STT-MRAM,
SOT-MRAM, and VCMA-MRAM are considered potential replacements for traditional
SRAM caches due to their super high speed switching (ns level) and energy efficiency
[53], [54]. These technologies provide fast access times with lower power consumption,
making them ideal for High-Performance Computing (HPC) and Al accelerators where
quick data retrieval is essential.

For L3 and L4 caches, SOT-MRAM and STT-MRAM offer a compelling alternative due
to their relatively high scalability and lower power consumption. These caches require
speeds within 10 ns to maintain system performance while reducing overall power con-
sumption and chip area [53], [54]. By integrating MRAM at these cache levels, system
architects can balance performance and energy efficiency while reducing standby power
losses.

At the main memory level, the STT-MRAM is being actively explored as a potential
replacement for DRAMs [55]. While DRAM still holds advantages in terms of bandwidth
and latency, its volatility and high power consumption limit further improvement in per-
formance. The non-volatile nature of MRAMs means that data can be retained even
when power is lost, reducing refresh energy costs and improving power efficiency. How-
ever, current STT-MRAM technology still faces challenges such as the relatively low den-
sity, though research is focusing on optimizing materials and architectures to make it
a viable alternative. Main memory typically operates at tens of nanoseconds, making
MRAM a promising but developing option in this space.

Beyond main memory, MRAM is also a candidate for storage-class memories, bridg-
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ing the gap between DRAM and non-volatile storage like SSDs. Persistent MRAM so-
lutions could enable faster and more energy-efficient secondary storage, reducing the
performance bottlenecks associated with NAND flash memory. As MRAM technology
continues to mature, it is expected to revolutionize computing architectures by offering
a unified memory solution that balances speed, power efficiency, and data persistence,
ultimately leading to more efficient and energy-conscious computing systems.

1.4. MEMORY TESTING PHILOSOPHY

Testing is essential for ensuring chip functionality and reliability. After their design, Very
Large Scale Integration (VLSI) chips typically go through three key phases: manufactur-
ing, where the chips are produced; system integration, where the fabricated chips are
placed into products such as smartphones; and finally, deployment in which end users
purchase and utilize the product. Because memory can contain millions or even billions
of states, it is considerably more difficult to test than logic. Exhaustively checking every
possible scenario for a memory chip is infeasible, so specialized testing approaches are
required. This section begins by reviewing the major developments in traditional mem-
ory testing over the past several decades, then explores the latest advances in STT-MRAM
testing.

1.4.1. TRADITIONAL MEMORY TESTING

The evolution of memory testing has been protracted. Prior to 1980s, there were no
dedicated fault models or enhancements for memory tests, and thus they tended to be
considered ad-hoc [56]. They typically demanded lengthy execution times and offered
limited defect coverage, often on the order of O(n?), where n denotes the number of
memory chips. Examples of such ad-hoc tests include the Zero-One test, the Galpat test,
and the Walking 1/0 test, as discussed in [56], [57].

With the exponential growth in memory capacity, test development began focusing
on potential memory defects to reduce both testing time and per-chip costs. This shift
resulted in the introduction of numerous functional fault models in the early 1980s. Al-
though tests using these models typically run in O(n) time - linear with the memory size
- they provide provable fault coverage. Additionally, address decoder faults and stuck-at
faults were two pivotal models introduced in that era [57], [58]. Both are abstract repre-
sentations, not directly tied to specific physical defects or memory architectures.

Experimental results from Defective Part Per Billion (DPPB) screening, conducted on
numerous memory chips in the late 1990s, revealed that many detected defects could
not be accounted for by the prevalent fault models [59], [60]. This discovery pointed
to additional defect mechanisms and spurred the creation of novel static and dynamic
fault models. Examples include read destructive faults, write disturb faults, transition
coupling faults, and read destructive coupling faults, which were derived through linear
resistor defect injection and SPICE simulation [61], [62].

Essentially, the classical linear-resistor-based test method shares notable similari-
ties with the modern Cell-Aware Test (CAT) technique [63], [64]. As CMOS technology
evolves to more intricate process nodes, internal defects within library cells have be-
come increasingly prevalent. Conventional testing—aimed primarily at faults at cell
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ports—was found to detect under 50% of these intra-cell issues [63]. Over the past
decade, industry has responded by introducing CAT, a methodology specifically de-
signed to address cell-internal defects, which has proved valuable for emerging process
nodes such as 45nm, 32nm, and even FinFET-based 14 nm technology [64]. In 2022,
TSMC plans to commence large-scale production of 3nm FinFET technology as node
scaling continues. Nevertheless, fabrication-induced defects and device characteristic
variations, and their impact on overall system quality and reliability, pose major chal-
lenges, especially when higher quality levels (down to DPPB ranges) are required [65].
Whether CAT can effectively detect internal device defects remains open to debate, as it
primarily targets resistive faults such as bridges, shorts, and opens at device terminals
and interconnects.

1.4.2. TESTING OF EMERGING NON-VOLATILE MEMORIES

Testing of emerging NVMs primarily involves detecting and diagnosing (i.e., identifying
defect types if possible) defects that are unintendedly introduced during the fabrication
process. NVMs are more vulnerable to defects compared with conventional memories
like SRAMs; this is due to the additional fabrication steps involved in NVM manufac-
turing, and unique defects are introduced into NVMs due to their specific structure and
working mechanism [29], [66], [67]. Hence, it is critical to develop dedicated test solu-
tions for NVMs. Defects in NVMs can be classified into two categories: 1) conventional
defects that also exist in traditional memory technologies such as SRAMs and DRAMs,
and 2) unique defects that arise from the novel physical mechanisms underlying these
memories [68].

Conventional defects in emerging NVMs are similar to those found in traditional
memory technologies, including interconnect and contact defects, which are modeled
as opens, shorts, and bridges [61], [69]. For example, open defects can cause cells to get
stuck permanently at logic ‘0’ or ‘1’, while short defects may lead to unintended state
switching [70]. All conventional defects can be modeled as linear resistors, injected into
the memory array, and analyzed using standard fault modeling techniques. Common
approaches for detecting these defects involve conventional memory test methodolo-
gies, including March tests and Design-for-Testability (DfT) techniques [71].

Beyond conventional defects, unique defects are observed in emerging NVMs, which
arise due to their distinct physical mechanisms and structures [29], [66], [67]. Some of
these unique defects include pinholes in STT-MRAM and ion depletion in RRAMs; these
defects are associated with certain NVM types, and typically will not appear in other
memory types [66], [72]. These unique defects within NVMs have been reported to cause
irregular faulty behaviors, which cannot be modeled with linear resistors. Therefore,
understanding and detecting these defects requires specialized defect modeling, fault
models, and testing techniques tailored to the specific characteristics of each memory
technology. To address this challenge, Device-Aware Test (DAT) methodology is applied,
targeting these unique defects by incorporating physical mechanisms into the compact
models of memory devices and designing defective compact models. The DAT method
has been proven powerful in testing unique defects.

Despite the achievements of the previous works in NVM testing, this field still faces
several challenges that require innovative solutions. For example, the working mech-
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anism of some NVMs is not completely understood, and the complete defect space is
not totally set, causing difficulty in defect modeling. Future research in NVM testing
aims to identify new defects, develop more accurate fault models, and more efficient
test methods. Solutions include exploring machine learning techniques in testing and
enhancing DfT strategies to improve defect coverage while minimizing test overhead. As
emerging NVMs move toward commercialization, high coverage and cost-effective test-
ing methodologies will be critical to ensure their manufacturing.

1.5. RESEARCH TOPICS AND CONTRIBUTION OF THE THESIS

Playing a key role in STT-MRAMs, the MT]J also poses additional challenges in achieving
high-quality test solutions, such as the high escape rate in detecting unique defects [66].
This thesis focuses on defect modeling and manufacturing testing of STT-MRAMs, a cru-
cial area for ensuring the yield and reliability of STT-MRAM technology. The research in
this thesis covers:

 Testing of transistor, contact, and interconnect defects in STT-MRAMs, which ad-
dresses conventional defects arising from the CMOS fabrication process.

 Testing of MTJ defects in STT-MRAMs, focusing on unique defects within MT]Js
arising from the MT]J fabrication process.

* A case study of testing design in STT-MRAM chips, providing practical insights into
test implementation for an industry STT-MRAM chip.

e Diagnosing MTJ defects in STT-MRAMs, enabling distinction of unique defects
and improving the yield learning.

1.5.1. TESTING OF TRANSISTOR, CONTACT, AND INTERCONNECT DEFECTS
Defects in STT-MRAMs can be classified into two types: (1) conventional defects outside
MT]Js, like opens and shorts [73]-[78]; (2) unique defects inside MTJs, like pinholes, the
Intermediate state, and the back-hopping [79]-[82]. This part focuses on testing conven-
tional defects, i.e., transistor, contact, and interconnect defects.

To detect conventional defects, researchers extend what has been done on traditional
memories, like DRAMs and SRAMs [61], [69], to STT-MRAMs [73]-[78]. They inject de-
fects modeled as linear resistors, and perform fault modeling by observing MRAM faulty
behavior in SPICE simulations. However, this conventional approach fails to deliver
high-quality tests due to ignoring the impact of the MTJ specific mechanism on the fault
modeling of conventional defects (e.g., magnetic coupling) [80], [83]. These effects, in-
trinsic to the nature of MT]Js, introduce complexities in faulty behaviors in the presence
of conventional defects [61], [69], [84], leading to inaccurate fault models and the poten-
tial escapes of the generated test solutions. As a result, insufficient test coverage reduces
the quality and reliability of STT-MRAM production. Therefore, a more comprehensive
fault modeling and testing approach is required. This work aims to develop enhanced
fault models that integrate the impact of the following MT] mechanisms:

Magnetic coupling: We show that in the presence of interconnect and contact de-
fects, both electrical effects (e.g., unwanted current paths by bridge defects [61]) and
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magnetic coupling may foster the occurrence of such coupling faults for STT-MRAMs. A
proper fault modeling methodology is put forward that includes both electrical effects
and magnetic coupling. Thus, accurate fault models are generated. Two test methods
are proposed, one is based on regular write-read operations (e.g., March tests), and the
other applies the DfT method, which modifies the write pulse width.

MT]J stochasticity: The inherent property ‘intrinsic switching stochasticity’ in MTJ
switching causes unavoidable random write errors [41]. This stochasticity is modeled
and included in fault modeling to obtain accurate fault models. In the precise of con-
ventional defects, intermittent faults are generated with the MTJ stochasticity. A DfT
methodology dedicated to the detection of intermittent faults due to conventional de-
fects (e.g., small interconnect and contact defects); it is based on the monitoring of write
currents. The DFT provides a higher fault coverage for intermittent faults compared to
functional test methods (e.g., March tests).

1.5.2. TESTING OF MT] DEFECTS

This part focuses on the testing of MTJ defects (i.e., unique defects), which are intro-
duced due to the specific device structure and working mechanism of MTJs [66]. In the
presence of unique defects, the defective STT-MRAM behaves irregularly; hence, these
defects cannot be modeled by linear resistors. To solve this challenge, DAT is used, in
which compact models for defective MTJs are designed by incorporating the impact of
physical (manufacturing) defects on electrical and magnetic behavior [67], [79], [85].
The fault modeling is followed by simulating with defective MTJs by Spice and observ-
ing the corresponding faulty behaviors. Dedicated test solutions, including March tests
and DfTs, are proposed to catch these faults. DAT has been proven powerful in detect-
ing unique defects in STT-MRAM s [67], [79], [85]. Previous works have applied the DAT
method to unique defects of pinholes, Synthetic Anti-Ferromagnet Flip (SAFF), and In-
termediate State (IM) defects [66], [86], [87]. This thesis extends the DAT method to
another identified unique defect Back-Hopping (BH). The BH is characterized, which
favors the following defect modeling and fault modeling.. Both read/write-based tests
(e.g., March test) and DfT with dedicated circuit design are proposed for BH detection.
Additionally, several test methods are proposed targeting a variety of unique defects.

1.5.3. TESTING STT-MRAMS: FROM DEFECTS TO TEST CHIPS

This part presents a structured testing approach for an industrial STT-MRAM chip by
combining the findings of the whole thesis. Targeting both conventional and unique
defects, we analyze their corresponding faults and evaluate potential test solutions, in-
cluding March tests and DfT. Notably, we systematically assess various DfT techniques
(to the best of our knowledge) and present a case study implementing a selected DfT
in an industrial STT-MRAM array, covering circuit-to-layout integration to demonstrate
practical feasibility.

1.5.4. DIAGNOSIS OF MT]J DEFECTS

The diagnosis of MT] defects is a further advancement based on the DAT methods, in-
troducing the Device-Aware Diagnosis (DA-Diagnosis) method. This method comprises
two steps: a) defining distinctive features of each unique defect by characterization and
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physical analysis of defective MTJs, and b) utilizing March algorithms to extract distinc-
tive features. This DA-Diagnosis facilitates the development of diagnosis algorithms that
can efficiently distinguish the different unique features of the different defects. The ef-
fectiveness of the proposed approach is validated in an industrial setting with real de-
vices and data measurement.

1.6. THESIS ORGANIZATION

This thesis explores defect modeling and manufacturing testing of STT-MRAMSs, ad-
dressing key challenges in ensuring their reliability and scalability. Chapters in this thesis
are organized as follows.

Chapter 2 introduces STT-MRAM technology. It begins with an overview of the MT]J,
explaining its working mechanisms. Next, it discusses the STT-MRAM cell and array,
focusing on their integration and functionality. Peripheral circuits, such as sense ampli-
fiers and write drivers, are also covered. Then, the chapter reviews the manufacturing
process of the STT-MRAM and potential defects affecting device performance. Finally,
the modeling methodology of MTJ is presented, detailing how to simulate specific mech-
anisms such as intrinsic stochasticity.

Chapter 3 introduces the compact model for MTJs. It begins with an overview of the
conventional MT] models, including the resistance part and the switching part. Then,
this chapter incorporates intrinsic stochasticity into the model, which leads to unavoid-
able write errors and read errors. Furthermore, the chapter analyzes the impact of mag-
netic fields on MTJ switching.

Chapter 4 reviews existing testing approaches for STT-MRAMs. It first discusses con-
ventional testing techniques, including resistor-based defect modeling and fault model-
ing. The limitations of these methods in detecting unique defects within MTJs are eval-
uated. Then, the chapter introduces the DAT method, which integrates the MT] mecha-
nism into the MTJ compact, and designs a specific defective MT] model.

Chapter 5 covers testing transistor, contact, and interconnect defects in STT-MRAM:s.
It starts by presenting a complete defect map based on the bit-oriented STT-MRAM ar-
ray. Fault modeling is developed with the consideration of specific MT] properties, like
the magnetic coupling (i.e., stray field). March tests are designed to efficiently detect de-
rived faults. Additionally, DfT methodologies are proposed to improve defect coverage
and reduce test time.

Chapter 6 introduces the new MTJ defect called BH. DAT is applied to tests of BH,
consisting of defect characterization, defect modeling, fault modeling, and test gener-
ation. Additionally, new DfT strategies are put forward to improve defect coverage and
reduce test time. These techniques aim to enhance the overall manufacturability and
reliability of STT-MRAMs.

Chapter 7 combines all the previous knowledge & studies to generate a structured
testing approach for STT-MRAMs, and applies it to an industrial STT-MRAM chip. A
customized test solution is proposed, addressing various defects with a combination of
March tests and DfT techniques. The approach ensures a high defect detection while op-
timizing test efficiency. Simulation results validate the effectiveness of the methodology,
and the chip is sent to tape out.

Chapter 8 focuses on diagnosing MTJ defects using DA-Diagnosis approach. It ex-
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plores techniques to accurately identify MT] defects based on electrical responses. Ad-
vanced fault localization methods are introduced to improve diagnosis accuracy. The
effectiveness of these methods is demonstrated through simulations and experimental
results. This approach enhances defect analysis, aiding yield learning.

Chapter 9 summarizes the key contributions of this work in STT-MRAM defect mod-
eling and testing. It highlights the advancements made in defect analysis & modeling,
fault detection, and test generation. The potential future research directions are out-
lined.



STT-MRAM TECHNOLOGY

The STT-MRAM is on the way to commercialization, thanks to its competitive write perfor-
mance, endurance, retention, and low power consumption [88]. Since the initial product
in 2006, world-leading foundries have entered the MRAM market, and STT-MRAMs are
applied in a wide range of applications, like embedded systems, computing-in-memory
systems, and are considered potential replacements for SRAMs. This chapter presents the
fundamental concepts of STT-MRAMS, covering their key components and operating prin-
ciples. It begins with an overview of the MT] structure and its switching mechanism, fol-
lowed by a discussion of the 1T-1MT] memory cell and its corresponding read/write opera-
tions. The organization of STT-MRAM arrays is then introduced, along with the structure
of peripheral circuits. Additionally, the modeling of MT]J is described. These topics pro-
vide a foundation for understanding the characteristics and functionality of STT-MRAM
in various applications.
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Figure 2.1: (a) Structure of perpendicular MTJ; (b) MTJ switching mechanism.

2.1. MTJ] STRUCTURE AND WORKING MECHANISM

2.1.1. DEVICE STRUCTURE
The fundamental data-recording element in STT-MRAMs is the perpendicular MTJ; it
demonstrates the one-bit data storage by encoding two bi-stable resistance states. For
convenience, the ‘MTJ’ mentioned in the following of this thesis all refers to the perpen-
dicular MT]J. Fig. 2.1 (a) presents a simplified schematic of an MTJ [39].

Typically, the MTJ consists of an ultra-thin dielectric TB sandwiched between the
FL and the Pinned Layer (PL). The FL is a thin ferromagnetic layer (e.g. 1nm), com-
monly made of CoFeB, which exhibits high spin polarization and compatibility with
MgO-based tunnel barriers [90], [91] Its magnetization can be switched through write
operations, enabling data storage. The TB is a thin insulator made of MgO, the thickness
of which is around 1 nm. MgO is chosen due to its ability to provide a high tunneling
TMR ratio, which enhances the read signal contrast. In the meantime, MgO exhibits co-
herent tunneling, allowing for low Resistance-Area (RA) products [90].

The PL is, in itself, a multi-layer stack consisting of 1) a Top Reference Layer (RL;),
2) a thin metal spacer, 3) a Bottom Reference Layer (RLy), 4) another thin metal spacer,
5) a thick Hard Layer (HL)HLHard Layer. The magnetization of all the layers in the PL is
stable, and their magnetization never switches. The RLj, is anti-ferromagnetically cou-
pled to the HL through the metal spacer, resulting in their opposite magnetization di-
rections. The magnetization direction of two reference layers (i.e., RL; and RLj) is the
same, with the ferromagnetic coupling in between. The RL is conventionally made of
the same material as the FL (e.g., CoFeB) to guarantee strong spin polarization between
FL and RL [91]. The HL is thick (e.g., >5 nm) and stable, which ensures the stability of the
RL through coupling [92].

2.1.2. WORKING MECHANISM

Fig. 2.1 (b) presents magnetization switching of 0w1 and 1w0 in the MT]J. The magne-
tization switching of MTJ in STT-MRAMs relies on the STT effect; the STT is a quantum
mechanical effect where the angular momentum of spin-polarized electrons is trans-
ferred to a magnetic layer, exerting a torque on its magnetization [93], [94]. In an MT]J,
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when a current flows through the device, spin-polarized electrons originating from the
RL interact with the FL. If the current exceeds a critical threshold, the STT effect can
switch the FL magnetization between two stable states: parallel or anti-parallel to that of
the RL [95], [96].

The MT] resistance is determined by the relative magnetization orientation of the FL
and RL. When the magnetization of the two layers is in parallel, the MTJ exhibits low
resistance (Rp), described as P state or ‘0’ state. Conversely, when the magnetization of
the two layers is in anti-parallel, the MT] enters a high-resistance state (R4p), referred to
as the AP state or ‘1’ state. This resistance difference arises from the TMR effect, which
is explained in Chapter 1. The TMR can be calculated by [41]:

rmr= S Re @.1)
P

TMR is a crucial parameter in STT-MRAM, as it determines the read margin and over-
all performance of the memory cell. A high TMR enhances the distinction between the
‘0’ and ‘1’ states of the MTJ, improving read stability and avoiding read errors. High-
performance MT]Js typically require TMR values greater than 1 (i.e., ON/OFF ratio larger
than 2) to ensure robust signal detection, which is usually demonstrated exceptionally
with MgO-based MTJs [41], [90], [97].

A summary of the technology parameters in MTJs is described in the 2.1, where the
values refer to the MT]Js applied in this thesis.

Table 2.1: MT]J technology parameters

Symbol [ Definition Value

A Area around 3600 nm?
trL FL thickness around 1 nm

tRL RL thickness around 2 nm
tMgo MgO barrier thickness around 1 nm

M; Saturation magnetization | around 10kOe
Hj Magnetic anisotropy field | around 1.5kOe

2.2. STRUCTURE OF 1T-1MT]J CELL

Fig. 2.2 (a) presents the 1 Transistor - 1 MTJ (1T-1MT]J) bit cell structure and the related
read/write operations. This structure is widely used in STT-MRAMs due to its simplicity
(i.e., low circuit area) and compatibility with CMOS technology [98]. Fig. 2.2 (b) presents
the related TEM cross-section picture of the 1T-1MT] bit cell (applied in this thesis), il-
lustrating the physical integration of the MTJ and the MOSFET selector.

The 1T-1MT]J cell consists of an MTJ, where the bottom electrode is connected to
an N-type Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET) selector. This
configuration enables efficient read and write access to the memory cell. The cell in-
cludes three terminals: the Bit Line (BL), the Source Line (SL), and the Word Line (WL),
which work together to control read and write operations.

During write operations, the voltage is applied to the WL to turn on the MOSFET and
select the target cell. The voltage difference between the BL and the SL determines the
current direction, which flows either from the FL to the PL or vice versa. When BL is
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Figure 2.2: (a) Structure of 1T-1MTJ cell and the related read/write operations; (b) TEM picture of the cell.

connected to Supple Voltage (Vpp) and SL is grounded, the current flows from FL to PL,
performing the ‘1w0’ operation (i.e., I, in Fig. 2.2 (a)). The spin-polarized electron flow
induces STT on the FL, switching its magnetization from anti-parallel to parallel to that
of RL, resulting in the AP to P transition.

Conversely, when BL is grounded and SL is connected to Vpp, the ‘0w’ operation is
applied, where the current [,,; flows in the opposite direction, causing the FL. magneti-
zation to switch from parallel to anti-parallel to that of RL. To achieve reliable switching,
the write current I,, must exceed the Critical Current (I;), ensuring a low Write Error
Rate (WER) [41]. The gap I,, — I is inversely proportional to the average switching time
t,y, meaning that a higher write current leads to faster switching.

For read operations, a smaller Read Current (I,4) is applied, significantly lower than
I, to prevent unintended switching of the FL due to read disturbs and to reduce power
consumption [99]. This I,.4 is compared with a Reference Current I.r to detect the re-
sistance of the MT]J.

A summary of the electrical parameters in MTJs is described in Table 2.2, where the
values refer to the MT]Js applied in this thesis.

Table 2.2: MTJ electrical parameters

Symbol ‘ Definition ‘ Value

I, Write current, including wl and w0 around hundreds of pA
Iig Read current, including r1 and r0 around tens of pA

Rap MT] resistance in AP state (high resistance) | around 8kQ

Rp MT]J resistance in P state (low resistance) around 1.5kQ

TMR Magnetoresistance value larger than 1

I. Critical current around 100 pA

2.3. STRUCTURE OF STT-MRAM ARRAY

Fig. 2.3 presents a bit-oriented STT-MRAM array/sub-array [100]. In this architecture,
cells in the same row share a common WL, while those in the same column share the
same BL and SL. This structure, like the NOR-FLASH structure [101], enables efficient
memory access and reduces peripheral circuit complexity. The peripheral circuit con-
sists of the Write Driver (WD), the address decoder, and the Sense Amplifier (SA).
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Figure 2.3: Bit-oriented STT-MRAM array.

The address decoder plays a crucial role in selecting memory cells for read and write
operations by decoding input addresses and applying Vpp to the corresponding WL,
ensuring accurate data access

The WD is responsible for generating an appropriate write pulse. During a write op-
eration, the WD supplies a current through the selected STT-MRAM cell, attempting to
switch the MT]J state. The current direction determines whether the FL magnetization
switches from parallel to anti-parallel or vice versa (illustrated by the blue line in Fig. 2.3).

The SA is applied to sense the resistance of the MTJ in different states. In read op-
erations, the SA applies a read pulse to the selected STT-MRAM cell and compares the
resulting I,; with a reference current. This comparison determines the resistance state
of the MTJ: if I;¢qq > Iref, the MT] is in the low-resistance state (i.e., ‘0’); otherwise, it is
in the high-resistance state (i.e., ‘1’) (illustrated by the red lines in Fig. 2.3).

2.4. PERIPHERAL CIRCUIT

The performance and reliability of STT-MRAMs significantly depend on their peripheral
circuits, which include SA, WD, and the control logic (e.g., the address decoder). These
circuits are responsible for enabling efficient read and write operations. This section
introduces the address decoder, the WD, and the SA, which play the major role in the
STT-MRAM read/write operations.

2.4.1. ADDRESS DECODER

Address decoders play a crucial role in memory arrays by selecting the memory cells for
read and write operations. In general, a row address decoder processes the row address
to activate a designated WL, while a column address decoder deciphers the column ad-




24 2. STT-MRAM TECHNOLOGY

WL, WL, WL, WL,

000

el

k>

Figure 2.4: Example of a row address decoder circuit.

s 1N
TLC BL 1T
----- 7 o wi
= :
1
H MTJ i
V, ! 1
DD E i _| | |
= :
: J w0

Figure 2.5: (a) Circuit of the WD and the current of w0 and w1 operations.

dress to enable a corresponding BL and SL. This mechanism ensures precise access to
individual cells within the memory array. To optimize simulation efficiency, a compact
STT-MRAM array (e.g., 3x3) was designed with essential peripheral circuits. Fig. 2.4 pro-
vides an example of a row address decoder, which demonstrates a basic design utilizing
NOT and AND gates. This configuration includes two input address lines and four WL
outputs, offering a straightforward approach to row selection. For example, if the inputs
of the address decoder (i.e., Ag and A;) are both ‘0’, the WL, is selected (i.e., ‘1’), and all
other outputs are ‘0’.

2.4.2. WRITE DRIVER
The WD in STT-MRAM s plays a crucial role in controlling the bidirectional write current
that switches the MT]J state between P and AP. The structure of the WD commonly used
is shown in Fig. 2.5, where it consists of four large-sized MOSFETs (P, Ni, P,, and N)
designed to minimize channel resistance and ensure that most of the applied voltage is
utilized across the MT]J rather than being dissipated in the driver circuit.

During the w0 operation, the transistors P; and N; are turned on, while P, and N,
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Figure 2.6: (a) Circuit of the SA (b) /.4 in 171 and 070 operations.

remain turned off. This configuration establishes a current path from the BL to SL, and
the electrons flow from RL to FL, inducing STT that forces the MTJ into the P state, en-
coding a stored ‘0. Conversely, during the w1l operation, P, and N, are switched on
while P; and N; are turned off. This reverses the current direction, flowing from SL to
BL, thereby switching the MT]J to the AP state, encoding a stored ‘1".

The sizes of the transistors in the WD are carefully designed to ensure reliable switch-
ing by maintaining a sufficient write current amplitude. Larger MOSFETs with a high
Width-to-Length (W/L) ratio are used to reduce their resistance, minimizing voltage
drops that could otherwise reduce the effective write voltage applied to the MTJ. This
optimization is critical for ensuring a robust and energy-efficient write operation, as in-
sufficient current can lead to increased write error rates, while excessive current may
degrade device reliability while increasing the power consumption.

One important consideration in WD design is the asymmetry in MT] resistance be-
tween the P and AP state. Since the MTJ exhibits a lower resistance in the P state and a
higher resistance in the AP state, maintaining identical sizes for N; and N, as well as for
P; and P, can result in significantly different I, for the 0w1 and 1w0 operations. Specif-
ically, the write current during a Ow1 operation tends to be much larger than that in a
1wO0 operation, leading to an imbalance in the MTJ average switching time in between.
This discrepancy complicates precise control of write performance and can negatively
impact MT]J reliability over time.

To address this issue, some designs adjust MOSFET sizes to equalize the write cur-
rents in both directions. By carefully tuning the W/L of Py, P», N1, and N>, designers can
ensure that the effective resistance of the MOSFETs compensates for the intrinsic asym-
metry in MT] resistance. This approach helps maintain the same MTJ average switching
time for both operations, simplifying write control circuitry. A balanced write current
also reduces the risk of excessive Joule heating or device degradation, ultimately con-
tributing to the longer MTJ endurance.
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2.4.3. SENSE AMPLIFIER

The SA in STT-MRAMs works for distinguishing the resistance of MTJs to determine
stored data. Fig. 2.6 (a) presents the structure of a current-based SA [102]. The read
operation begins with all signals at their default values, where the node of pre-charge
control voltage (Vpc) is set to Vpp, and other signals are initialized to zero. After the
recharging process (around 1 ns), the read enable signal (V,; .,), reference control volt-
age (V;.r) and the voltage to WD are activated to Vpp, selecting the target memory cell.
At this point, Vpc transitions to zero, initiating the sensing phase.

During sensing, the SA measures the current difference between two paths, one with
the cell, and the other with the references. The output point of the SA is named as the
Vour and the V15 Vour is the reverse of V,,;. Fig. 2.6 (b) presents the voltage of V,,;
in 1r1 and 0r0 operations. Initially, both V,,; and V,,; are pre-charged to Vpp. When
the discharge process begins, the speed at which each node discharges depends on the
current through the corresponding path, determined by the resistance of the MTJ and
the reference. Conventionally, the selected reference resistance (i.e., MOSFET channel
resistance) is between the channel resistance of MT]J in P and AP state. In the case of a
1r1 operation, the MT] remains in the AP state, meaning it has a higher resistance and a
lower read current (1,4 < Iror). This causes the MT] path to discharge more slowly than
the reference path. Once the voltage difference V,,; —V,yu: exceeds the threshold voltage
(Vn) of the MOSFET, the recharging process starts, pulling the V,,; back toward Vpp
(i.e., the re-charge process in Fig. 2.6 (b)). Conversely, when reading a logical ‘0’, the MTJ
is in the P state, resulting in lower resistance and higher read current (I;4 > Iror). This
makes the reference path discharge more slowly, and the V,,,; continues to discharge to
zero, as presented in Fig. 2.6 (b),

To enhance read speed, arelatively I, is required to accelerate the charge/discharge
process at Vy,; and Vy,;. Yet I4 cannot be too high to avoid unexpected switching of
the MT]J. Additionally, the total charge required for this process depends on the capac-
itance of the MOSFETs in the SA. Larger MOS capacitors store more charge, necessitat-
ing a longer charge/discharge cycle for a given current, ultimately reducing read speed.
Therefore, optimizing both the SA circuit design and the I, is crucial to achieving high-
performance STT-MRAM read operation.

2.5. STT-MRAM FABRICATION

Fig. 2.7 presents the fabrication steps of STT-MRAMs in [103]. The STT-MRAM manu-
facturing process consists of two main parts: the Front-End-of-Line (FEOL) process and
the Back-End-of-Line (BEOL) process.

* The FEOL stage primarily involves the fabrication of the MOSFETs and the lower
metallization layers (e.g., metal layer 1 - 4), which establish the foundation for
device operation. This phase includes standard CMOS fabrication steps, ensuring
that the underlying transistors and interconnects are properly formed to support
the MT] read/write operations.

 Inthe BEOL phase, the MTJ devices are integrated into the metal interconnect lay-
ers, typically between metal layer 4 and 5 [103], [104]. As shown in Fig. 2.7, the MT]
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Figure 2.7: Example of STT-MRAM fabrication steps [46].

fabrication follows a bottom-up sequence, starting with the deposition of the back
electrode contact and the MT]J stack. This is followed by annealing to enhance the
magnetic properties of the MTJ layers. Next, the MTJ pillars are patterned, defin-
ing individual memory cells. Chemical Mechanical Polishing (CMP) is performed
to ensure a smooth and uniform surface, preventing defects in subsequent pro-
cessing steps. Encapsulation is then applied to protect the MTJ structures from
contamination. Finally, the top electrode contact and dual-damascene intercon-
nects are deposited to establish electrical connections between the MTJ and the
upper metallization layers, culminating in the final metallization and packaging.

This hierarchical integration of MTJs into the BEOL allows STT-MRAM to be seam-
lessly integrated with conventional CMOS fabrication processes, ensuring high compat-
ibility. However, precise control of fabrication steps, such as MTJ pillar etching and in-
terfacial engineering, remains critical for achieving high reliability and scalability in ad-
vanced process nodes.

2.6. PROSPECTS AND CHALLENGES OF STT-MRAMS

STT-MRAM has emerged as a highly promising memory technology, offering non-
volatility, high endurance, and high read/write speed. STT-MRAM holds significant po-
tential for applications in the following areas:

* Replacement of SRAMs: STT-MRAM presents a strong potential for replacing
SRAM in certain applications, like caches, where power consumption, circuit area,
and leakage current are major concerns. Unlike SRAM, which suffers from large
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circuit area and significant leakage due to its use of six-MOSFET cells, STT-MRAM
provides a more efficient alternative with the 1T-1MT]J cell [105], [106]. The high
speed, combined with non-volatility properties in STT-MRAMSs, enables it to serve
as an effective cache memory, reducing power consumption and circuit area with-
out compromising performance [41].

° Embedded memories: STT-MRAM is well-suited for embedded memory appli-
cations within a single chip. Its key advantages—non-volatility, low power con-
sumption, and high speed—make it ideal for integrating with logic circuits, such
as in microcontrollers and system-on-a-chip designs. By eliminating the need
for separate external memory chips, STT-MRAM can reduce system size, simplify
board design, and improve overall energy efficiency. This is particularly valuable
for portable and Internet of Things devices where battery life and form factor are
critical.

* New application scenario: STT-MRAM is not only a memory but also a building
block for new computing paradigms. Its non-volatile nature and ability to be in-
tegrated directly with logic make it an excellent candidate for novel systems like
Computing-in-Memory (CIM). In a CIM architecture, computation is performed
directly within the memory array, reducing the energy and time costs associated
with data movement between the processor and memory. This is particularly ben-
eficial for Al and machine learning applications, which are data-intensive. For ex-
ample, the resistive nature of MTJs can be used to perform analog matrix-vector
multiplication, a fundamental operation in neural networks, directly within the
memory array. This approach promises to significantly improve the efficiency of
Al hardware.

However, despite its advantages, STT-MRAM faces several challenges [99]:

* Device performance: The STT-MRAM shows two critical limitations referring to
the single device performance: 1) the low ON/OFF ratio (around 2), and 2) the
high write voltage (> 0.8V) [41].

* Scalability: The scalability of MTJs is currently limited by the magnetic mecha-
nism and fabrication process; Especially, 3-D integration like FLASH structures
[101] is not applied due to the ferromagnetic material layer properties, which must
be physically separated to prevent mutual interference.

¢ Yield Achieving high yield in STT-MRAM fabrication remains challenging due to
the vulnerability to defects and the relatively high variability in MTJ properties,
such as resistance variation and stochastic switching behavior [66].

 Fabrication cost: The complex fabrication process of STT-MRAM, particularly
the deposition and patterning of MT]Js, requires additional processing steps com-
pared to conventional CMOS-based memories [99]. These additional steps in-
crease manufacturing costs, making STT-MRAM less competitive in cost-sensitive
applications.
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In conclusion, STT-MRAM holds great promise for various application fields. Con-
tinued advancements in material science, device engineering, and circuit-level opti-
mizations will be essential for realizing the full potential of STT-MRAM and enabling
its widespread application in the future.







MT) COMPACT MODEL

The MTJ compact model is essential for accurate simulation and effective testing of STT-
MRAMs. This chapter begins by providing a comprehensive overview of the MTJ funda-
mental compact model, which primarily focuses on its key electrical and magnetic char-
acteristics, such as the TMR and switching time. To achieve a more realistic and predictive
model, this chapter extends the traditional approach by incorporating the device’s inher-
ent intrinsic stochasticity. This crucial addition is a direct response to the random nature
of the MT]J switching, which leads to unavoidable write errors and read errors. This chap-
ter further refines the model by analyzing the complex impact of stray magnetic fields on
MT]J switching. Based on all analyses above, we propose a simplified and highly efficient
model that not only captures these complex physical phenomena but also makes it prac-
tical for use in large-scale circuit and system-level simulations, thereby facilitating more
accurate defect modeling and test generation for STT-MRAMS.

The content of this chapter is published in [107].

31



32 3. MTJ COMPACT MODEL

3.1. OVERVIEW OF EXISTING MT]J MODELING

For the efficient design and optimization, as so for fault modeling, of STT-MRAMs us-
ing computer-aided design tools, an accurate yet computationally efficient MT] model
is crucial. Over the years, researchers have developed various MT] models, which can
be broadly classified into three categories: micromagnetic models, macro models, and
compact (behavioral) models [108].

1. Micromagnetic model: it provides the highest simulation accuracy by captur-
ing the movement of individual magnetic moments through specialized micromagnetic
simulation tools such as OOMMEF [109]. These models are valuable for analyzing the de-
tailed physical switching behavior of an MT] at a fundamental level. However, their com-
putational complexity makes them impractical for large-scale STT-MRAM simulations,
where thousands or even millions of MTJs are required to be evaluated simultaneously.

2. Macro model: such as the one presented in [110], it represents MT] behavior using
fundamental circuit components like resistors, capacitors, and voltage sources. Their
advantage lies in their direct compatibility with circuit-level simulations. However, as
the complexity of MTJ switching dynamics increases, these models require an increasing
number of circuit elements, which in turn affects their computational complexity.

3. Compact model: including those proposed in [111], it is typically written in hard-
ware description languages such as Verilog-A. These models offer an effective trade-off
between simulation accuracy and computation complexity. By abstracting MTJ behav-
ior into mathematical equations rather than relying on detailed physical representa-
tions, compact models achieve faster simulations while remaining sufficiently accurate
for practical circuit design. Additionally, their high compatibility with circuit-level sim-
ulations makes them suitable for large-scale STT-MRAM design and validation.

Given the trade-offs among these modeling approaches, selecting the appropriate
MTJ model depends on the specific requirements of a given design task. For funda-
mental research and material-level studies, micromagnetic models provide invaluable
insight. In contrast, macro and compact models are more suitable for circuit-level and
system-level simulations, balancing accuracy and computation complexity. As STT-
MRAM technology advances, further refinements in modeling techniques will be es-
sential to enable more accurate and scalable simulations, ultimately facilitating the
widespread adoption of MRAM in future memory architectures.

This thesis applies the MT] compact model, which is built upon previous works in
[89], [112], [113] while advancing a further step in explaining the relationship between
the STT effect and the impact of the external magnetic field. A well-calibrated com-
pact model is essential for accurately simulating MRAM behaviors at the circuit level,
enabling precise evaluation of MTJ resistance and switching.

3.2. REQUIREMENT FOR MTJ] MODEL

A well-calibrated compact model is essential for accurately simulating MRAM behaviors
at the circuit level, enabling precise evaluation of MTJ resistance and switching [112]. A
complete single MTJ model requires including the following five components:

* R-V Calculation: This is the foundational component for DC (i.e., static) simula-
tions. The R-V calculation is responsible for accurately capturing the MTJ resis-
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tance and its TMR. These properties are fundamental to how the device operates
under static conditions, making this part of the model indispensable for under-
standing the basic behavior of the MT]J.

» Basic Switching: This component is crucial for simulating how the MTJ state
changes during a write operation (i.e., a voltage applied). It is essential for pre-
dicting the success or failure of write operations.

* Intrinsic Stochasticity at High Voltage With a high voltage, the STT that causes
switching isn’t perfectly deterministic. This inherent randomness, or intrinsic
stochasticity, can cause a state to fail to switch correctly, leading to write errors.
This component determines if this type of flip occurs at a certain high voltage.

* Intrinsic Stochasticity at Low Voltage: At low voltages, thermal fluctuations can
cause the MTJ state to randomly flip. This type of intrinsic stochasticity (at low
voltage) can lead to read errors. This component determines if this type of flip
occurs at a certain low voltage.

* Magnetic Field Impact: The presence of an external magnetic field can signifi-
cantly influence the MTJ switching characteristics. This component of the model
accounts for the impact of a magnetic field on the STT-induced switching, as the
field can either assist or hinder the process. By including this effect, the model
can more accurately simulate MTJ behaviors in a magnetic environment, which is
crucial for applications where stray fields or field-assisted switching are a factor.

Conventional MT] compact models excel at representing the first two components
[112], but they lack the latter three. In this chapter, we address this limitation by incor-
porating these three crucial parts into the MT] compact model.

3.3. PROPOSED MTJ] MODEL

Fig. 3.1 presents the structure of the proposed MTJ model, which enables two types of
simulations, i.e., the DC (static) simulation and the transient simulation.

The DC (static) simulation, shown in the red box, focuses solely on the device be-
havior at a fixed voltage. It includes the ‘R-V calculation’ component, which precisely
determines the MTJ resistance and TMR at a given voltage. The data from this static
analysis is then used as a foundational input for the more complex transient simulation.

The green box outlines the transient simulation, which models the MT] dynamic be-
havior over time to determine if its state will switch. Once a voltage is applied, the ‘Basic
Switching‘ and ‘Magnetic Field Impact’ components work together to provide the funda-
mental information for a potential state change. The model then evaluates the magni-
tude of the applied voltage. If the voltage is large, the simulation incorporates the effects
of ‘Intrinsic Stochasticity at High Voltage’ to account for the randomness of STT-induced
switching. Conversely, if the voltage is low, the model considers ‘Intrinsic Stochasticity at
Low Voltage’ to capture the random thermal fluctuations that could lead to unexpected
state changes. This comprehensive approach ensures that the model can accurately de-
termine whether the MT]J state eventually switches or remains unchanged.
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Before presenting the details of the MT] model, the symbols used in the equations of
this section are described in the Table 3.1.

3.4. R-VMODEL

The resistance-voltage (R-V) characteristics of MTJs are fundamental to the electrical
behavior of STT-MRAM devices. The resistance of an MT] varies with the V,; As the
absolute value of V), increases, the MT] resistance decreases. As demonstrated by the
R-V hysteresis loop measured for an MTJ with a critical dimension (CD) of 60 nm (see
Fig. 3.2), the measurement is performed by V), sweeping from —0.5V to 0.5V in step of
0.02V, and the corresponding MT]J resistance is recorded at each step for both the P and
AP states.

According to the physical model presented in, the resistance of an MT]J is primarily
influenced by the thickness of the MgO barrier and interfacial effects between the barrier
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Table 3.1: Symbols in MT] model.

Ro TB thickness s Fitting coefficient

Vp Biased voltage tox TB thickness

F Fitting coefficient ) Potential barrier height of TB

TMR(0) | TMRat0V Vi Bias voltage when TMR(V},) = 0.5 - TMR(0)
b Fitting coefficient fo Characteristic relaxation time

C Euler constant A Thermal stability

e unit charge m FL magnetization

UB Bohr magneton n STT efficiency

Iy Write current Iq Read current

Vy Pulse height tp Pulse width

1. Critical current a Damping factor

n Reduced Planck constant trL Thickness the FL

A MT] cross area Mg Saturation magnetization

Hy. Anisotropy magnetic field H,x; | External magnetic field Hey;

Hj Stray field kp Boltzmann constant

T Temperature o Vacuum permeability

Y Gyromagnetic ratio To Inverse of the attempt frequency

tw Average switching time mpr | FL magnetization

0 Angle between mpy, and easy-axis || 0o Initial angle between mp;, and easy-axis
T Total input torque Ep Energy barrier between P and AP state
coef Fitting coefficient

and adjacent CoFeB [114]. The relationship of the MT]J resistance in P state (Rp) and the
biased voltage can be described as follows [114]:

Ro(V,) = — 10
ST s,
. 3.1)
Ry= ————exp| coef - tox- /@
0 F.\/@.A p( 0X \/a)

One of the key observations in MTJ behavior is the decrease in TMR as the bias volt-
age increases. This relationship is captured by the following equation from [115], which
models the voltage-dependent decline of TMR:

TMR(0)
TMR(Vp) = ——— (3.2)
1+ V—E +b V,,3

To improve accuracy, a fitting term ‘b’ is incorporated into the denominator, yield-
ing a better fit result compared to the original equation in [115]. The R4p at a given bias
voltage can be derived through the two equations above and Eq. 2.1. This R-V model pro-
vides an accurate representation of MTJ resistance variations under different Vp, which
is essential for developing precise circuit simulations and optimizing the performance
of STT-MRAM devices. Fig. 3.2 presents the model fitting result of the R-V measurement.
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Figure 3.3: Average switching time.

3.5. MTJ SWITCHING MODEL

The MTJ switching mode can be classified into three regimes according to the aver-
age switching time (#,,): the precessional regime for f,, < 10ns, the dynamic regime
for 10ns < ¢, < 100ns, and the thermal activation regime for #,, > 100ns [41]. Since
SPICE simulations are time-resolved (transient), the determination of the MT]J switch-
ing regime relies on the average switching time or critical current [95]:

1 a-e
Ie=—+—— tp-A-M;-Hy (b) 3.3)
n h

The critical current serves as a key parameter in estimating the average switching
time (¢,,). When the applied write pulse width exceeds ¢,,, the MT] successfully switches
states. For example, in a 1w0 operation, the MT]J is initialized in ‘1’. A write current is
flowing through the MT]J, trying to switch the MT]J state to ‘0’ If the write pulse width
exceeds the t,,, which relies on I, the MT]J is successfully switched to ‘0. Notice that
the calculation of t,, varies in different switching regimes, and each switching regime
is governed by distinct physical principles, influencing how the magnetization evolves
over time.

In the precessional regime, the switching occurs rapidly due to coherent magnetiza-
tion precession induced by STT [41]. When the applied current exceeds I, to a certain
extent (in our model, > 1.1- 1), the FL magnetization undergoes a motion and then sta-
bilizes in the opposite state. This regime offers the fastest switching speed but is highly
sensitive to current variations and thermal noise [95]. The calculation of ¢, is presented
as follows [112]:

(C+ln(”—2-A))-e-m
T o4

In the dynamic regime, the switching process is governed by a combination of pre-
cessional motion and damping effects [116]. The MT] switching is in the dynamic regime
when the applied current is around I.. Unlike the precessional regime, where switching
is ultra-fast, the dynamic regime exhibits a slower speed and larger variability due to
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the combined effect of STT and thermal energy. It is difficult to simply calculate the z,,
following physics, and an empirical representation is applied, where the specific I is
introduced that the MTJ switches in the dynamic regime when I,y < I <1.1-1; [113]:

o [I-1q 17!
tw—él T A] (3.5)
where:
1 0
ta=te[1=[g)m([ 2] 4
1
0o = oA (3.6)
In %)
_a.Y.Hk

In the thermal activation regime, the switching is primarily driven by thermal fluc-
tuation assisted transitions [117]. In the compact model, when the applied current is
much lower than I, (I < I.;), the MTJ switches in this regime. The calculation of ¢, in
the thermal activation regime is presented as follows [112], [117]-[119]:

1
tw=T0'eXp(A-(1——)) 3.7)
I

Fig. 3.3 presents the calculated t,,, which will be validated by the WER measurement
in the next subsection.

3.6. WRITE ERROR RATE

The WER in STT-MRAMs refers to the probability of a write operation failing to switch
the MT]J into the intended resistance state. Ensuring a low WER is essential for achiev-
ing high-quality commercial STT-MRAMs. In the MTJ compact model, WER is primar-
ily considered in the precessional regime under high write current, while unintended
switching at low current mainly contributes to the RER.

3.6.1. INTRINSIC STOCHASTICITY MECHANISM IN MT]JSs

The WER arises from the intrinsic stochasticity in MTJs. Fig. 3.4 presents a simplified
physical model of the MTJ switching [41]. The switching process is viewed as the mf, ro-
tation. Initially, the angle 8 between mp; and easy-axis is around 0°. In write operations,
mpy rotates under the spin transfer torque effect, and 6 increases. 6 will be aligned to
the easy-axis with 8~180° in successful switching; the MTJ switching time refers to the
time that 8 alters from =0° to =180°. On the other hand, 8 will be aligned back to the
easy-axis with 8=0° in case switching fails.

The stochasticity in the switching is attributed to the thermal fluctuation, which af-
fects both the initial MTJ state and the switching process [41]. In the temperature of
absolute zero, 6y keeps exactly 0°, and the MTJ can never be switched by STT [99]. In
room temperature, the initial 6 (i.e., 6y) follows the Maxwell-Boltzmann distribution
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Figure 3.5: WER measurement and simulation.

[99], and the stochasticity of the distribution introduces the variation of MT]J switching
time. Besides, the MTJ switching depends on both 6 at the write pulse ending and the
thermal fluctuation. For example, if write pulses end with 8=90°, the switching probabil-
ity Pg;,y=50%; if 0~180° at the write pulse ending, P;,,~100%, yet with a remaining small
probability of switching failure. This switching stochasticity is an inherent property that
cannot be avoided; even in an ideal situation (e.g., temperature is kept constant at 22°C),
the stochasticity still exists. This stochasticity causes cycle-to-cycle random write errors
[41].

3.6.2. WRITE ERROR RATE MEASUREMENT AND FITTING

The ‘intrinsic switching stochasticity’ can impact the MTJ electrical performance; it
leads to unavoidable random write errors. Fig. 3.5 (a) and 3.5 (b) present WER for
1wO0 (i.e., apply write 0 to a cell initialized to 1) by varying the pulse height V), (i.e., the
voltage between to FL and HL of MTJs) and pulse width £,. As the figure shows, the WER
can never be reduced to 0 regardless of the value Vp or tp. Hence, additional efforts are
needed to make the STT-MRAM design fault tolerant; e.g., Error Correcting Code (ECC)
is necessary for high-quality MRAM systems [120].
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The calculation of WER and write pulses applied in the MTJ] compact model is pre-
sented as follows [41]:

A-m?-j
4-i-(exp(2(t/tg)-j)—1) (3.8)
where i=1/1;,, and j=i-1

WER(t) =1—-exp|-

During the transient SPICE simulations, the probability that a write error occurs at a
certain time point ‘t’ is presented as this WER(t). The MTJ compact model fitted with
the WER measurement is presented in Fig. 3.5

3.7. READ ERROR RATE AND MODIFICATION

The RER in STT-MRAMs refers to the probability of the unintended MTJ switching dur-
ing read operations [41]. One of the potential applications of STT-MRAMs is as a replace-
ment for SRAMs, which demands high-frequency read operations performed with short
pulses [121]. In such scenarios, achieving a low RER is critical. This switching arises
from the thermal fluctuations of MTJs; hence, the RER is only considered in the thermal
activation regime in the MTJ compact model.

In this subsection, we present the conventional RER evaluation method, indicating
the limitations while applying this method to circuit-level simulations (i.e., the irregu-
lar read pulse provided by SA). Then, an alternative RER prediction model is proposed,
addressing the limitations of the traditional one, and serves as a generalized solution
that accommodates all types of read pulse shapes. We integrate this modeling method
into the MTJ compact model using Verilog-A, ensuring compatibility with circuit-level
simulations.

3.7.1. CONVENTIONAL METHOD
A common spec of RER is RERpec < 1079 for STT-MRAMs with ECC, and RERgpec <
10718 for STT-MRAMs without ECC [41], [122]. However, accurately extracting RER at
this low level is time-consuming. For example, assuming RER = 10~'° and the read op-
eration period is 10 ns, performing 10'6 times of read operations to extract RER require
atleast 10ns-10'® = 1157 days. Due to this impracticality, most studies rely on analytical
prediction models.

One of the most popular analytical approaches to predict the RER for STT-MRAM
design is given in Eq. 3.9 [41], [123]; it is mainly driven by the physics.

~tp
To - €exp (A-(l - I]’—Cd))

RER=1-exp 3.9

3.7.2. LIMITATION OF THE CONVENTIONAL METHOD
Fig. 3.6 (a) and (b) present the I,; changing with time during 070 and 1r1 operations.
The irregularity in the I,4 curves arises from various factors, the primary one being the
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Figure 3.6: I,.4 in 0r0 and 1r1 operations.

non-uniform discharging/charging process of the SA nodes. Additionally, parasitic ca-
pacitors and resistances also contribute to this phenomenon. Despite the variety of cir-
cuit designs and read operation strategies, the I,; curves inherently exhibit an irregular
form. For example, another common type of SA is the voltage-based SA [124], which
also relies on the discharging/charging of MOSCAPs, hence also resulting in irregular 1,4
curves. To obtain the accurate I,; curves for both SA types, circuit-level simulations are
required.

Since the I, 4 varies over time, it is difficult to define a constant I,; value for Eq. 3.9. A
straightforward solution is to set a rectangle based on the simulated I, ; curve and define
tp & Irq by this rectangle [123], shown as the blue square in Fig. 3.6. Nevertheless, the
accuracy of this approach is affected by two factors: 1) According to Eq. 3.9, the RER is
highly sensitive to I,4, even minor fluctuations in I, significantly affect the final RER
results. 2) There is no standard approach to define the #, & I;4. To optimize the STT-
MRAM design, an accurate RER prediction model is needed.

3.7.3. MODIFICATION OF THE READ ERROR RATE EVALUATION
The physical analysis of the probability of MT]J flipping due to a small current (i.e. RER)
is presented as [125]:

Ip
RER:[ (I =<m,>) - Trp_p+<mz>-1p ,pdt
0

where:

Ird(l‘))) (3.10)

c

Tp_.Apz'rO'exp(A.(l—
I4(t

TAP—P =T0-eXp(A-(l+%()))

c

Here, <m ;> represents the initial MTJ state, which takes only two binary values;
<m,> = 1 refers to the P state, and <m,> = 0 refers to the AP state. I,; can be either
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Figure 3.7: Example of numerical integration for (a) 0r0 and (b) 171 operation.

negative or positive, depending on the current direction. In this work, we define the
positive I,4 favoring P to AP switching, and the negative I,; favoring AP to P switching.

The RER is largely affected by the direction of the read current, which either flows
through the MTJ from FL to HL or in the opposite direction. This direction is defined by
the MT]J cell design, as illustrated in Fig. 3.7 (a) and (b). Notice that although the design
in Fig. 3.7 (a) is the most commonly used [126], we consider both designs in this work.

In the design of Fig. 3.7 (a), the FL connects to the BL, the HL connects to the SL,
and the read current flows from FL to HL, which favors the AP to P switch. Here, I, 4 <0,
T;‘}D_, p> T;L 4p» and the probability of AP to P switching is much larger than that of P to
AP switching. On the other hand, in the design of Fig. 3.7 (b) the FL connects to the HL
and the BL connects to the SL, suggesting I; > 0 and favoring P to AP switching. Here,
T;,l__ ap > T;{}Dﬂ p» and the probability of P to AP switching is much larger than that of AP
to P switching. In this work, we only focus on the worst case. When investigating RER
in 171 operation, the design of Fig. 3.7 (a) is applied, and when investigating RER in 070
operation, the design of Fig. 3.7 (b) is applied.

If a standard rectangular pulse is assumed to be applied to the MT]J (i.e., I,; remains
constant), then an analytical solution can be derived from Eq. 3.10, which is equal to
Eq. 3.9. However, since the actual I,4 curves are irregular (see Fig. 3.6), the analytic solu-
tion is unattainable for Eq. 3.10 in real scenarios. To solve this challenge, we carry out a
numerical integration process of the extracted curve, presented as:
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Figure 3.8: RER prediction by conventional and proposed methods for (a) 0r0 operations and (b) 1r1
operations.

T d<m,>
RDR:Zﬁ-At

where: (3.11)

d<m;>
dt
1-<mg>)- (‘L'APAP(I) +TAPﬁP(t+At)))/2

= (<mg>- (Tph 4 p (D +Tph 1p(E+AD)+

The T;)LAP (or TA}D_,P) as a function of ¢ is given in Eq. 3.10. Here, Af represents
the time step used in the numerical integration process. Fig. 3.7 illustrates the example
of discretizing the I,4 curve for numerical integration. At each At, the I, 4 is applied to
Eq. 3.11 to calculate d<mz . A smaller At improves the accuracy of the RER prediction.
Although the I, curve varles considerably in different circuit designs and read opera-
tion strategies, Eq. 3.11 can be applied to calculate the RER as long as the curve can be
extracted.

The aim is to integrate Eq. 3.11 into circuit-level simulations. Using Spice simula-
tions, At is automatically defined, which varies for each time step. When I,; changes
faster over time, then At becomes smaller; when I,; changes slowly over time, then At
becomes larger. In addition, we define the largest value At as 0.1 ns.

The equation of <ml (see Eq. 3.11) is implanted into the MTJ compact model [112]
d< mz

by Verilog-A. At each tlme step, is calculated and accumulated. The final accu-
mulated value at the end of the read operation is RER. We also apply Python to extract
the I,4 curves from the Spice simulations and calculate the RER, which shows the same
values as those given by the Spice simulations.

Varying the supply voltage Vpp and the RER using both traditional and proposed
modeling methods is extracted, as presented in Fig. 3.8. The results reveal a high dis-
crepancy exceeding 10> between the RER values of the two modeling methods for both
0r0 and 1r1 operations. Given the limitations of the traditional method, the actual dis-
crepancy varies across different circuit designs, the read strategies, the setting of Ipsry
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Figure 3.9: Hext impact on WER in (a) 1w0 and (b) 0w1.

and 1; in this study, the RER predicted by the traditional method is found to be under-
estimated. Furthermore, both Eq. 3.11 and Eq. 3.9 demonstrate that the RER is highly
sensitive to Ipr;. Consequently, Vpp has a significant impact on RER. The simulation
results show that as Vpp varies from 0.9V to 1.5V, the RER increases by 102°. Obviously,
a higher Vpp reduces RER, but it increases energy consumption.

The accuracy of the RER prediction is critical to the STT-MRAM design. If the RER is
underestimated, commercial STT-MRAM products experience a higher-than-expected
rate of read error events, leading to reduced product quality. On the other hand, when
the RER is overestimated, more circuit area (i.e., more bits) for ECC is configured, result-
ing in unnecessary costs.

3.8. MAGNETIC FIELD IMPACT

3.8.1. REGULAR IMPLEMENTATION OF MAGNETIC FIELD IMPACT

In 2020, Wu et al. incorporated the magnetic field impact into the MT] model; they ad-
justed the calculation of I, with the incorporation of the magnetic field parameters [89],
and kept the calculation of ¢, and WER unchanged. The adjusted I, calculation is pre-
sented as follows:

_ a-e-Mg-A-trr

I.= - (Hy — Hext) (3.12)
h-n

The ¢, is derived by applying the I, calculation shown above into Eq. 3.4. The H,yx;
includes all potential external magnetic field, like the magnetic field provided by Auto-
matic Testing Equipment (ATE) and H [127], [128]). Notice that whether H,,; impedes
or facilitates the MTJ switching depends on its direction and the switching type (either
1w0 or Ow1l). In this thesis, we assume that the positive magnetic field favors AP to P
switching, and the negative magnetic field favors P to AP switching. Hence, Hcy; has op-
posite impacts on ¢, and I, for P to AP versus P to AP switching. For example, for AP to
P switching, the higher H,;, the smaller I, and ¢,,.

Fig. 3.9 presents the simulated WER in the presence of H,; from —1kOe to 1.5 kOe.
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The modelis calibrated with the measurement data, which is also presented in the figure.

3.8.2. ‘EQUIVALENT CURRENT’ REPRESENTATION EXTERNAL MAGNETIC
FIELD IMPACT

Although the MTJ compact model successfully incorporates the stray field effect, it is
inconvenient to be directly applied to Spice simulations when the external magnetic
field fluctuates (i.e., changes time by time); This model is based on the calculation of
the magnetic field, which cannot be flexibly adjusted during the circuit-level simulation
process. For example, when the magnetic field changes in the environment (i.e., Hey;
changed), yet in Spice, changing parameters in the model requires stopping simulations
and changing the model code. In order to accurately model the MT] performance with
the Hgy; changing during the simulation process, the H,y; impact needs to be incorpo-
rated at the circuit level, rather than the model level.

Here, we propose a method to extract the H,y; impact out of the MTJ] model and
introduce an equivalent circuit representation that dynamically updates time by time.
A specific ‘equivalent (virtual) current source’ model is designed through Verilog-A to
represent the H,y; impact: the input is referred to the magnetic field impact, and the
output is the current (I¢y,) applied to an ‘equivalent input’ of the MT] model. By applying
this virtual current source, the key electrical parameters I, and t,, of the MTJ model are
adjusted to be:

(C+ln(%2A)) -e-m
Y dug e (CUexn) + 1= 1) (3.13)
Ic = E . (_Hext)
n

Here, the parameter of switchable stray field (Hey;) is avoided in the model, and
a new related parameter (I.x;) is introduced. I.y; refers to the magnetic field impact,
which can be flexibly controlled by Verilog-A code. For example, I,,; increases time by
time to dynamically represent the magnetic field rising over time. In this way, the MT]
model is set in the whole simulation process, while the influence of the time-varying
H,y is dynamically introduced at the circuit level.

3.8.3. RELATIONSHIP BETWEEN STT EFFECT AND EXTERNAL MAGNETIC

FIELD IMPACT
This subsection analyzes the relationship between STT and the magnetic field from an
alternative perspective. Notice that the alternative perspective does not change the cal-
culation of the original MT] model shown above. First, we the energy barrier Eg between
P and AP states can be presented as [129]:

2

Ey e (C+ln£”z A)) ‘ e,;;n (3.14)

Secondly, the total STT torque caused by electron flowing and magnetic field during
write operations can be presented as [41], [126], [129]:
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Figure 3.10: Heyx; impact on WER in (a) 1w0 and (b) 0w1.

a-e-Ms-A-try,
T=tp-\I'n+ Hex = He) —————— (3.15)
Enough torque must be input into the MTJ to overcome the energy barrier and

achieve successful switching (i.e., T > Ep). Three components are involved in Eq. 3.15:

o STT effect: [-n [129]. The STT is provided by the current (i.e. the electrons)
through MT]Js.

° Magnetic field impact: . Here, H,,; refers to the external mag-
netic fields from all possible sources. H,y; can be either positive or negative. No-
tice that Hex; = 0 when MTJs work in an ideal environment. Hj is the stray field
described in the previous section.

° Anisotropy magnetic field impact: Hy - . Hj is a constant material pa-
rameter aligned with the easy axis, maintaining the same direction as the FL. mag-
netization. It switches along with the MTJ, consistently opposing the switching
process. [129].

a-e-Ms-A-tpp
h

Fig. 3.10 (a) presents an example of the MTJ switching process. The STT effect and
the magnetic field either accelerate or impede the switching as shown in Eq. 3.15. When
the total impact of STT and magnetic field exceeds that of Hy, the MTJ switches in the
precessional regime [41]. Once the input torque T overcomes Ep, the FL. magnetization
(mpr) switches (see Fig. 3.10 (b)); the angle 0 between mp; and easy-axis alters from
closing 0° to closing 180° [129]. Notice that after the switching, the Hy is reversed as
well, which is not shown in the figure, impeding MTJ AP to P switching.

In the original model, the impact of the magnetic field is integrated into the calcula-
tion of I.. Although this integration may simplify model design, it complicates assessing
the magnetic field impact on MT]J switching. In this alternative perspective, however,
the impact of the STT (i.e., current) and the magnetic field on the MTJ switching is dis-
entangled. Consequently, we can analyze the contributions of STT and the magnetic
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Figure 3.11: Stray field in MTJs.

field to the torque T independently, and facilitate an in-depth understanding of the MT]
switching behavior.

3.8.4. STRAY FIELD IMPACT

INTRODUCTION OF STRAY FIELD

Even when the STT-MRAM works in an ideal environment without any external mag-
netic field, extra magnetic field introduced by the MTJ ferromagnetic layers, named the
‘stray field), still exists [73]. As shown in Fig. 3.11, the stray field consists of the intra-cell
stray field originating from the PL of the cell itself, and the inter-cell stray field generated
by the FL and the PL of neighboring cells [389]. Note that magnetic couplingbetween cells
is attributed to the inter-cell stray field [73], [89]. Since PL is stable and never switches,
the PL-introduced intra-cell stray field never changes, thus its contribution to the mag-
netic coupling is constant. However, the FL-introduced inter-cell stray field is cell-state
dependent; when the MT]J state is switched, the stray field is also reversed (i.e., switched).

MAGNETIC COUPLING IMPLEMENTATION OF THE STT-MRAM ARRAY

Here, we apply the ‘equivalent current’ to represent the switchable stray field, i.e., FL-
introduced inter-cell stray field. The total H; exercised on a cell in the STT-MRAM array
can be calculated by simply adding up the Intra-Cell Stray Field (H;—;;r,) and the sum
of all PL-/FL-introduced inter-cell stray field. H;_;,ser introduced by all neighboring
cells consists of Hy_j;rer—pr and Hg—inrer—rr. Hs is presented as:

Hg=Hs intra+ Z(Hs—inter—PL + Hg—inter-FL) (3.16)

Note that, Hs_;,¢rq and Hs_j,rer—pr are constant, while H_;j,;er—pr switches with
the neighboring cell state switching. Here, we apply the modeling in Chapter 3 to flexibly
represent the switchable property of Hs_;,zer—r1, as presented:

Is—pr-m=Hs jnter-rr € (3.17)

The ‘equivalent current source’ I;_p; is designed through Verilog-A to represent the
H_inrer—rr impact: the input is the state of one cell (e.g., the MT] resistance), and the
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Figure 3.12: Illustration of of magnetic coupling in 4x4 STT-MRAM array.

output is the current () applied to its physical neighboring cells. The value of the cur-
rent source depends on the distance between the two cells and the input cell state. In
this work, neighboring cells in the same row or column are considered to have the same
distance, resulting in two distinct distance types: cells in the same row and cells in the
diagonal. Once the distance is determined, the current source is only controlled by the
input cell state. By applying this virtual current source, the magnetic coupling is im-
planted into the STT-MRAM array. The key electrical parameters I, and t,, of the MT]
model are adjusted to be:

(C+ln(%2A))'e-m
Y apg e (CUs—p) +1-10) (3.18)
€
I = E -(Hx— Hs—intra— ZHs—inter—PL)

Here, the parameter of switchable stray field (H;—;;rer—rr) is avoided in the model,
and a new related parameter (I;_py) is introduced. Here, I, only includes the impact
of Hs_jntrq and Hy—_jprer—pr- The impact of Hy_;per—rr is extracted and represented by
Y (I;—r1), the value of which is affected by the state of the neighboring cells, regardless
of the defects. On the other hand, the I may be affected by defects. In Eq. 3.18, we ob-
serve that )" (Is_rr) and I never affects each other. Besides, their impact on the MTJ state
switching can be evaluated by simply adding them up. Notice that we do not change the
core method and math calculations in the original model, yet make it possible to directly
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Figure 3.13: MT] behavior dependency on magnetic coupling effects.

evaluate the magnetic coupling effect through circuit simulations.

To completely include the magnetic coupling, we perform all the circuit-level sim-
ulations based on the 4x4 1T-1MTJ STT-MRAM array with the addition of ‘equivalent
current sources’ between neighboring cells, as presented in Fig. 3.12. Here, the purple
dashed lines are the ‘equivalent (virtual) current sources’, which are determined only by
the state of the devices (as given in Eq. 3.17), and modeled with Verilog-A. As a result,
each MTJ controls eight current sources to all its neighboring cells to model the inter-
cell stray field impact.

Fig. 3.13 presents the magnetic coupling impact on the MTJ writing performance.
We extract the MT] Switching Probability Py, by varying the write pulse height V), with
constant pulse width #,, of 10 ns. Fig. 3.13 (a) shows that when the eight neighboring cell
states are switched from ‘1’ to ‘0’ one by one, the Py, — V), line moves horizontally to
the left and the MT] requires a higher V), for P—AP switching because the neighboring
cell states in ‘0’ favoring the w0 operation. A complementary phenomenon for AP—P
switching is shown in Fig. 3.13 (b).

The model design in this section enables us to qualitatively analyze the magnetic
coupling effect on STT-MRAM write behaviors. Note that the magnetic coupling always
plays a role in the MTJ switching performance, regardless of the defects; it should have
a negligible impact on the defect-free MTJ switching. For the reliable and robust STT-
MRAM design, Y (I,—r1) < (I — 1) [84]. However, in the presence of defects, the write
current I may be reduced and come close to I, resulting in a stronger impact of I;_rr,
(see Eq. 3.18) on t,, which could cause a potential write fault. Here, we consider the two
extreme situations: a) induced current Is_ry (py when all the neighboring cells are in P
state, and b) induced current I;_rr (4p) when all the neighboring cells are in AP state.
Notice that I;_pr (p) and Is_pr (ap) are opposite due to the reversed Hs_jprer—rr. Here
we define the max I;_r; gap between the two extreme cases as Al;:
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(3.19)

Fig. 3.14 shows the dependency of the magnetic coupling effect on AI;/(I—-1I;), where
‘8’ is the number of neighboring cells. As AI/(I — I.) increases due to a defect, the nor-
malized switching time (#,,/,0) gap between two extreme cases becomes larger, sug-
gesting a defect may amplify the magnetic coupling effects on the STT-MRAM writing
operation. It is worth noting that magnetic coupling has a negligible impact on read op-
erations; applying a small read voltage V,; in the presence of the stray field will never
cause the MT]J state to switch, as (I + Is_rp) < I,.






STATE OF THE ART IN STT-MRAM
TESTING

A high-quality test solution with low escape rates and high time efficiency is essential for
STT-MRAM manufacturing. The testing methodology for STT-MRAMs basically follows
the approach used for traditional memories, such as SRAMs, consisting of three steps: 1)
defect modeling, 2) fault modeling, and 3) test generation. However, due to the unique
mechanisms and structure of MT]Js, additional efforts are required to ensure comprehen-
sive test coverage. Fault modeling for conventional defects must consider the physical im-
pact of MTJs, like magnetic coupling. Besides, unique defects such as pinhole, Synthetic
Anti-Ferromagnet Flip (SAFF), and Intermediate State (IM) cannot be accurately modeled
using linear resistors. To address this, the DAT is applied by designing specialized compact
models for defective MTJs. This chapter provides a state-of-the-art review of STT-MRAM
testing, covering the test methodologies for both conventional and unique defects.
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Figure 4.1: Process of conventional test development.

4.1. FRAMEWORK OF TEST DESIGN OF STT-MRAMS

Testing is a critical step in ensuring the quality of commercial STT-MRAM manufactur-
ing. As STT-MRAM moves toward large-scale production, robust test strategies are re-
quired to detect defects and guarantee high performance under real-world conditions.
Given the complexity of its fabrication process and the unique working mechanisms as-
sociated with MTJs, a well-structured framework is essential to develop high-quality test
solutions.

A high-quality test strategy must meet several requirements. First, it should achieve
high defect coverage, meaning it must be capable of detecting a variety of defect types,
including both conventional and unique defects. Inadequate coverage can lower overall
product quality and lead to reliability issues. Second, test time must be minimized to
ensure cost efficiency in testing for large-scale manufacturing. Lengthy test procedures
increase production costs and may reduce yield; hence, it is crucial to balance between
test coverage and time efficiency. Additionally, an effective test must minimize yield loss,
which occurs when defect-free chips are incorrectly diagnosed as faulty and discarded.
High yield loss can lead to unnecessary waste and increased production costs. Lastly,
test methodologies should be adaptable to different memory STT-MRAM architectures,
ensuring they remain effective across different manufacturing conditions.

This section presents a framework for test design for STT-MRAMSs, introducing two
primary approaches: 1) conventional testing approach for defects out of MT]Js (i.e., con-
ventional defects like transistor, contact, and interconnect defects) and 2) DAT approach
for defects within MT]Js (i.e., unique defects). The first approach extends traditional
memory test techniques to STT-MRAM, targeting defects that are also found in tradi-
tional memories. The second approach is dedicated to emerging NVMs, targeting de-
fects that only exist in certain NVM types; in this thesis, unique defects in STT-MRAMs.
By discussing these two methodologies, this section provides a comprehensive overview
of how test solutions can be developed to improve STT-MRAM quality while maintaining
efficiency in manufacturing.

4.1.1. CONVENTIONAL TEST DEVELOPMENT
As presented in Fig. 4.1, the conventional test development process for STT-MRAM con-
sists of three key steps: defect modeling, fault modeling, and test generation [57]. These
steps form a structured methodology to ensure comprehensive defect coverage, allowing
for efficient and cost-effective testing methodologies.

Defect modeling serves as the foundation of the test development process by trans-
lating physical manufacturing defects into equivalent electrical representations (i.e.,
models) [57]. During the fabrication of STT-MRAM, various defects may arise due to im-
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perfections in lithography, etching, deposition, and other manufacturing steps. These
defects can occur in contacts, interconnects, MOSFETs, or peripheral circuits, leading to
unintended electrical behaviors. To systematically analyze the impact of these defects,
they are modeled by electrical circuit elements. One common approach is to represent
physical defects in terms of resistors [61]. For instance, a metal contamination during the
fabrication process may unintentionally connect two previously isolated circuit nodes
[130], [131]. This defect can be modeled as a bridge resistor, which introduces an unin-
tended conductive path between these two nodes. The resistance value of this bridge de-
pends on the severity of the contamination. Lower resistance values indicate a stronger
electrical impact, while higher resistance values suggest a weaker connection that might
only affect specific operating conditions. Hence, the defect strength can be represented
by the resistance value; a lower value indicates higher strength. Similarly, open defects
can be modeled as high resistance connections or complete disconnections in originally
connected nodes. This could occur due to incomplete etching or material deposition,
resulting in floating nodes that impact memory functionality [130], [131]. In this case,
the higher resistance value implies higher defect strength. Through defect modeling, the
physical properties of these unintended defects are translated into circuit-level repre-
sentations that can be simulated through SPICE.

Once defects are accurately modeled at the electrical level, fault modeling is per-
formed to analyze how these defects manifest in the form of memory faulty behaviors
during actual memory operations [57]. Fault modeling involves injecting the defect
models into circuits and studying their impact on memory functionality. For example,
injecting a bridge resistor between two WL may cause write disturb faults, where writing
to one memory cell unintentionally alters the state of another cell due to the unintended
conductive path [132]. Similarly, an open defect in the BL can lead to read faults, where
the sensing circuit is unable to correctly detect the stored data due to signal degrada-
tion (i.e., too low read current) [61]. These faulty behaviors are described by fault models
using fault notations [132]. Fault models are essential for developing targeted test solu-
tions, as they provide insight into the potential memory behaviors that need to be de-
tected. In conventional memory testing, stuck-at faults, transition faults, and coupling
faults are commonly used fault models. However, in STT-MRAM, additional fault models
must be considered due to the presence of MTJs.

The final step in conventional test development is generating efficient test solutions
to detect the faults identified in the previous step [57]. The primary target of test gen-
eration is to design test patterns that can sensitize all validated faults while maintain-
ing low test time. One of the most common test methods is the read/write-based tests,
where a sequence of write and read operations is applied to memory cells and verifies
if these operations fail. March tests, which are widely used in traditional memory test-
ing [133], can be extended to STT-MRAMSs to detect conventional faults. The sequence
of applied write and read operations is described by the ‘March algorithm’ The Built-
In Self-Test (BIST) techniques are frequently employed to enhance the testing efficiency
of March test [71]. A BIST system integrates a dedicated test circuit within the memory
chip, allowing it to autonomously execute March algorithms without requiring exten-
sive external test equipment. BIST techniques can detect a wide range of faults and are
particularly beneficial for large-scale manufacturing, where reducing test time is crucial.
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Figure 4.2: Process of DAT.

Additionally, a strategy for improving test coverage is the use of DfT techniques, which
involve applying dedicated circuits to detect faults that cannot be caught by March tests
[71], [134].

4.1.2. DEVICE-AWARE TEST METHODOLOGY

Unique defects are introduced due to the specific working mechanism and structure
of MTJs. Unlike conventional defects, which can be represented by resistive shorts or
opens, these unique defects within MTJs cannot be accurately modeled using simple
linear resistors [66]; MTJs exhibit non-linear and stochastic behaviors in the presence of
unique defects. Traditional defect models fail to capture these complex faulty behaviors,
leading to inaccurate fault models and, consequently, low-coverage test solutions. To ad-
dress this challenge, the Device-Aware Test (DAT) methodology is introduced [85], [135].
This methodology incorporates a deeper understanding of the physical mechanisms of
defective MT]Js into the test development process, ensuring high defect coverage with
optimized test efficiency. The device-aware test approach consists of four key steps, as
presented in Fig. 4.2: defect characterization, defect modeling, fault modeling, and test
generation.

The first step is defect characterization, which involves studying the physical mecha-
nisms of these MT] defects [66]. This is achieved through a variety of experimental anal-
yses, including the electrical/magnetic measurement (e.g., current-voltage (I-V) mea-
surements, write error rate tests, and thermal stability analysis) on defective MTJs and
material inspections (e.g., TEM, and Scanning Electron Microscopy. Defect characteri-
zation aims to understand how these unique defects impact the electrical and magnetic
properties of MTJs. By analyzing experimental data, researchers can conclude the mech-
anisms and common properties for certain defect types, such as done for pinholes [66].
The insights obtained from defect characterization are then used to develop accurate
defect models that capture the impact of these unique defects on the behaviors of MTJs.

The second step is defect modeling, where the physical impacts of defects are incor-
porated into compact MT] models [66]. Unlike conventional defect models, which sim-
ply model defects as resistors, device-aware defect models integrate the physical mech-
anism of defects and design defective MTJ models. To achieve accurate defect modeling,
the insights gained from defect characterization are used to change the parameters in the
original MT] model or add more parameters that affect the MTJ behaviors. For instance,
a pinhole defect, which is generated due to the imperfection of the TB layer, is modeled
by adding a specific parameter that represents the pinhole area (i.e., defect strength) and
reduces the MT] resistance. This change in the MTJ] model further alters the TMR ratio,
causing deviations in read signals [66]. By embedding these physical defect character-
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Table 4.1: Potential defects and the STT-MRAM fabrication steps.
FEOL BEOL
Transistor and contact & interconnect | Contact & interconnect | Contact & interconnect | MTJ device
Material impurity Open vias/contacts Open vias/contacts Pinhole
Gate oxide breakdown Irregular shapes Irregular shapes SAFF
Shifting of dopants Big bubbles Big bubbles M
Patterning proximity Small particles Small particles BH
etc. etc. etc. etc.

istics into MTJ compact models, circuit-level simulations can more accurately predict
the behavior of defective MTJs under regular read/write conditions. These models serve
as the foundation for fault modeling, ensuring that fault representations reflect the real
behavior in simulations that fit the measurement data of defective MTJs.

The third step, fault modeling, builds upon the defective MTJ behavior in the STT-
MRAM array at the circuit level [66]. This process is similar to conventional fault model-
ing butis enhanced to accommodate the irregular (e.g., non-linear) MTJ] behaviors in the
presence of unique defects. In this stage, defects are injected into SPICE simulations of
the memory array by replacing the defect-free MTJ] model with the defective model de-
rived from the last step (i.e., defect modeling). Circuit-level simulations are performed
to examine how defects affect read/write operations, and other potential factors like re-
liability. The resulting faulty behaviors are observed and recorded with dedicated fault
models. Compared with the conventional fault models, these derived fault models for
unique defects may require some adjustments to describe the special behaviors For ex-
ample, the pinhole may cause the MTJ resistance to be super low; the ‘L’ is applied to
describe the low-resistance state of MTJs.

The final step is test generation, where optimized test solutions are designed to effi-
ciently detect the faults derived from the previous steps [66]. In the DAT approach, test
patterns must be carefully developed to ensure high coverage while minimizing test time
and cost. Read/Write-Based Tests, like traditional March tests, may remain applicable.
For instance, the March algorithm, consisting of one single 1r1 operation, may detect
some pinhole defects; yet this March algorithm shows a high escape rate for pinhole
testing considering the varying defect strength [66]. Hence, additional efforts, like the
DfT with specific circuits or applying an external magnetic field, are required to generate
higher-coverage test solutions; yet these efforts imply higher cost, like extra circuit area.
To ensure a balance between high test coverage and low test cost, adaptive test strategies
are required depending on the actual application of the STT-MRAMs.

The device-aware test methodology provides a more accurate and efficient approach
for testing unique defects in STT-MRAMs by incorporating a deep understanding of MTJ-
specific defects into the test process. Unlike conventional methods, which rely on sim-
plified linear resistor models, device-aware testing applies specific defective MT] models
to capture the compley, irregular, and stochastic behaviors. Through the four steps men-
tioned above, this approach ensures high coverage while minimizing test escapes, hence
enhancing the quality of STT-MRAMs in manufacturing.
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4.2. DEFECT CLASSIFICATION AND MODELING

The section then introduces the classification of STT-MRAM defects, highlighting their
mechanisms and modeling approaches. Defects in STT-MRAMs arise from various
sources during the fabrication process, impacting device functionality and reliability.
Table 4.1 presents the potential defects and their associated fabrication steps. The cor-
responding fabrication process of STT-MRAMs is shown in Fig. 2.7. Defects in STT-
MRAMs can be broadly classified into conventional defects and unique defects. Con-
ventional defects, i.e., transistor, contact, and interconnect defects, are defects outside
MT]Js. These defects are well understood and can often be analyzed using established
defect models as done in traditional memories like SRAMs and DRAMs [61], [132]. In
contrast, unique defects, i.e., MTJ defects, are defects within MTJs stemming from their
special structure and physical mechanisms. In the presence of unique defects, MTJs ex-
hibit non-linear behaviors; the DAT is applied to detect these defects

To ensure effective defect detection, defect modeling plays a crucial role in bridging
the gap between physical defects and their electrical manifestations. A robust defect
model must accurately capture the physical properties of defects and translate them into
circuit elements like resistors [61]. By systematically analyzing these defects and defect
models, this discussion provides a foundation for accurate fault modeling and effective
test development.

4.2.1. CONVENTIONAL DEFECTS AND MODELING

This subsection focuses on the conventional defects in STT-MRAMSs, which are outside
of MT]Js. These defects have been extensively studied in traditional memories like SRAMs
and DRAMs [57], [61], [70], [132], [133]. Understanding these defects is essential for fault
modeling and developing effective test strategies.

As presented in Table 4.1, conventional defects arise from various fabrication steps
involving contacts, interconnects, and MOSFETs [46]. For example, during the MOSFET
fabrication in the FEOL process, physical defects may emerge like material impurities,
gate oxide breakdown, dopant misplacement, and patterning proximity. Similarly, dur-
ing the fabrication of contact and interconnect, potential defects like open vias, irregu-
lar shapes, and small particles may be introduced. These defects can significantly affect
the electrical behavior of STT-MRAM cells, failing read/write operations, and reducing
memory reliability.

Despite a large variety of potential conventional defects that exist in STT-MRAMs,
the models of these defects can be broadly classified into three categories: open, short,
and bridge.

* Open defect model represents cases when an intended electrical connection is
partially or completely broken, leading to increased resistance or a complete dis-
connection. For example, open vias or contacts that occur in WL, SL, or BL can
be modeled by this open model. As shown in Fig. 4.3 (a), an open via in the bit
line creates an unintended resistive break, preventing proper current flow through
the MTJ; this defect is modeled by injecting an extra resistor between BL and the
MT]J. Depending on the severity of the open defect, the impact can range from
increased read/write latency to a complete functional failure of the memory cell.
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Figure 4.3: Model of conventional defects: (a) open, (b) short, and (c) bridge.

The severity of the open defect, i.e., defect strength, is indicated by the resistance
value.

¢ Short defect model shows an unintended connection between one node and Vpp
or ground. For example, due to the metal contamination, a memory node between
the MTJ and the MOSFET is unintentionally connected to the Vpp, as illustrated
in Fig. 4.3 (b). This defect leads to failing in MTJ switching, erroneous read opera-
tions, and static power leakage. In extreme cases, short defects can cause excessive
current draw, leading to thermal damage and further degradation of the whole sys-
tem. Similar to open defects, the resistance value indicates the defect strength.

* Bridge defect model demonstrates itself as two otherwise disconnected nodes un-
intentionally connected through an additional resistive path. An example is shown
in Fig. 4.3 (c), where gate oxide breakdown prevents the MOSFET from turning off
properly; this defect is modeled by a resistor connecting BL and the node between
the MTJ and the MOSFET, and the defect strength is represented by the resistance
value. Other physical defects that can be represented by a bridge model include
lithography misalignment and metal contamination during deposition.. Bridge
defects can alter the expected resistance of circuit elements, introducing unpre-
dictable voltage shifts and logic errors in STT-MRAM read/write operations.

4.2.2. UNIQUE DEFECTS AND MODELING

Unique defects in STT-MRAM arise from the intrinsic properties of MTJs, which impact
the MTJ switching, reliability, and retention of memory cells, leading to irregular faulty
behaviors. These defects cannot be accurately modeled using traditional resistor-based
approaches due to their complex physical mechanisms. This subsection summarizes
previous works on unique defects, showing their mechanisms and modeling methods.
Understanding these defects is essential for developing accurate fault models and effec-
tive test strategies tailored to the specific characteristics of MTJs.

PINHOLES

Pinhole defects in MTJs are among the critical reliability concerns in fabricating STT-
MRAM. These defects originate from imperfections in the tunnel barrier, leading to the
formation of unintended conductive paths that affect the device electrical properties.
Pinhole defects can significantly degrade the resistance-area (RA) product and the TMR
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Figure 4.4: (a) Defect mechanism of pinholes; (b) R-H measurement of pinhole-defective and defect-free
MTJs; (c) Zoom in of the R-H measurement for the pinhole-defective MTJ.

ratio, influencing the read/write performance and long-term reliability of MTJs. Under-
standing the underlying mechanism and impact of pinhole defects is crucial for improv-
ing the yield and device quality of STT-MRAM. Here we discuss the pinhole formation
mechanism, its effect on device performance, and the modeling approach used to eval-
uate its impact.

Defect mechanism

As illustrated in Fig. 4.4 (a) and Fig. 4.7, pinhole defects arise during the multi-layer
deposition of MT]Js, primarily in the MgO. These defects can result from unoptimized
fabrication processes, including contamination, non-uniform deposition, or diffusion of
impurities. The formation of pinholes creates localized conductive pathways that ‘short-
circuit’ the TB, significantly altering the electron transport properties of the TB. If not
detected during initial testing, pinhole defects can lead to premature breakdown of the
MT], affecting the overall reliability of STT-MRAMs.

Defective MT]J performance

The impact of pinhole defects on MTJ performance is evident in resistance-field (R-
H) measurements, as depicted in Fig.4.4 (b). A defect-free MTJ exhibits a regular re-
sistance switching behavior, reflecting the expected TMR characteristics. In contrast, a
pinhole-defective MT] shows significantly reduced resistance in both P and AP states,
leading to a lower TMR ratio. The zoomed-in view in Fig.4.4 (c) highlights the reduced
dynamic range of resistance for the pinhole-defective MTJ. Although a switching behav-
ior is still observed in the figure, the low resistance and the TMR (0.05 for this case)
demonstrate its diminished ability to differentiate between the two resistance states.
This degradation in the resistance and the switching behavior adversely affects the read
margin of STT-MRAM cells.

Defect modeling
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Figure 4.5: (a) Defect mechanism of SAFF; (b) R-H measurement of defect-free MTJs; (c) R-H measurement of
SAFF-defective MT]Js.

To analyze the impact of pinhole defects on MTJ behavior, an effective modeling ap-
proach is adopted. The defect is characterized in terms of its relative area, i.e., ‘pinhole
area’, denoted as Apn, normalized to the total cross-sectional area Ag of the MTJ. The
effective resistance-area product and TMR ratio of a defective MT] are modeled as func-
tions of App, allowing for a quantitative assessment of pinhole-induced degradation. By
integrating this model into an MTJ compact model by Verilog-A, the electrical behav-
ior of pinhole-defective MT]Js can be accurately evaluated, aiding in the development of
testing for STT-MRAMs.

SYNTHETIC ANTI-FERROMAGNET FLIP DEFECT

The SAFF defect arises due to an unexpected reversal of the HL. magnetization, leading to
further unintended changes in the magnetization of RL and FL. Such defects can impact
the switching characteristics of MTJs, altering the overall device behavior in write opera-
tions. Understanding and accurately modeling the SAFF defect is required to analyze its
impact on STT-MRAM performance and develop high-quality test solutions.

Defect mechanism

The SAFF defect is primarily caused by an unintentional flipping of the HL. mag-
netization during the device fabrication process. Due to the strong anti-ferromagnetic
coupling between the HL and the RL, it also leads to the reversal of the RL magnetiza-
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Figure 4.6: (a) Defect mechanism of IM; (b) Extracting IM by repeating w0, 70, w1, r1.

tion. Fig. 4.5 (a) illustrates the mechanism of the SAFF defect. For the defective MTJ, the
magnetization of HL is upward (1), and the magnetization of RL is downward (}). For
the SAFF-defective MTJ, the magnetization of HL and RL is reversed compared with the
defect-free one.

Defective MT] performance

The reversal of the RL and HL magnetization leads to a flipped R-H characteristic
compared to defect-free devices, as shown in Fig. 4.5 (b) and (c). While the resistance
values in P and AP state of MTJs remain unchanged, the defect reverses the effect of the
magnetic field. For example, Fig. 4.5 (b) and (c) exhibit that a positive magnetic field
switches the defect-free MTJ from P to AP, yet switches the SAFF-defective MTJ from AP
to P. Although the SAFF defect has no impact on the electrical switching of MT]Js, the
functionality While the SAFF defect impacts the magnetic switching behavior, it does
not affect the switching behavior in write operations of the MTJ. In the absence of an
external magnetic field, the SAFF defect does not influence MTJ functionality. However,
in practical scenarios where magnetic fields such as stray fields exist, the SAFF defect
alters MTJ switching performance, especially considering the WER [83], [84].

Defect modeling

In the modeling approach, the effect of the magnetic field on the critical current I
calculation (see Eq. 3.3) is reversed compared to the defect-free case (i.e., positive contri-
butions become negative and vice versa). This adjustment ensures an accurate represen-
tation of the SAFF defect impact on both the magnetic and electrical switching behaviors
This correction allows for a precise depiction of how the magnetization reversal of the RL
and the HL affects the switching behavior of FL, while not involving the simulations of
the two layers, reducing the cost of simulations. Consequently, the model accounts for
the observed deviations in MTJ switching and provides a more reliable prediction of the
impact of SAFF defects on MTJ performance in the presence of magnetic field.
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INTERMEDIATE STATE DEFECT

In MTJs, there are typically two stable magnetic states, i.e., P and AP. The P state exhibits
a stable, relatively low resistance (Rp), while the AP state shows another stable high resis-
tance (R4p). These two distinct states correspond to one bit of data in STT-MRAM cells.
However, in the presence of IM defects, the MT] may manifest as a third resistance state
between Rp and R4p, disrupting normal binary data storage and increasing the RER and
WER. Understanding the mechanism and accurately modeling IM defect is essential for
developing high coverage testing for this defect.

Defect mechanism

Several studies have explored IM states in MT]Js through both experiments and sim-
ulations. The occurrence of the IM defect is usually attributed to the multi-structure
of the FL. Especially, the large device size contributes to the phenomenon. Fig. 4.6 (a)
presents the mechanism of the IM state. In a defect-free MT]J, the FL is uniform, and the
magnetization is consistent across the entire layer, ensuring stable switching between
the P and AP states. However, in an IM-defective MT]J, the FL is multi-domain, where
the magnetization of one domain may be opposite to that of other domains. This results
in a variation in MT]J resistance, as the different domains contribute differently to the
tunneling current, leading to intermediate resistance states between the typical P and
AP states. This variation in resistance can cause instability in the read/write operations,
making it less reliable for memory applications.

Defective MT] performance

Fig. 4.6 (b) presents the characterization of the IM-defective MT]. By repeatedly per-
forming a sequence of operations consisting of w0, r0, w1, r1 for multiple cycles ( 10% for
this figure), the IM resistance state appears in part of read operations. The intermit-
tent appearance of the IM state suggests that the defects in the MTJ occur sporadically,
rather than in a constant manner. This intermittent phenomenon is caused by the fact
that some domains have a small probability of not switching during regular write op-
erations. Besides, the resistance remains consistent in every IM defect appearing; the
problematic domain (e.g., the domain failing to switch) may be the same one.

Defect modeling

To model the IM defect in MTJs, the measurements for IM-defective MT]s are per-
formed to determine the resistance when the IM state occurs, which occurs intermit-
tently, and the value of which is between the typical Rp and R4p. Next, the probability
of the IM occurring is analyzed. This probability has been found to follow a normal dis-
tribution, reflecting the intermittent and unpredictable nature of this defect. Once the
probability distribution and the corresponding resistance values for the IM state are es-
tablished, they can be incorporated into the MTJ compact model through Verilog-A, to
accurately capture the behavior of the MTJ under conditions where the IM state may
arise. This IM-defective MT] model allows for the simulation of MTJ performance under
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Figure 4.7: MT] manufacturing process and the potential unique defects.

Table 4.2: MT]J defect mechanism and modeling method.

‘ Defect ‘ Mechanism Defective MTJ performance Defect modeling method

Pinhole | TB deterioration [136] | MT]J resistance reduction [136] | Introduce breakdown area in TB [79]

i Magnetic field impact X L
SAFF HL flip [87] Flip FL magnetization [87
on MT] reversed [87]
. . MTJ intermittently Introduce undefined MT]J state,
M Multi-domain FL [137]
enter undefined state [137] introduce switching probability [86]
Add pinning effect for RL,
BH RL instability [80] MT]J state oscillation [138]

form RL switching process [82]

realistic conditions where defects may lead to intermediate resistance states, enabling a
more reliable prediction of MTJ behaviors

4.2.3. SUMMARIZE AND OVERVIEW OF MT] DEFECTS

Fig. 4.7 presents the MT]J fabrication steps and the potential unique defects that may be
introduced by each step. Table 4.2 summarizes the mechanism and modeling method
of each defect. The unique defect of BH is one of the major contributions of this thesis,
which will be explained in chapter 6.

Fig. 4.7 presents the MTJ fabrication steps and the potential unique defects that may
be introduced by each step. The identification of which MT]J fabrication step introduces
which defect is based on reasonable assumptions derived from the defect mechanisms.
Due to the complexity of the manufacturing process, it is difficult to precisely pinpoint
the exact source of defects in real-world scenarios. TABLE4.2 summarizes the mecha-
nism and modeling method for each defect. Among these, the unique defect of BH is
one of the major contributions of this thesis, which will be explained in detail in chap-
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ter 6.

4.3. FAULT CLASSIFICATION AND MODELING

The fault model is applied to describe the faulty behaviors of STT-MRAMs in the pres-
ence of various manufacturing defects. Fault modeling involves injecting defects into
circuits and studying their impact on memory functionality. Conventional defects are
modeled as linear resistors and directly injected into the circuit. For unique MTJ de-
fects, the DAT method is applied to design a specific defective MT] model, which rep-
resents the faulty behavior caused by the corresponding defect. The defect injection
is performed by replacing the defect-free MT] model with the defective model. Then,
read/write operations are applied to memories to observe the potential faulty behaviors.

Fault modeling helps develop test strategies by providing insights into how defects
can affect the performance and reliability of a memory device under various conditions.
Through a proper fault modeling approach, designers can identify potential weaknesses
in the STT-MRAM prior to physical testing, thereby focusing testing on the key cases of
the potential STT-MRAM failing, ensuring the testing process is efficient and thorough.
For example, if a fault model predicts that certain defects lead to intermittent resistance
states, test strategies can be designed to specifically check for these conditions under
realistic operational scenarios.

In this section, we first define fault notation, which standardizes the representation
of faults in models, making it easier to analyze. We then discuss fault classification,
grouping faults based on different aspects, like their impact and the property. Under-
standing fault classification aids in developing efficient detection strategies for certain
defect types.

4.3.1. FAULT PRIMITIVE NOTATION

Table 4.3 presents the fault notations applied to describe the memory faults [61], [79]:
< S/F/R >, S describes the sensitizing sequence, F describes the faulty effect, and R de-
scribes the readout value. For example, < 070/0/1 > denotes a r0 operation on a cell that
holds ‘0’ (S=0r0), where the cell remains in its correct state '0’ (F=0) yet the read output
returns to ‘1’ (R=1) instead of the expected ‘0. Next, we have a detailed description of ‘S’,
‘F’, and ‘R’ separately.

S: SENSITIZING SEQUENCE

S describes the operation sequences of the STT-MRAM cell, which can be presented as
S =x001x%1...0 Xy ...0nxy,, where x;,, € {0,1}, and O, € {w, r}. Here, ‘0’ and ‘1’ indi-
cate the state of the STT-MRAM cell, and ‘w’ and T’ denote write and read operations,
respectively.

The sequence (i.e., operations) can be further classified as the static operation and
the dynamic operation [139]. The static operation is defined where at most one opera-
tion is performed within the sequence. Notice that no operation, e.g., just keeping the
STT-MRAM cell in state ‘1’, also belongs to this ‘static operation’ type. Dynamic opera-
tion, on the other hand, involves at least two actions within the sequence [139]. It is im-
portant to note that the number of dynamic operations significantly exceeds the number
of static operations. While dynamic operations may expose more faults, they also incur
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Table 4.3: Fault primitive notation.

’ (S/FIR) ‘ Explanation Value
static operations:
S Sensitizing sequence 0,1,0w0,0wl, 1w0, 1wl, 0r0, 1r1
dynamic (two) operations:
0wO0wO, Owlwl, Owor0, Owlw0, Owlwl, Owlrl,
1wOow0, lwowl, 1wor0, lwlwo0, lwlwl, lwlrl,
0rOw0, 0rOwl, 0r0r0, 1r1wO0, 1rlwl, 1rlrl
F Faulty effect L,0,U,1,H
R Readout value 01,2 -
note in ‘F’:
‘T MT]J extreme low state ‘0’ MT]J normal low state
u MTJ undefined state ‘1’ MT]J normal high state
‘H’ MT]J extreme high state
note in ‘R
‘0’ Readout low state 1 MT]J Readout high state
‘v Readout random state Readout not applicable

a higher time cost [70]. All of the static operations and dynamic operations (with two
operations) are shown in Table 4.3.

F: FAULTY EFFECT

F denotes the stored value (i.e., states) in the STT-MRAM cell after a certain sequence
S. The possible states rely on different memory types. For conventional memories, like
SRAMs and DRAMs, there are only three states: ‘0’, ‘U’ (the undefined state), and ‘1’ [57].
For STT-MRAM technology, the possible resistance states of the MT] vary in the presence
of conventional defects or unique defects. In the presence of conventional defects, the
MT]J is defect-free and has only two stable resistance states, i.e., ‘1’ and ‘0’ [41]. In the
presence of unique defects, the defective MT] may exhibit additional resistance states,
i.e., ‘L, ‘U’, and ‘H’ [137]. Here, U’ refers to the undefined state, where the MTJ resistance
is in an intermediate range between that in the regular ‘0’ and ‘1’ states. ‘L’ refers to
an extremely low resistance state, where the MT]J resistance is lower than that in the ‘0’
state, and H’ refers to an extremely high resistance state, where the MT]J resistance is
higher than that in the ‘1’ state. [137].

R: READOUT VALUE

R refers to the output of the read circuit (i.e., SA). Here, R € {0,1,2,—}. ‘0’ is the regular
output when the MT]J is in state ‘0’ ‘1’ is the regular output when the MTJ is in state ‘1.
‘?’ is arandom read outcome (e.g., the output voltage of the SA is an intermediate value
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between Vpp and ground). ‘-’ denotes the case where the last operation of S is not a read
operation, hence no output from SA.

4.3.2. FAULT CLASSIFICATION

These faults can be classified based on different perspectives, such as their origins, prop-
erties, and impact on the system. Next, we show some common classification methods
[67].

STRONG/WEAK

If a fault always causes functional errors, it is defined as a strong fault; if a fault cannot
always cause a functional error, it is defined as a weak fault [67]. For example, in the
context of STT-MRAMs, a strong fault could be a permanent short-circuit at the node of
SL, which prevents the MTJ switching. This would lead to a functional error, and can be
represented by the fault primitive < 1w0/1/— >.

PERMANENT/INTERMITTENT

If a fault is permanently present in the memory irrespective of the time of access, it is de-
fined as a permanent fault; if a fault is sensitized intermittently (i.e., from time to time), it
is defined as an intermittent fault [67]. For example, a permanent fault is sensitized when
a short defect exists at SL, preventing the MT] from receiving sufficient energy to switch
its state [86]. As a result, the MTJ remains stuck in one resistance state. In contrast, an
IM defect sensitizes an intermittent fault because it does not always affect the switching
behavior of MTJs. Instead, due to the nature of the defect, the IM-defective MTJ occa-
sionally exhibits the ‘U’ state, rather than a stable 0 or 1. This issue occurs unpredictably
during certain write operations, making it challenging to design high-coverage testing
solutions. A specific subscript ‘i’ is applied to represent the intermittent fault. For exam-
ple, < 1w1/0;/— > means that by applying the 1w1 operation, the MTJ state remains in
‘0’ intermittently.

SINGLE-CELL/MULTI-CELL

If a fault is not affected by states of neighboring cells, it is defined as a single-cell fault; if
a fault sensitization is affected by states of neighboring cells, it is defined as a multi-cell
fault [67], [140]. For example, in the presence of a bridge defect between two neighboring
cells, the write current of one cell may rely on the state of the other cell by a sneak current
path through this defect [132]; hence, sensitizing a multi-cell fault. On the other hand,
the MTJ behavior will not be affected by neighboring cells in the presence of the defect
in Fig. 4.3 (a); hence, this defect only sensitizes a single-cell fault.

STATIC/DYNAMIC

If a fault can be sensitized by performing at most one operation, it is defined as a static
fault; if a fault can only be sensitized by performing more than one operation (i.e., dy-
namic operations), it is defined as a dynamic fault. Dynamic faults are common in con-
ventional memories and other NVMs [139], [141]; however, we show that dynamic faults
are rare for STT-MRAMs in this thesis.
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HARD-TO-DETECT/EASY-TO-DETECT

If a fault is guaranteed to be sensitized and detected by regular read/write operation, it is
defined as an easy-to-detect fault; if a fault cannot always be sensitized and detected by
regular read/write operation, it is defined as a hard-to-detect fault. For example, in the
presence of an IM defect, the MT] is in ‘U’ state, yet the state may not be caught by the SA;
the fault relating to this defect is categorized as a type of hard-to-detect defect. On the
other hand, the SA readout may get stuck at ‘0’ in the presence of the defect in Fig. 4.3 (a)
(e.g., too low read current), and the corresponding defect belongs to the ‘easy-to-detect’

type.

4.4, TEST GENERATION

Testing is a critical step in ensuring the functionality and reliability of STT-MRAMs,
which are susceptible to both conventional and unique defects. Due to the non-volatile
nature and unique switching mechanism of STT-MRAM cells, dedicated test strategies
are required to detect faults effectively. This section presents two key approaches: March
tests and DfT techniques.

March tests are widely used algorithmic test methods that apply systematic read and
write operations to detect various faults in memory arrays. To further enhance testabil-
ity, DIT techniques have been developed to improve fault coverage and reduce test time.
By combining March tests with DfT techniques, manufacturers can achieve a more com-
prehensive and efficient test strategy, ensuring the high reliability of STT-MRAM devices.

4.4.1. MARCH TEST GENERATION

March testing is a widely used read/write-based approach for detecting faults in memory
systems, including STT-MRAMs [57], [58], [61], [69], [70], [76]. It consists of a sequence
of read and write operations applied to each memory cell in a specific order. The goal of
a March test is to efficiently identify different types of faults by systematically stressing
the memory with various operations and observing the resulting behavior. Due to its
simplicity and effectiveness, March testing is commonly used in BIST architectures for
high-quality memory applications [71].

A typical March test consists of multiple March elements, where each element rep-
resents a series of operations performed on all memory cells in a specific address order
[571, [133]. The order in which these operations are applied can be increasing (from
lower to higher memory addresses), decreasing (from higher to lower addresses), or
both. The sequence is carefully designed to guarantee a high coverage of a variety of
faults.

One of the key advantages of March tests is their ability to detect faults efficiently
with a linear time complexity, making them practical for large-scale memory arrays [57],
[133]. Different March algorithms exist, such as March C-, March Y, and March B, each
optimized for detecting specific fault types [142], [143]. For example, March C- is com-
monly used for detecting common stuck-at faults, while March B is designed for more
complex situations [143], [144].

For STT-MRAMs, traditional March tests are also a good solution that can be applied
to detect a variety of faults sensitized by manufacturing defects [76]. However, limita-
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tions exist if only applying March tests to STT-MRAMs [66]:

* High escape rate: Some faults, such as intermittent faults and unique faults (intro-
duced by unique defects), can not be 100% sensitized by regular March tests [81].
Hence, a high escape rate is observed.

* Low time efficiency: To detect some faults, the march algorithm is set to be long,
resulting in a low time efficiency.

To address these challenges, March tests may need modifications like increasing the
number of test iterations, introducing adaptive test patterns.

4.4.2. DESIGN FOR TEST

DfT is a set of techniques used to improve the testability of memory systems by enhanc-
ing fault detection, enabling diagnosis, and reducing yield loss. In STT-MRAMs, DfT
strategies are essential in the presence of both conventional defects and unique defects.
Without effective DfT solutions, applying conventional read/write-based tests to detect
faults sensitized by these defects exhibits a high escape rate [66].

Several DfT techniques have been developed specifically for STT-MRAMs, targeting
different aspects of fault detection and defect mitigation. Besides, the BIST can also be
viewed as a widely used DfT technology, integrating test circuitry within the memory
chip to perform self-testing [71]; BIST allows efficient execution of test patterns, such as
March tests, without the need for external test equipment, reducing test time and cost.
A variety of DfT designs have been proposed dedicated to STT-MRAMs [82], [100], [107],
[145]-[150], each targeting certain defects.

DT plays a crucial role in enhancing the testability and reliability of STT-MRAMSs by
addressing both conventional and unique defects. As STT-MRAM technology continues
to evolve, optimizing testing solutions remains essential for ensuring high-quality prod-
ucts. By integrating effective DfT solutions, manufacturers can enhance fault coverage,
minimize production yield loss, and improve the overall robustness of the STT-MRAM
system.

In order to apply DFTs effectively in industrial STT-MRAM chips, the following as-
pects must be carefully addressed:

* Integration: The DfT circuit must be integrated to STT-MRAM peripheral circuits,
and the control signals must be compatible with STT-MRAM write/read control
signals. For example, the DfT output can be shared with the SA output,

* Defect coverage: The DfT must achieve high coverage for faults that cannot be
reliably sensitized by traditional March tests, such as those unique faults [83].

» Time efficiency: The time required to perform the DfT must be short to avoid sig-
nificant overhead in the testing process, ensuring it is practical for high-volume
manufacturing.

e Circuit area cost: The DT circuit should have a low area overhead to minimize its
impact on the overall chip size and manufacturing cost.

A detailed investigation and evaluation of existing DfTs for STT-MRAMs will be pre-
sented in Chapter 7.







TESTING OF TRANSISTOR,
CONTACT, AND INTERCONNECT
DEFECTS IN STT-MRAMS

To advance STT-MRAM manufacturing, it is critical to obtain high-quality test solutions.
This chapter presents a comprehensive framework for modeling transistor, interconnect,
and contact defects in STT-MRAMS, deriving corresponding fault models, and generating
test methods based on observed fault models. These defects have already been observed
in traditional memories like SRAMSs, where mature test methods have been developed.
Due to the specific working mechanism of MT]Js, such as magnetic coupling and intrin-
sic stochasticity, it is not appropriate to straightforwardly apply regular march algorithms
to STT-MRAMs. To solve this challenge, it is essential to integrate the impacts of MT] work-
ing mechanisms into fault modeling, which is the key contribution of this chapter. The test
solutions are then generated based on accurate fault models, including the March test and
dedicated DfT solutions to detect derived faults.

The content of this chapter is published in [83], [128].

69
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Figure 5.1: MT] manufacturing process and the potential unique defects.

5.1. DEFECT MODELING AND DEFECT MAP

In this section, the complete space of defect models of transistor, contact, and intercon-
nect defects is defined for STT-MRAMs. Here, the defect is modeled as resistors, which
are commonly used [61]. As already introduced in the previous chapter, traditional de-
fects can be modeled as: 1) open, an extra resistance within the connection; 2) short,
an undesired resistive path between the node and power supply; and 3) bridge, an extra
parallel resistance between two disconnected nodes. The defect strength is described by
the resistance value ranging from 1 Q to 10 MQ. Note that whether all defined defects are
realistic or not is strongly chip layout dependent [74]. Such information is barely pub-
lished, and therefore, in our analysis, we will cover the whole space. Next, we design the
defect space of each defect type.

5.1.1. DEFECT CLASSIFICATION
Conventional defects can be classified based on different perspectives. Here we intro-
duce some classification methods that will be applied in this thesis [67].

INTRA- AND INTER- CELL DEFECTS

Depending on the location, defects can be classified as intra-cell and inter-cell defects
[151], [152]. Intra-cell defects occur within a single STT-MRAM cell. These defects in-
clude open defects, short defects, and bridge defects that only connect nodes within one
cell (e.g., BC3). Inter-cell defects, on the other hand, involve multiple memory cells and
create a sneak current path between them, potentially leading to coupling faults. These
defects typically manifest as bridging defects connecting nodes between adjacent cells.
Examples include dBCC1, dBCC2, and rBCC3 in Fig. 5.1 (b).
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WEAK AND STRONG DEFECTS

Based on their impact on memory functionality and fault sensitization conditions, de-
fects can be classified as weak and strong defects. A strong defect is defined as one that
always results in a functional fault when it is present. In contrast, a weak defect does not
lead to functional faults, but rather causes parametric deviations such as a high WER.
This classification relates to the defect strength. For example, the open defect in OC2
can permanently prevent the MTJ from switching states when it shows a high strength
(i.e., high resistance value), hence categorized as a ‘strong defect. However, with low
strength, OC2 may just reduce the write current a bit and not lead to write failures. In
this case, the defect is categorized as a ‘weak defect’.

5.1.2. SPACE OF OPEN AND SHORT DEFECTS

Although the next step, fault modeling’, will be performed by simulating a small STT-
MRAM array, we only inject the short and open defects in one cell for simplification, as
presented in Fig. 5.1 (a). Due to the symmetry, defects in different cells cause similar
faults. For instance, the open defects in different cells will cause these cells to fail in the
same way.

OPENS

Fig. 5.1 (a) demonstrates the complete space of the open and short defects. As presented
in the blue words in the figure, we show all four ‘nodes’ in the netlist of the 1T-1MT]J
cell: SL, WL, BL, int. The method of defining the defect is as follows: The open defect is
presented as an extra resistance between the connected node and the device, or between
the connected node and the peripheral circuit. Regarding the location, the open defects
can be further classified as 1) open within the cell (OC), 2) open at BL (OB), 3) open
at SL (0OS), and 4) open at WL (OW). For example, the defect OS; is modeled as an extra
resistance between the node SL and the peripheral circuit SA. Hence, there are nine open
defects in total.

SHORTS

The short defect refers to the unexpected resistive path between a node and Power/GND.
This defect type can be further classified as 1) short within the cell (SC), 2) short at BL
(SB), 3) short at SL (SS), and 4) short at WL (SW). For example, SC1 is modeled as an extra
pass connecting the node int and GND. With four nodes, each node can be connected
to either Power or GND to introduce short defects; hence, there are a total of eight short
defects.

5.1.3. DEFECT SPACE OF BRIDGE DEFECTS

To simplify the simulation process, the bridge defects are only injected in the 2x2 array,
which includes all three possible locations of adjacent cells: cells in the same row, cells in
the same column, and cells in the same diagonal. Regarding the defect location, bridge
defects can be further classified as 1) bridge within the cell (BC), 2) bridge between cells
in the same diagonal (dBCC), 3) bridge between neighboring cells in the same column
(cBCC), and 4) bridge between neighboring cells in the same row (rBCC). Due to the
symmetry, faults sensitized by the bridge defects in the 2x2 array represent the faults
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sensitized by all the possible bridge defects in the large-scale array [67]. Because the
large-scale mxn array can be treated as the repetition of 2x2 arrays, the same defect in
different 2x2 arrays actually results in the same types of faults.

Fig. 5.1 (b) demonstrates the complete space of the bridge defects. The method of
defining the bridge defect is as follows. We present all ten nodes in the 2x2 array (the
blue words in Fig. 5.1 (b)). Since the bridge indicates an extra parallel resistance between
two disconnected nodes, we first define all the possible defects between every two of the
ten nodes. However, not all defects between the ten nodes need to be considered due
to symmetry. For instance, with the existence of defect BC3 (BL1-int4), the bridge defect
between BLO0-int0 is unnecessary to be considered. Therefore, we delete the repeating
ones, and eventually get a total of 23 bridge defects as shown in Fig. 5.1 (b).

5.2. FAULT MODELING

5.2.1. FAULT MODELING METHODOLOGY

Although previous studies have made significant contributions to fault modeling for in-
terconnect and contact defects in STT-MRAMs, they show some limitations. Some pa-
pers simply inject the defect and apply operations to STT-MRAMs and observe the cor-
responding faults [74], [100], [153]. However, due to the lack of in-depth understanding
of the MTJ] mechanism, they sometimes introduced inaccuracies, e.g., some works do
not take into consideration magnetic coupling in the fault modeling. Some studies have
conducted in-depth investigations into MTJ] mechanisms and incorporated them into
STT-MRAM testing. Yet, they typically focus on a single aspect rather than presenting a
comprehensive testing methodology [74], [83], [107], [122]. For instance, [107] explores
the impact of MT]J stochasticity on fault modeling but does not propose a complete test-
ing scheme. To solve this challenge, this chapter performs fault modeling on four dif-
ferent platforms. This analysis helps us understand how all MTJ-specific mechanisms
impact fault modeling.

SIMULATION SET-UP

In circuit simulations, Cadence Spectre is adopted, and the library of 40nm TSMC is
applied. The 4x4 sub-array is applied with peripheral circuits presented in chapter 2.
The supply voltages are set to Vpp = 0.9V. The MT] model is also described in chap-
ter 2; the model is calibrated with measurement data of MTJs with the Critical Diameter
(eCD) of 60 nm, and the pitch (distance between neighboring cells in the same row or the
same column) is 90 nm. The complete defect space is presented in Fig. 5.1. Each time,
we inject one defect, varying the defect strength (i.e., the resistance) from 1 to 10 MQ,
performing operations as presented in Table 4.3, and observing the potential faulty be-
haviors.

SIMULATION PLATFORM SETTING

While significant work has been reported on fault modeling for conventional defects in
STT-MRAMSs [74], [83], [100], [107], [122], [153], these studies often overlook the effects
that originate from MTJ working mechanisms on fault modeling, including the magnetic
coupling and intrinsic stochasticity [107]. To address this challenge, we set up four plat-
forms, which help distinguish how each effect in the MT] working mechanism affects the
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Defect strength range
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<0r0/0/1>

Figure 5.2: The basic fault map of OC2.

fault modeling; then, we show the fault modeling results in which all effects are included.
The four platforms with four different model settings are presented as follows:

1 Baseline Model: in this platform, no magnetic coupling or intrinsic stochasticity
is considered, two types of data backgrounds (DBs) of all neighboring cells are all
set to 0. The model applied in this platform only includes the R-V part and basic
switching part (see Fig. 3.1).

2 Magnetic Coupling-Only Model: this platform considers the impact of DB com-
pared with the ‘Basic platform’. Especially, the magnetic coupling is included in
the MTJ model. Compared with the Baseline Model, the model applied in this
platform includes the part of the magnetic field impact (see Fig. 3.1).

3 Stochastic-Only Model: this platform considers the intrinsic stochasticity of MTJs
compared with the ‘Basic platform’. Compared with the Baseline Model, the model
applied in this platform includes the part of the intrinsic stochasticity at both low
and high voltage (see Fig. 3.1).

4 Full-Variability Model: this platform considers both DB and MT]J intrinsic stochas-
ticity compared with the ‘Basic platform’. The model applied in this platform in-
cludes all parts in Fig. 3.1.

The involved MTJ modeling work has been introduced in Chapter 3; our model can
open or close the function of components about Magnetic Field Impact and Intrinsic
Stochasticity, which supports the four platforms above. Through these four platforms,
we illustrate the mechanism and root cause of certain fault types. The results of the
complete fault map in our study will be shown at the end of this section.

5.2.2. RESULTS FOR BASELINE SIMULATION MODEL

In this subsection, we apply the model only with components of the R-V calculation and
the basic switching, and close all other components. The fault modeling is performed,
and a fault map is generated for each defect.

FAULT MAP ANALYSIS
An example of the fault map is presented in Fig. 5.2 of the defect OC2. The fault map con-
sists of (from left to right) the fault and whether the faults are sensitized, which depends
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on the defect strength range. The ‘green’ boxes indicate defect strength ranges where
faults are sensitized, and the ‘green’ ones indicate that no faults are sensitized. Three
faults are sensitized, as shown in the figure, the < 0w1/0/- >, < 1w0/1/—>,<0r0/0/1 >.
To maximize the test coverage, we need to select the fault that sensitizes the longest de-
fect strength. For OC2, the < 0r0/0/1 > is selected. A similar fault map is generated for
each defect, and a similar process is performed on each fault map to select the proper
fault, which will not be presented here.

FINDINGS
The major findings of this subsection are:

° Only static permanent faults are observed, like the three faults shown in Fig. 5.2.
* No dynamic faults are observed.
* No intermittent faults are observed.

* Since we only apply one DB, no coupling DB is observed.

Notice that, in our work, no dynamic faults are found (not only in this subsection,
but also in the other three subsections). While we do not entirely rule out their exis-
tence, particularly in complex peripheral circuits [154], our findings suggest that dy-
namic faults are rare in STT-MRAMs compared to other memory technologies, which
can be attributed to two key reasons:

 Simple structure: The STT-MRAM cell is in the 1T-1MT]J structure, which is much
simpler compared with conventional memories (e.g., SRAM consists of 6 SRAMs
[155] and DRAMSs).

* Stable resistance states of MTJs: Defect-free MTJ has only two stable resistance
states, and never shows intermediate states due to the anisotropy magnetic field
[41]. Other non-volatile memories, like Flash, RRAMs, FeFETs, and PCRAMs, all
have intermediate resistance states in their defect-free devices, which introduce
dynamic faults [156]. For example, in the presence of a bridge defect, a relatively
large current may flow across the RRAM device during one read operation. This
voltage cannot completely switch the device, but changes the device state a bit.
The effects of multiple read operations will accumulate and eventually switch the
device, introducing a dynamic fault [141]. Yet this accumulation will never occur
in STT-MRAMs.

5.2.3. RESULTS FOR MAGNETIC COUPLING-ONLY SIMULATION MODEL

In this subsection, we apply the model with components of the R-V calculation, the basic
switching, and the magnetic field impact, closing the components of stochasticity. We
aim to investigate the DB impact on fault modeling. Two factors are involved once we
apply different DBs: the magnetic coupling introduced by the stray field [68], [84], [89],
and the electrical effect introduced by the sneak current path [61], [67] The MTJ] model
work incorporated with the magnetic coupling is introduced in Chapter 3. The results
in this subsection will be compared with those from the subsection with the baseline
simulation model. Next, we introduce how we set up different DBs.
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Figure 5.3: Illustration of the DBs for the fault modeling methodology for (a) single cell defects and (b)-(d)
defects between adjacent cells.

DATA BACKGROUND SET-UP

In this subsection, the fault modeling is performed for two cases: 1) all defects in a single
cell (see Fig. 5.3 (a)), and 2) all defects between two adjacent cells (see Fig. 5.3 (b)-(d)).
For both cases, the victim-cell C, is presented as the green square, in the middle of the
array. The neighboring cells of C,, are defined as NC,,.

The DB setting of case 1) is presented in Fig. 5.3 (a). Here, we consider only two
extreme cases for the DBs: all the eight neighboring cells are setto 0 or to ‘1’ (i.e., NC, to
be all ‘0’ or ‘1’ state), meaning using solid DB patterns [132].

The DB setting of case 2) is presented in Fig. 5.3 (b) - (d). Here, defects are between
C, and another neighboring cell; this cell connected with C, by the defect is called the
Aggressor-Cell C,, a € {ac, ar, ad}; the state of C, may affect the fault modeling. De-
pending on the defect location, Fig. 5.3 (b)-(d) present three types of C,: 1) Cgy, the
same column of C,, 2) Cg;, the same row of C,, 3) C,4, the same diagonal of C,. The
behaviors of both C, and C, are observed while applying the operations on C, to per-
form the fault modeling. The neighboring cells of C, are defined as NC,. Because both
NC, and NC, may have an impact on coupling faults, we need to set them separately,
with a total of four cases: (NC,, NC,) = (0, 0), (0, 1), (1, 0), (1, 1). Next, we combine our
methodology with certain DB patterns that are applied in the industry test design [132].
Since the regular ‘Row Stripe’ and ‘Column Stripe’ patterns in [132] do not directly match
our methodology, we use the ‘Double-Row Stripe’ and ‘Double-column Stripe’ patterns,
as presented in Fig. 5.3. The ‘Double-Row Stripe’ pattern is applied for defects between
C, and Cy, and the ‘Double-Column Stripe’ pattern is applied for defects between C,
and Cy; (Fig. 5.3 (b) - (c)). For cells that are neighboring both C, and C,, how to set them
depends on the actual situation. For instance, in Fig. 5.3 (b), the cell on the diagonal of
C, and the same row of C. is treated as the NC,, since the stray field from this cell has a
stronger impact on C,. than C,. However, it is difficult to combine the DB pattern with
cases when defects are between C, and C,4, since no proper DB pattern can properly
distinguish the NC, and NC, cells. For example, Fig. 5.3 (d) presents the application of
the ‘Double-Row Stripe’ pattern in this case, there are two specific cells Cs; and Cs; that
cannot be grouped well: Cs; should belong to NC,, yet in this pattern, it is the same state
of to NC,, the similar case occurs for Cs,. In this work, we temporarily ignore the two
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Figure 5.4: Fault map of OS,.
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Figure 5.5: Fault map of SS2.

cells, and simply apply the ‘Double-Row Stripe’ in Fig. 5.3 (d). Next section, we will apply
the operations on C, for all three cases for fault modeling first, then analyze the impact
of the two cells, and show that it can be ignored.

ANALYSIS OF FAULT MAP

Fig. 5.4 and Fig. 5.5 show two examples of fault maps summarizing the results of the fault
analysis performed for the defects OS,,, respectively, SS2 (see the table in Fig. 5.1). The
fault map consists of (from left to right) the fault, DB used for the eight physical neigh-
bor cells, and whether the faults are sensitized, depending on the defect strength range.
Here, ‘DB=N’ for DB indicates No Magnetic Coupling considered (i.e., the ‘baseline
model’ where I;_p; is not incorporated during the simulation), while ‘DB=1" (‘DB=0’)
indicates that magnetic coupling is incorporated with all the neighboring cells of the C,,
set to 1 or 0. The ‘red’ boxes indicate ranges where faults are sensitized, and the ‘green’
ones indicate that no faults are sensitized. To demonstrate the magnetic coupling impact
and electrical effect, we make additional simulations to zoom in on the range around the
border of the red and green boxes.

To maximize the test coverage, we need to consider the DB pattern and associated
operations that can sensitize faults for the longest defect strength range; this has to be
done for each defect. For example, Fig. 5.4 reveals that the operation 1wO0 sensitizes the
longest defect strength range of OS,, for DB=0, which is attributed to the magnetic cou-
pling. When the neighboring cells are in state ‘1’, the 0w1 operation is favored since the
magnetic coupling contributes to the switching process; it is modeled as the magnetic
coupling contributes with a current Is_; going in the same direction as that of I. On the
other hand, when the neighboring cells are in state ‘0’, the Ow1 operation is disfavored
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Figure 5.6: Faults Venn diagram for all analyzed single cell defects.

since I and I;_p; are in opposite directions; hence, DB=1 enables more 1w0 operations
to fail for smaller defect sizes. A similar explanation can be given for the operation Ow1.
The defect coverage for the DB=N case is always between that of the two extreme cases
of DB=0 and DB=1. Hence, not considering the magnetic coupling will never provide
maximal test coverage.

Fig. 5.5 shows the magnetic coupling effect for SS2. For the 0w1 operation, the longer
defect strength range is sensitized for DB=1. However, the longest defect strength range
is sensitized by the 171 operation, and it is the same for all the cases DB=N, DB=1, and
DB=0; this indicates that read operation is not affected by magnetic coupling, which is
consistent with our analysis above. Clearly that to maximize the defect coverage for SS2,
the 171 operation has to be used regardless of the DB pattern.

Fig. 5.6 gives the Venn diagram that summarizes the results found when analyzing all
single-cell defects for the three cases (DB=N, DB=1, and DB=0). As shown in the figure,
performing fault modeling without incorporating magnetic coupling will result in a re-
duced validated fault space. Building test solutions based on this will obviously not lead
to high-quality test solutions. Including the impact of magnetic coupling in the fault
analysis fosters the sensitization of additional faults; some of these are DB-dependent.
As the figure shows, there are some faults that take place only at DB=0, and others only
at DB=1. Hence, to obtain accurate fault models, it is crucial to incorporate magnetic
coupling. Note that the results for the DB=N case can be seen as a ‘middle state’ between
two extreme cases involving magnetic coupling.

Fig. 5.7 shows a fault map example for defects involving two cells; it reports the re-
sults of the defect dBCC1 which is a bridge between the victim cell C,, and C,. being the
aggressor cell in the same column (see also the table of Fig. 5.1 (a)). The same notation
is used as for Fig. 5.4; the added column ‘Sate C,.’ provides the state of the aggressor
cell. Note that the DB column now consists of five cases per state of C,.: DB=N, and four
extreme cases providing magnetic coupling the DB patterns for both NC, (5 neighbor
cells of the victim cell) and NC, (5 neighbor cells of the aggressor cell); see Fig. 5.3. The
‘-’ indicates that the fault model is DB-independent.

As presented in Fig. 5.7, the longest defect strength range is sensitized only by the 171
operation with the C, state in ‘1’; the electrical effect (unexpected current path) plays
arole in this case. Besides, this fault is independent of the DB pattern, as the magnetic
coupling never affects the read operation. On the other hand, while the faults with the
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Figure 5.7: Fault map of defect dBCC1.

‘Owl’ operation relate to the magnetic coupling, it is uncertain if the unexpected current
path is also involved unless we make additional efforts to analyze the detailed circuit
(it is involved in this case). Note that to detect this defect, only the 1r1 operation is re-
quired, irrespective of the DB pattern. Hence, the magnetic coupling is not involved in
detecting dBCC1. Additionally, we present how to deal with cells Cs; and Cs, in Fig. 5.3
(d). If read operations sensitize a much longer defect strength range than write opera-
tions, we ignore the impact of the two cells. Otherwise, extra simulations are carried out
by switching the state of Cs; and Cs,. Here, our simulation reveals that these two cells
have no impact on fault modeling.

FINDINGS
The major findings of this subsection are:

* Compared with the baseline simulation model, no additional faults are observed
in this subsection, yet the sensitized defect strength range is affected by these cou-
pling issues.

e For all faults that relate to MTJ switching (either unexpected switching or failing
to switch), the sensitized defect strength range is always affected by the magnetic
coupling impact, and may be affected by the electrical effect.

e For faults that do not relate to MTJ switching, the sensitized defect strength range
may be affected by the electrical effect.

5.2.4. RESULTS FOR INTRINSIC STOCHASTICITY-ONLY SIMULATION MODEL
In this subsection, we apply the model with components of the R-V calculation, the ba-
sic switching, and the stochasticity with both high and low voltage, closing the compo-
nent of the magnetic field impact. This subsection aims to investigate how the intrinsic
stochasticity in MTJs affects fault modeling.
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Figure 5.8: Fault map of defect OC2.

STOCHASTICITY AND INTERMITTENT FAULT

Due to this stochasticity, random read/write errors are unavoidable, and the WER and
RER of MT]Js can never reach zero [41]. Therefore, WER and RER specifications are in-
troduced, i.e., WERpec and RER;pec. A common specification for WER is W ERpec <
1073 for typical application as a storage memory, and WERspec < 1079 with ECC or
WER;pec < 1078 without ECC for demanding working memory [41]. A common spec-
ification for RER is RER;pec < 1072 with ECC and RER;p,. < 10~'® without ECC for de-
manding working memory [41]. In the presence of a defect, there are three cases [107]:

¢ Fault-free case where the defect strength is very low, WER < WERsp.. and RER
< RERspec-

¢ Intermittent faults, where defect strength is increased, and W ERp.. < WER <1 or
RERpec <RER < 1.

° Permanent faults with defect strength continue to increase, WER =1 or RER = 1.

FAULT MAP ANALYSIS

During fault modeling, to assess the WER and RER for MTJs in the presence of defects,
we have two methods: 1) perform Monte Carlo simulations for each defect at a certain
strength, and 2) calculate RER and WER based on read/write currents (the calculation
methods are presented in chapter 3). Considering that performing the Monte Carlo sim-
ulation process takes too long a time, method 2) is selected.

Fig. 5.8 presents the fault map of the defect OC2, where the ‘yellow’ box indicates
the sensitization of intermittent faults. In the presence of defect OC2, the write current
becomes relatively smaller, which does not completely prevent the MTJ switching but
causes it to occur intermittently. In this work, the result shows that intermittent faults
are observed when the faulty behavior involves MTJ switching. The intermittent fault is
described by adding a subscript ‘i’ [86]; for example, < 1w0/1;/— > indicates the MT]
state remaining in ‘1’ from time to time in 1w0 operations.
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FINDINGS
The major findings of this subsection are:

* Compared with the subsection of the baseline model, where only permanent faults
are sensitized, intermittent faults are sensitized in this subsection.

* Intermittent faults are observed at all faults that relate to MTJ switching.

* When intermittent faults occur, they are always between the fault-free box and the
permanent box.

* Applying march tests for intermittent faults results in low time-efficiency and high
escape rate; we suggest applying specific DfT to detect these defects.

5.2.5. RESULTS FOR FULL-VARIABILITY SIMULATION MODEL

In this subsection, we open all model components in Fig. 3.1, and show Table 5.1 of all
fault maps for all defects. In the table, the fault with ; means intermittent faults are ob-
served, and the fault with * means it sensitized the longest defect strength range for this
defect. If DB impacts the defect strength range sensitized by a certain fault, the bracket
after the fault indicates in which DB this fault sensitizes the longest defect strength range.
Similarly, if the state of C, affects the sensitized defect strength range, it will be described
in this bracket. Yet, if the two issues above do not impact the sensitized defect strength
range, they will not appear.

5.3. TEST GENERATION

In this section, we introduce test methods designed to detect validated faults that are
sensitized by transistor, contact, and interconnect defects in the previous section. Given
the differing characteristics of permanent and intermittent faults, we analyze them sep-
arately. Permanent faults, which involve certain functionality failing consistently, can
be fully detected using March tests, which systematically apply read and write opera-
tions to identify faulty behavior. Some DfT methods can be applied to reduce the test
time for permanent faults. In contrast, intermittent faults, which occur unpredictably,
pose a greater challenge for detection. While some intermittent faults may be detected
by March tests, additional DfT techniques may be required to improve fault coverage
and/or reduce the test time.

5.3.1. PERMANENT FAULT

For permanent faults, we only need to consider the intra/inter-cell static faults; no dy-
namic faults are found. For example, in Fig. 5.4, the longest defect strength length is
sensitized by the 1w0 operation with DB = 0.

Next, we introduce the ‘DB-Based Integer Linear Programming (DB-ILP)’, which en-
hances the primary ILP approach by incorporating DB patterns to optimize fault selec-
tion and test generation [67]. This method helps in selecting the DBs and faults to op-
timize March tests. Based on the faults and DBs selected through DB-ILP, the March
algorithm is generated with full coverage of defects and low test time. Additionally, we
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Table 5.1: Fault map of each defect.

Defect Fault

0C1 <1w0/1/->; (DB=0), < 0w1/0/->; (DB=1), <0r0/0/1 >*

0oc2 <1w0/1/->; (DB=0), < 0w1/0/->; (DB=1), <0r0/0/1 >*

0c3 <1w0/1/->; (DB=0), < 0w1/0/->; (DB=1), <0r0/0/1 >*

oc4 <1w0/1/->; (DB=0), < 0w1/0/->; (DB=1), <0r0/0/1 >*

OBy, <1w0/1/—->;* (DB=0), <0w1/0/—>; (DB=1)

0B, <0r0/0/1>*

0Syw <1w0/1/->;* (DB=0), < 0w1/0/->; (DB=1)

0S; <0r0/0/1>*

ow <1w0/1/—>; (DB=0), < 0w1/0/—>; (DB=1), < 0r0/0/1 >*

SC1 <1wl/0/->; (DB=1), < 1w0/1/->; (DB=0), <0r0/0/1 >*, <0r0/1/1 >; (DB=0)

sC2 <1w0/1/->; (DB=0), < 0w1/0/->; (DB=1), <1r1/1/0>* <1r1/0/0 >; (DB=1), < 0w0/1/- >; (DB=0)

SS1 <1w0/1/->; (DB=0), <0r0/0/1>*% <0r0/1/1>; (DB=0)

SS2 <0wl/0/->; (DB=1), < 1r1/1/0>* <1r1/0/0 >; (DB=1)

SB1 <0wl/0/->; (DB=1), <0r0/0/1>* <0r0/1/1>; (DB=0)

SB2 <1w0/1/->; (DB=0), < 1r1/1/0>* < 1r1/0/0 >; (DB=1)

SW1 <1wl/0/->; (DB=1), <0wl/0/->; (DB=1), <1r1/1/0>* <1r1/0/0>; (DB=1)

SwW2 <1w0/1/->; (DB=0), < 0w1/0/->; (DB=1), <0r0/0/1>* <0r0/1/1>; (DB=0)

BC1 <1w0/1/->; (DB=(0,0), C4r=0), <0w1/0/~>; (DB=(1,1), Cyq;=1), <0r0/0/1 >* (C4r=1)

BC2 <1w0/1/=>; (DB=(0,0), C4r=0), < 0w1/0/~ >; (DB=(1,1), Cgr=1), <0r0/0/1 > (C4r=0), < 1r1/1/0 >* (C4r=1),

BC3 <1w0/1/=>; (DB=(0,0), C4r=0), <0w1/0/—=>; (DB=(1,1), Car=1), <1r1/1/0 >* (C4r=1), < 1r1/0/0 > (DB=(1,1), Car=1)
BC4 <1w0/1/->; (DB=(0,0), C4r=0), <0w1/0/—>; (DB=(1,1), Cqr=1), <0r0/0/1 >* (C4r=1), <0r0/1/1 > (DB=(0,0), C4,=0)
BC5 <0w1/0/->; (DB=(1,1), C4r=1), < 1w1/0/—>; (DB=(1,1), Cy4r=1), < 1r1/1/0 >* (Cy4r=1), < 1r1/0/0 > (DB=(1,1), Cq,=1)
BC6 <1w0/1/—->; (DB=(0,0), C4r=0), < 0w1/0/—>; (DB=(1,1), Cyr=1), < 1r1/1/0 >* (Cqr=1), < 1r1/0/0 > (DB=(1,1), C4r=1)

dBCC1 <0r0/0/1>*
dBCC2 <0r0/0/1>*

dBCC3 <0r0/0/1>*
dBCC4 <0r0/0/1>*
dBCC5 <0r0/0/1>*
dBCC6 <0r0/0/1>*
dBCC7 <1w0/1/->; (DB=(0,0), C44=0), <0w1/0/->; (DB=(1,1), C4q=1), <0r0/0/1 >*

dBCC8 <0w1/0/->; (DB=(1,1), Cy4q=1), <1w1/0/—>; (DB=(1,1), C4q=1), < 1r1/1/0 >, <0r0/0/1 >*
dBCC9 <0r0/0/1>*

dBCC10 | <0r0/0/1>*

dBCC11 <0wl/0/->; (DB=(1,1), C4q=1), <1wl/0/->; (DB=(1,1), <1r1/1/0 >, <0r0/0/1 >*

cBCC1 <0wl/0/—->; (DB=(1,1), C4c=1), < 1w1/0/- >; (DB=(1,1), Cue=1), < 0r0/0/1 >*

cBCC2 | <1w0/1/=>; (DB=(0,0), Cyc=0), < 1w1/0/~ >; (DB=(1,1), Cae=1), < 0w1/0/~ >; (DB=(1,1), Cae=1), < 171/0/1 > (DB=(1,1), Ce=1), < 171/0/1>* (Cqe=1)
BCC1 <0r0/0/1>* (Car=1)
BCC2 <0r0/0/1>* (Car=1)

Notation | ;: intermittent faults; *: longest defect strength range sensitized; DB: DB=(N,,) or DB=(N,,,N) in Fig. 5.3 ‘

introduce DIT methods to further reduce test time, enhancing the overall efficiency of
the testing process while maintaining the same defect coverage.

DATA BACKGROUND BASED INTEGER LINEAR PROGRAMMING
To obtain the optimal test solution, the DB-ILP is applied. The DB-ILP is considered
a generalized method that offers test solutions to STT-MRAM testing with DB patterns.
The target of the DB-ILP method is to generate a March test algorithm that can detect all
validated faults while minimizing the March test length, by selecting the appropriate DB
patterns and faults. This is achieved through mathematical optimization with two steps:
1) Establish the DB-ILP table with the data of the fault modeling; 2) Formulate and solve
the DB-ILP equation.

The example of the DB-ILP table is presented in Table 5.2. On the top of the table, it
presents all the possible DB patterns (DB, for m € [1, M]), and the fault (F,,, for m €
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Table 5.2: Example to DB-ILP table.

DB pattern, DBy, for m:1—M
DB, DB, DBy MoN
Y X akimn
Fin, forn:1—N Faon, forn:1—N Faon, forni1—N m=1n=1
Fia Fi2 Fin Fai1 Fap Fon Fi1 Fk.2 Frn
DS, 1 aipl | a2 | e | LN || @21 | @22 | e | @2N || e || @M | aLme | e | ALLM N
DSy 10 aizin | @212 | e | G218 221 | @222 | o | Q22N || - || @2M1 | G2M2 | e | GL2,MN
Dy
DS, ‘ 100M H L ‘ aL2 ‘ ‘ a,L1N H a1 ‘ aLe2 ‘ ‘ aLe,N H H a,Lm,1 ‘ aiLm2 ‘ ‘ avLLMN H
DS, 1 ak1,1,1 | a2 | - | AKLLN || AK121 | AK122 | e | KRN || - || @KL ML | KL M2 | e | AKLMN
DS, 10 akz211 | k212 | - | k21N || @k221 | Gk222 | - | Gk22N || - || @keM) | GkeM2 | - | GK2MN
Dk
DS, ‘ 100M H aK.L1,1 ‘ aK.L1,2 ‘ ‘ aK.L1N H ak.L2,1 ‘ aK,L2,2 ‘ ‘ aK,L2,N H H aK,LM,1 ‘ aK.LM2 ‘ ‘ AK,LM,N H

[1,M] and n € [1,N]). On the left of the table, it presents the defect strength (Dj for
k € [1,K]) in each defect (DS; for [ € [1, L]). In the center of the table, a four-dimensional
binary matrix ay ;,m,, € Ais defined, where ‘k’ labels the defect name, ‘1’ labels the defect
strength, ‘m’ labels the DB pattern, and ‘n’ labels the faults. The total number of ay ;
is KxLxM xN. When the defect ‘k’ with strength ‘1’ can be sensitized by fault ‘0’ under DB
pattern ‘m), ag,jm,n = 1, otherwise ay ; , , = 0. On the right of the table, it presents the
sum of ay ;, ,,, in this row ( % g ax,1,m,n)- We populate this DB-ILP table with the fault

m=1n=1
modeling information.

The optimization process of selecting proper DB patterns and faults while minimiz-
ing the march can be mathematically denoted as the DB-ILP equation:

minzl\n/f:1 (ﬁ -DB(sel),,, -ZQ’ZI -F(sel)m,n)
For(k:1toK,l:1tolL):

s.t. ifz%:1 ZQ’ZI A lmn=1:
M YN akmn-DB(seD - F(sel) yn = 1.

The DB-ILP equation consists of two elements: the minimization statement and the
constraint. The minimization statement (first line of the equation) guarantees that ap-
propriate DB patterns and their corresponding faults are selected to achieve the mini-
mal cost. Here, DB(sel)y, and F(sel)m n are binary values (be either ‘0’ or ‘1’), indicating
whether DBy, and Sy, is selected in the test (i.e., ‘1’ is selected. The B represents the cost
ratio between changing the DB pattern and adding one more fault, which is mainly de-
termined by the circuit design and the size of the array. Here we simply assume 8 = 100,
to make reducing the number of DB patterns a priority. The second statement (the con-
straint) guarantees that all validated faults are sensitized. The ‘For’ loop checks every Dy
with DSy, if it is detectable by regular March test methods (i.e., %‘,/I gl Ak, m,n > 0), it

m=1n=

must be detected by the DB(sel), and F(sel) n. Python3’s PuLP optimization package
is applied to solve the DB-ILP equation [157]. Notice that there may exist DB-ILP equa-
tions with multiple solutions that have the same cost. Choosing which solution depends
on the actual situation.
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TEST PATTERN GENERATION

The target of this DfT is to reduce the test time while keeping the same full defect cov-
erage. Next, we show how to apply the DB-ILP. First, we populate the date of fault maps
into Table 5.2 As an example, we consider the defect OS,, (see Fig. 5.4), and assume
D; refers to OS,,. The defect strength DS; is defined by fault modeling methodology;
in this work DS; ranges from 1 to 10 MQ. There are two DBs in Fig. 5.4, hence M = 2,
BD; =0, and BD; = 1. Eight faults are considered in the fault modeling methodology,
implying N = 8. If faults are sensitized by the fault at the certain defect strength and DB
(e.g., F=<1w0/1/->, BD =1, DS =500Q for OS,,), the related ay,;,,, = 1; otherwise,
ag,i,mn = 0.

Here we classify all defects into two groups: 1) open and short defects, where two DBs
are applied, and 2) bridge defects, where four DBs are applied. The same process as done
for OS,, is carried out for defects in each group separately, and the table is generated for
each group. Eq. 5.3.1.1 is applied for each table.

For the group of open and short defects, there are 17 defects, and L = 17. The output
of this group is presented as follows:

Table 5.3: Selected DB and F for open and short defects.

DB(sel) F(sel)
DB=0 <lw0/1/->, <0r0/0/1>, <1rl/1/0>

For the group of open and short defects, there are 23 defects, and L = 23. For this
case, the DB(sel) is in the form of (Ca state, NC,, NC,); hence, there are 8 DB situations.
The output of this group is presented as follows:

Table 5.4: Selected DB and S for bridge defects.

C; DB(sel) F(sel)

Cac a,-, - <0r0/0/1>, <1rl/1/0>
Car | @,- - <0r0/0/1>, <1rl1/1/0>
Caag | (- - <0r0/0/1>

To obtain the optimal March test algorithm, we need to analyze the outputs of the
DB-ILP first. Sensitizing all faults when defects within one cell require the DB pattern to
be NC, =0, due to the magnetic coupling effect. On the other hand, sensitizing all faults
when defects are between cells requires setting the C,. and C,; to be ‘1’, regardless of
the DB pattern (NC,, NC,); this implies that the read operation always sensitizes the
longest defect strength range and we can ignore the magnetic coupling impact, like what
has been shown in Fig. 5.7. Considering all the DB-ILP method outputs, we can simply
apply two solid DB patterns: all cell states in ‘0’ to include the magnetic coupling, and
all cell states in ‘1’ to include the electrical effect. Notice that this is just for our case; the
STT-MRAM test design depends on the actual circuit design, the device performance,
the stray field intensity, and so on. Once the write operation sensitizes the longest defect
strength range when defects are between cells, we need more complex DB patterns. The
March test algorithm is as follows:
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March-MRAM-1 = {{ (w0); § (r0,w1,r1,w0,10);

1
$ wl); § (w0,r0,w1);{ (r1) }. 6.

Here, the ‘(’ indicates that the addressing direction is irrelevant. The first march el-
ement initializes the STT-MRAM array to be the first solid DB pattern with all cells in
‘0. The second march element firstly checks whether the initialization has succeeded,
to avoid the previously operated cell state disturbing the operations on the later cell and
leading to escapes. Then, operations are applied to sensitize all validated faults when de-
fects are within one cell. The third march element initializes the STT-MRAM array to be
the second solid DB pattern with all cells in ‘1. The fourth march element firstly checks
the second initialization, then applies operations to sensitize all validated faults when
defects are between cells. The final march element checks the final state of the device.
The algorithm length is 11N. It is verified that this March test algorithm can detect all
validated faults by Spice simulation.

DESIGN FOR TEST METHODOLOGIES

The DfT method, as an alternative to the conventional March tests, is discussed to detect
conventional defects. The target of the DfT is to reduce the test time (i.e., reduce the
march algorithm length) while keeping the same full fault coverage. As presented in
Eq. 3.15, there are three components independently affecting the MTJ switching: the
STT effect, the magnetic field impact, and the Hy impact. The magnetic field impact
further consists of the stray field impact and the external magnetic field impact. The
march algorithm in Eq. 5.1 is lengthened due to the stray field impact (i.e., magnetic
coupling). This impact is possibly compensated (i.e., balanced) by adjusting the other
components and reducing the algorithm length of Eq. 5.1. To adjust the STT effect, we
can modify the write pulse width or height. To adjust the magnetic field impact, we can
apply the external magnetic field by the specific Automatic Testing Equipment (ATE).
The Hj impact is not adjustable, since Hy is the material property. Next, we analyze the
feasibility of these methods:

° Apply external magnetic field: Applying a proper external magnetic field that ex-
actly equals the stray field yet in a reversed direction can perfectly compensate for
the stray field. The ATE, which can perform regular write/read-based tests and ap-
ply the external magnetic field simultaneously, is still immature [127]. However,
the time required to switch between different magnetic fields (e.g., several mi-
croseconds according to [127]) is much longer compared to the time of write/read
operations (e.g., 10 ns in this work). For example, if Eq. 5.1 can be adjusted to:

March = {{ (WOu1); § (0, wlpz, 11, w01, 10)} . (5.2)

In the second march element, it performs w0 with the external magnetic field
H,, and performs w1l with H,. The wlygp, rl, w0 are performed in sequence,
each operation takes 10 ns. However, the time of switching H; to Hj requires s,
which the test time. Therefore, we do not consider this method in this paper. Since
both methods detect the longest strength range for each defect, they have the same
defect coverage.
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* Adjust pulse height: This is not a desired way to compensate for the stray field,
since the defect also impacts the current flow through the MTJ. Therefore, it is
difficult to evaluate how the adjusted pulse height will affect the write current in
the presence of defects.

* Adjust pulse width: This method is a perfect way to balance the stray field. The
pulse width is always constant and not affected by the defect. Besides, modifying
the pulse width can be easily realized by applying weak write DT circuits in [158],
[159], which will not be described here.

Subsequently, we will demonstrate that by applying different write pulse widths, the
stray field impact can be exactly compensated, ensuring the same operation sensitizes
the same defect strength in different DBs. However, to reduce the cost of circuit design-
ing, it is critical to configure the DfT with fewer types of write pulse widths. Next, we will
illustrate the DfT configuration process.

Here, we first configure the DT for the defect OS,, as an example, then extend the
process for all defects. Fig. 5.9 (a) presents the original fault map for the defect OS,,, in
which the case of NMC is not shown as the magnetic coupling is inevitable in reality. We
assume that 1w0 is applied to the MT]J cell in the presence of defect OS,,, considering
two DBs with a specific defect strength: 1) in DB=1, the fault is exactly sensitized, and
the input torque Tpp=) = Ep; and 2) in DB=0, no fault is sensitized, and the input torque
Tpp=0 > Ep (i.e., a successful switching). By applying Eq. 3.15 to the two cases above,
Tpp=1 and Tpp=¢ are presented as:

Tpp=0>Ep =ty -(Hp-e+1-n+e
(Hs—inter—-pL+ Hs—intra+ Hs—inter-rL))

Tpp=1=Ep=ty-(Hp-e+1-n+e (5.3)

(Hs—inter-pL + Hs—intra— Hs—inter-rL))
a-e-Mg-A-tpr

h =
where € 7

Notice that, with the same defect strength, the current I through the MT]J is the same.
Yet different defects or different defect strengths will affect I. Subtracting Tpp-; and
Tpp=0, we obtain the gap (Tg4p) between the input torque of the two cases:

Tgap =12+ Hs—inter—FL-€l- tp (5.4)

Itis found that Tg,p is proportional to the stray field intensity. The larger Hs—;nter—Fr
(e.g., smaller pitch) results in a larger Tgqp, implying a more significant impact of mag-
netic coupling on the testing, The target of the DfT is to exactly compensate for the mag-
netic coupling, thereby reducing Tg,p, to 0 This can be achieved by adjusting the write
pulse width t,’L7 in DB=0 while keeping the original write pulse width 7, in DB=1. The
input torque in these two cases is re-calculated and presented as:
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Tpp=o=Ep=t, (Hp-e+1-n+e

(Hs—inter—PL + Hs—intm - Hs—inter—FL))

(5.5)
Tpg-1=Ep= tp'(Hk'€+I'1]+€‘
(Hs-inter-pL+ Hs—intra+ Hs—inter-F1))
The t;, can be calculated by the two equations above:
E
t B (5.6)

PP Ep+12-Hs—ipter—FL" tp €l

In our case, £, is 14% lower than the regular #,,. By applying 1w0 with ¢, in DB=0 and
Ip in DB=1, Tgqp is always 0. Therefore, the magnetic coupling is exactly compensated,
and the same defect strength range is sensitized in different DBs. We re-perform fault
modeling with the calculated t,’[, in DB=0, and Fig. 5.9 (b) presents the new fault map. It
is shown that the 1w0 operation sensitizes the same longest defect strength range under
both DB=1 and DB=0. A similar process can be done for the 0wl operation, and the
obtained fault models are also presented in Fig. 5.9 (b).

It is worth noticing that in Eq. 5.6, all the parameters to calculate t;y are constant,
and especially I is not involved. Since interconnect and contact defects only affect I
while not affecting other parameters in Eq. 5.6, the defect type or the defect strength has
no impact on the t]/!J value. If we apply the same process from Eq. 5.3 to 5.6 for other
defects, the calculation of t,’[J is always the same. We perform the fault modeling for all
interconnect and contact defects, and the result verifies that 1w0 always sensitizes the
same defect strength under with t;j in DB=0 and ¢, in DB=1 (details not shown here
to save space). In summary, by a proper DfT configuration shown in this section, it is
demonstrated that we only require one additional z, for the DfT.

Next, we generate the test solution. First, we select the proper DB based on Eq. 5.1,
which considers both the stray field impact and the electrical effect. Since the stray field
impact can be exactly compensated by adjusting the write pulse width, we only need to
consider the electrical effect. The DB of DB=1 in Table 5.4 is selected solely due to the
magnetic coupling, hence we only need to include the selected sequences in the final
test solution, yet ignore the the DB. On the other hand, the DB of DB=0 in Table 5.4 is se-
lected due to the electrical effect, therefore both the DB and the S need to be considered.
Combining the two tables, we obtain:

Table 5.5: Selected DB and S in the DfT.

DB(sel) F(sel)
DB=0 lw0, 0r0, 1rl

Secondly, we design the pulse width for different write operations. Since we selected
the DB of DB=1, Ow1 always sensitizes the longer defect strength range. On the other
hand, 1w0 always sensitizes the shorter defect strength range (as described in the last
section). Therefore, we keep the original pulse width £, for 0w1, and adjust the pulse
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Figure 5.9: DT application for defect OSy,; (a) Regular fault map, (b) Fault map by modified write pulse width.

width to t;, for 1w0, where t;, is presented in Eq. 5.6. Finally, we design the march algo-
rithm based on Table 5.5, presented as:

March—MRAM -2 ={{ (w0');{ (r0, w1, r1,w0’,r0)}. (5.7)

Here, w0’ applies a shorter write pulse width t;,, and w1 applies the original pulse
width £,,. The first element initializes all cells to state ‘0’. The second element applies
write or read operations (i.e., selected sequences in Table 5.5) to sensitize faults. It is
verified by Spice simulation that this march algorithm can detect all validated faults as
Eq. 5.1. The new march algorithm has the same effect as Eq. 5.1.

The regular march algorithm is described in Eq. 5.1, and the DIT test algorithm is
described in Eq. 5.7. Next, we compare the two test methods regarding defect coverage,
test time, and cost:

* Defect coverage: Eq. 5.1 selects the proper DB to sensitize the longest strength
range for each defect. Eq. 5.1 applies the DfT method to guarantee that in different
DBs, the longest defect strength range is always sensitized. Since both methods
detect the longest strength range for each defect, they have the same defect cover-
age.

e Test time: The march algorithm length of Eq. 5.1 is 11N, while that of Eq. 5.7 is
6N. If ignoring the difference between 1, and t;, the time-efficiency is improved
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by (11 -6)/11 = 45%. The reduced If; can further reduce the test time for the DT
method. Hence, the DfT method has a shorter test time.

* Cost: The regular march test has no additional cost. However, the DfT requires
additional area for circuits to properly adjust the pulse width (e.g., the weak write
scheme in [158]).

5.3.2. INTERMITTENT FAULT

Designing tests for intermittent faults presents challenges due to their unpredictable na-
ture. A natural starting point is the March test, which is widely used for detecting per-
manent faults. However, applying conventional March tests to intermittent faults often
results in a high escape rate, as these faults may not be consistently sensitized by reg-
ular read/write operations. To address this limitation, DfT techniques are explored. By
incorporating specialized DfT methods, such as dedicated circuits, the detection of in-
termittent faults can be significantly improved.

MARCH TEST

The DB-ILP method is performed again to select the proper faults, and the march test is
designed. The details are not shown here. The optimized March algorithm is presented
as follows:

March-MRAM-2 = {{ (w1);{ (w0,r0,w1)"}. (5.8)

Only one DB is required and initialized by the first march element. The second el-
ement is repeated ‘n’ times due to the intermittent nature of these faults. Even with
repetition, the escape and yield loss cannot be avoided.

Let us assume that we apply 1w0 for n times to a defective cell, and the defect of
strength R;=R; causes an intermittent fault with WER=W ER(R,). Then the Fault Sensi-
tization Probability (FSP) can be estimated as:

FSP(R)=1-(1-WERR))" (5.9)

We assume that the defect causes intermittent faults for the range Rj<R;<R», then
the total FSP for all intermittent faults due to the defect can be obtained by applying an
integration as:
fﬁf 1-(1- WER(R)"dR,

R
k2 1dRg

FSP = (5.10)

WER(Ry) is the function of how WER changes with R;. For example, for the fault
<0wl/0/->in DB=1, R;=1.75kQ and R,=2.1kQ for 1w0 can be extracted from Fig. 5.8
(b). The calculation will give FSP=1.3% for n=1.

Next, we will calculate Fault Detection Probability (FDP) assuming the application
of Eq. 5.8; the focus here is only on intermittent faults. We assume the same defect of
strength R;=R;, which causes faults with WER=W ERy,,1 (R;) for Ow1, and WER ;0(R1)
for 1w0, then:
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Figure 5.10: (a) DT methodology; (b) Circuit design of the DfT.

FDP(Ry) =1~ [(1 = WERy0(R1))(1 = WERgu1 (R))" (.11

Similar to Eq. 5.10, FPD for the whole range of the defect strength, being only able to
sensitize intermittent faults for the targeted defect, can be derived:

Jr21=1(1 = WERy 40 (R) (1 - WERq 1 (R))]"dR
FDP = f;f iR (5.12)

The Escape Probability (EP) of the above defect can then be calculated as: EP=1-
FDP. If we apply the march test of Eq. 5.8, EP=99.82% for n=1, and EP=91% for
n=1000. Even with a very high n, EP is still very high.

Finally, we performed circuit simulations to verify the above estimation. E.g., for the
same defect, we selected 15 different values of R; within the range [0.9kQ,4.5kQ]. The
test of Eq. 5.8 is simulated in the presence of each of the 15 R; values, and for each R,
value, we perform the test for n=1000 times. We assumed to have 1000 similar defective
chips of each of the 15 R, values (resulting in the representation of 15000 defective chips
in total); hence, we repeated the process of applying the test with n=1000 for 15000 times.
The fault is assumed to be detected if any read operation within the test returns a wrong
value. The simulation results show that only in 2133 simulations (among the total of
15%1000) the fault was detected (about 14.2%), which is quite in line with our estimation.

DESIGN FOR TEST METHODOLOGIES

A common DfT methodology to detect intermittent faults is by monitoring the
read/write current [146]-[150]. Here, we show a DfT example by monitoring the write
current.

Fig. 5.10 (a) presents the concept of the proposed DfT, which is based on: a) copy-
ing/mirroring the write current I, to I,;, and b) comparing the copied current with a
reference current I;;, which is the write current derived at the borderline of ‘fault-free
case’ and ‘intermittent case’. Iy, is a constant value, since the relationship between WER
and I, is constant for defect-free MTJs. Any defect leading to I,, < I;j, suggests the cell
is faulty.

It is important to note that there are four options to select I, i.e., based on I, for
Owl, 1w0, 0w0, or 1wl. Selecting I, for 0wl or 1w0 will not do the targeted job; be-
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cause of the intermittent behavior of the cell, the MT] may or may not switch, hence I,
will change accordingly. As a consequence, comparing the changing I,, with a reference
I, will not work. In addition, we need to select the comparison of I, for 1w1 or for
O0wo0; the idea is to select the case resulting in the maximal current deviation A, (in the
presence of the defect) as compared with I;;,. The differences in the current in the two
cases can be given as:

% v,
AL, (0w0) oc —22 _ bD (5.13)
RM_lou/ RM_low +Rd
1% 1%
Aly(lwl) x —22 bb (5.14)

Ry _nigh  Bm_nhigh+ Ra

Here, Ry jow and Ryy pign refer to the low resistance, respectively, high resistance
states of the MTJ cell. The analysis of the above equations reveals that the maximum
current deviation is always obtained for the case of 0wO0 for lower R;; hence this will be
used for the DfT. The cell should be initialized to 0 before applying the DfT.

Fig. 5.10 (b) presents the DfT circuit design consisting of three parts: the current mir-
ror, the current comparator, and the reference current generator. At time 0 (i.e., the start
of the testing), the current mirror copies I, to I, and the reference current generator
provides I. Then Iy; ¢ =15 — I, is generated; it can be either positive of negative. It will
drive the input of the current comparator (i.e., inverter consists of MOSFETs P; and V).
If Iy>1I;p,, then Iy;7r< 0, and the inverter reports ‘0’ at ‘Output’ (fault-free). Conversely,
if Iy <Iyp, then Iy rp> 0, and the ‘Output’ of the inverter reports ‘1’ (fault detected).

The DIT is simulated while injecting different R; values for our case study. The re-
sults confirm the superiority of the DfT in guaranteeing the detection of the targeted in-
termittent faults. Moreover, the proposed DIT also detects all permanent faults. Hence,
it covers both permanent and intermittent faults!

The proposed DAT is superior compared with any functional march test (even with
repeating march elements). The fault coverage of the march test is just a subset of that of
DfT. Hence, the proposed DfT offers an outstanding alternative to increase fault coverage
by considering intermittent faults. Although we cannot claim that all intermittent faults
in the STT-MRAM memory can be detected, the proposed DfT has added value as it also
covers intermittent faults and permanent faults that are caused by defects in the write
path. A similar philosophy can be used to develop another DfT to cover intermittent
faults caused by defects in the read path.

Nevertheless, the DfT comes at some additional cost; it requires only 7 MOSFETSs per
column and some minor design effort. The larger the size of the memory array (in terms
of rows), the smaller the overall area overhead.



TESTING OF MT]J DEFECTS IN
STT-MRAMS

Testing MTJ] (i.e., unique) defects in STT-MRAMs, such as pinhole, Synthetic Anti-
Ferromagnet Flip (SAFF), Intermediate State (IM), and Back-hopping (BH), is challenging
due to the unique behaviors of MTJs in the presence of these defects. For example, the IM
defect can cause the MT] to present an undefined resistance state. These defects cannot
be modeled as linear resistors, and hence, traditional test methods struggle to detect such
defects effectively. To address this issue, the Device-aware Test (DAT) is applied, which in-
corporates the physical impact of these defects into the MT] compact model and designs a
specific defective MT] model. DAT has been demonstrated to be highly effective in detect-
ing MT]J defects. This chapter provides an overview of unique defect testing and extends the
DAT methodology to the BH defect by developing a BH-defective MT] model, performing
fault modeling, and proposing dedicated test solutions.

The content of this chapter is published in [160], [128].

91
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6.1. OVERVIEW OF DEFECTS IN MT]Js

In the presence of MTJ defects, MTJs behave irregularly (e.g., intermittently entering an
undefined (‘U’) state in the presence of IM). Thus, conventional linear resistor-based
models cannot accurately model unique defects. To address this, the DAT method is
applied to design specific defective MT] models, to further derive accurate fault models
and dedicated test solutions. In this section, we review previous studies on testing MT]
defects, i.e., pinhole, SAFE and IM [66], [81], [87].

6.1.1. TESTING OF PINHOLES

Pinhole defects occur due to imperfections in the tunnel barrier, forming unintended
conductive pathways that degrade electrical properties involving localized short circuits
in the MgO layer caused by non-uniform deposition, contamination, or diffusion. The
impact of the pinhole is as follows [66]:

* Lower resistance.
¢ Reduced TMR ratio.

* Reliability issues: the vulnerable MgO makes the MTJ easy to break down.

FAULT MODELING
Fault types sensitized by pinholes rely on the defect strength:

° High strength (i.e., large pinhole): EtD faults < 1w1/0/- >, < 0wl/0/— >, <
1r1/0/0>, < 1wl/L/=>,<0wl/L/—>,<1r1/L/0>.

* Medium strength (i.e., middle pinhole): HtD easy to detect faults < 1wl/U/- >,
<0wl/U/->,<1rl1/U/[?>.

* Low strength (i.e., small pinhole): no fault sensitized with small pinholes, yet they
cause reliability issues. The TB in MTJs with a minor pinhole is more vulnerable,
hence easier to break down.

TEST METHODOLOGY
March test: To detect high-strength pinholes, the following March algorithm is
applied [66]:
March - pinhole - EtD = {{ (w1);{ (r1)} 6.1)

To detect medium-strength pinholes, we repeat r1 operations for ‘n’ times with the hope
of sensitizing the fault < 1r1/U/? >:

March — pinhole — HtD = {{ (w1);§ (r1)"} (6.2)

To detect low-strength pinholes, we repeat w1 operations for ‘n’ times to degrade TB, and
lower the MT] resistance; the value of ‘n’ depends on the device material and fabrication,
and n=20 by our previous works [135]. The march algorithm is shown below [161], which
can also detect pinholes with medium and high strength:

March — pinhole —Rel. = {{ (w1)"; ¢ (r1)} (6.3)
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Figure 6.1: MTJ manufacturing process and the potential unique defects.

Design for test Considering the property that the pinhole reduces the MT] resistance,
DfTs monitoring read currents are applied; a typical DfT makes use of trimming circuits
[162]. Fig. 6.1 presents the circuit of trimming-attached SA. By selecting proper refer-
ences, the MT]J resistance is compared with different reference resistors (i.e., MOSFETs),
allowing fine-tuned detection of resistance variations [76]. If the MTJ resistance devi-
ates slightly from the expected range in the presence of pinholes, the trimming circuit
enables the identification of defective cells.

6.1.2. TESTING OF SYNTHETIC ANTI-FERROMAGNET FLIP (SAFF)

SAFF defects arise from an unintended reversal of the HL magnetization, which in turn
flips the RL due to strong anti-ferromagnetic coupling. The concept of ‘defect strength’
is not included in SAFE as this defect only includes one situation, i.e., the magnetization
of ferromagnetic layers all reversed. The impact of the SAFF is as follows [87]

e The impact of Hey; on the MTJ switching characteristics is reversed.

* A higher WER.

FAULT MODELING

Passive neighborhood pattern sensitive faults are sensitized by SAFE where faults are
sensitized with specific DB patterns (setting of the DB in this thesis is presented in
Fig. 5.3) [87]:

* Passive neighborhood pattern sensitive faults:
<1;1;1;1;1;1;1;1;1w0/1;/— >, i.e., a down write transition will fail intermittently
when all 8 neighboring cells are in state ‘1’ (DB=1)
< 0;0;0;0;0;0;0;0;0w1/0;/— >, i.e., an up write transition will fail intermittently
when all 8 neighboring cells are in state ‘0’ (DB=0)
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TEST METHODOLOGY
March test: To detect intermittent faults, the march algorithm is applied [87]:

March — SAFF = {{ (w1);{ (w0, r0, w1)"} (6.4)

However, due to the stochastic nature of these intermittent faults, escapes cannot be
avoided. The calculation method of the escape rate is presented in chapter 5

Design for test: Currently, no DfT has been proposed to detect SAFE In this thesis,
we propose that applying an external magnetic field can fully detect this defect, which
will be presented in this section.

6.1.3. TESTING OF INTERMEDIATE STATE (IM)
The IM defect causes MTJs to exhibit an unintended ‘U’ resistance state between P and
AP, disrupting binary storage. The impact of the SAFF is as follows [87]:

* The MT]J intermittently presents a stable ‘U’ state in write operations.

FAULT MODELING
The defect strength of IM is defined as the probability of MTJ entering specific ‘U’ states,
and IM only sensitizes intermittent HtD faults: [87]:

e HtD faults (intermittent faults): < 1w0/U;/— >, <0wl/U;/ - >.

TEST METHODOLOGY
March test: March tests to detect ‘U’ state require repeating read operations, and the
march algorithm is:
March - IM = {{ (w0, r0, w1,r1)"} (6.5)

Design for test: To detect the ‘U’ defect, DfTs monitoring read currents are applied.
The DIT with trimming circuits in Fig. 6.1 can be applied here. By selecting a proper
reference resistor, the ‘U’ state can be detected. A March algorithm is applied:

March —IM - DfT = {§ (w1); § (w0, rU*, w1)"} (6.6)

Here, the operation rU* refers to detecting the MT]J state by the DfT to read the specific
‘U’ state. However, due to the stochastic nature of IM appearing, the escape ratio can
never reach 0.

6.2. DEFECT CHARACTERIZATION OF BACK-HOPPING (BH)
Previous works have applied the DAT method to MT]J defects such as pinhole, SAFE and
IM [66], [81], [87], as discussed above. This thesis focuses on a new MTJ defect - ‘BH’ -
in STT-MRAMs. The BH defect is defined as MTJ state oscillations during write opera-
tions, which can lead to potential write failures [80]. The DAT methodology is applied
following four steps: defect characterization, defect modeling, fault modeling, and test
generation [85]. We evaluate the BH behavior on several MT] devices using electrical
pulses of varying duration in standard I-V sweeps and WER test schemes. Thereafter, the
definition of ‘BH defect’ is proposed; and it is observed that the BH-defective MT] shows
a higher WER than defect-free MT]Js.
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Figure 6.2: Plot of MTJ switching under the application of voltage pulses.

6.2.1. PULSE I-V MEASUREMENT

Fig. 6.2 (a) presents the method of ‘pulse I-V’ measurement. The MT] device is initialized
to the P state. Thereafter, a sequence of write-read operations is performed. The write
operations are a series of voltage pulses with a constant 7, = 7ns and a stair-case Vj;
Vp initially sweeps from —1.3V to 1.4V with a stair-gap AV, = 50mV, and then sweeps
back to —1.3 Vwith AV}, = -50 mV (the sweeping not shown in Fig. 6.2). After every write
operation, a read operation with V,, = =50 mV is performed to detect the MTJ state.

Fig. 6.2 (b) shows the measurement data. During the positive-oriented V), sweep,
the MT]J state is expected to stay at the P state after the first successful 1w0 operation.
However, it demonstrates that the MT] undergoes an oscillation between AP and P with
a strong stress (i.e., a large pulse height V). This oscillation behavior is attributed to the
BH [138], [163], which indicates unexpected write errors may occur during regular write
operations. Hence, it is critical to investigate the impact of BH on the WER for MTJs.

6.2.2. WER MEASUREMENT

Fig. 6.3 (a) presents the method of extracting WER with 1w0 operations. Fig. 6.3 (b) and
(c) present the second read results of the 1000 ‘initialization-read-write-read’ cycles for
Ow1 and 1wO0 operations separately, where write errors are observed. In Fig. 6.3 (b), the
MT]J is expected in the AP state after the Ow1 operations, yet some of the final states are
in the P state. Similarly, in Fig. 6.3 (c), successful 1w0 operations are expected to switch
the MTJ from AP to P state, yet the final state after part of the 1w0 operations is still in
AP,

The extracted WER of Ow1 and 1w0 operations with different pulse heights is pre-
sented in Fig. 6.3 (d). For both types of switching, write errors are initially observed under
weak stress (i.e., low V), in which insufficient spin torque causes unsuccessful switches.
The WER is reduced to 0 with a larger V), inputting more spin torque. Conventionally, a
further strengthening of the stress is expected to keep the WER at 0. However, the fig-
ure presents a high WER under strong stress, which implies the unexpected MTJ state
flipping after the first successful switch. Therefore, while stressing the MT] devices with
overdrive conditions was the standard approach [41], the BH effect implies an increase
in WER if V, exceeds a certain threshold.
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Figure 6.3: (a) WER measurement process; (b) WER measurement of 0w1 operations; (c) WER measurement
of 1w0 operations; (d) WER extraction.

Furthermore, Fig. 6.3 (d) shows that the BH-induced WER is higher in the 1w0 oper-
ation than in the Ow1 operation. This is in-line with the observation of no BH for 0w1
operations in Fig. 6.2.

6.2.3. WRITE BIAS IMPACT ON DEFECT OCCURRENCE

Fig.6.4 presents the WER of all four write types (i.e., 1w0, Ow1, 1w1l, 0w0). Note that
the figure has a logarithmic y-axis, when WER=0 (i.e., no write error occurs in ) In 1w0
operations, the WER decreases with increasing V), bias, as expected from STT theory,
but increases again once BH is activated for Vp > 0.9 V (see Fig.6.4 (a)). In 0w0 opera-
tions, the WER is initially 0 as no switching is expected to occur under the applied write
bias (i.e.device is already in the targeted final state). However, an increase in the WER
is observed with higher V},, implying the BH occurrence. Similarly, in Fig.6.4 (b), the
WER with 0w1 operations is initially reduced and then raised; the WER 1w1 operations
is initially 0 and then raised.

Fig. 6.4 demonstrates that the BH-induced WER performance (i.e., WER with high
V) is perfectly matching for 1w0 and 0w0 operations, and also for 0Ow1 and 1w1 oper-
ations. On the other hand, at the same |V}, |, the BH-induced WER is higher in 1w0 and
O0w0 operations than that in Ow1 and 1w1 operations. Hence, the initial state has little
impact on the BH-induced WER performance, while the write type (i.e., the write current
direction) has a major impact.
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Figure 6.4: WER of (a) 1w0 and 0w0; (b) Ow1 and 1w1.

6.2.4. DEFINITION OF BH-DEFECTIVE AND DEFECT-FREE MTJS

The WER is an important practice in evaluating the STT-MRAM writing performance.
The requirement on the WER (i.e., the WER spec, W ER;..) varies depending on differ-
ent applications of the STT-MRAM. This work sets a large W ER;pe. of 1073 to save time
for measurements. We expect a defect-free MT] with WER lower than W ER;,. by the
presence of regular write operations.

Fig. 6.5 (a) presents the WER of multiple MTJs with 0w1 operations. It is observed
that the WER performance due to the insufficient spin torque input is similar in all de-
vices. However, the BH-induced WER of two devices is 5x-10x higher than that the other
devices in the sample-set. Fig. 6.5 (b) extracts two lines from Fig. 6.5 (a), one with a
higher BH-induced WER and the other with a normal BH-induced WER. Here, we set
|Vpl = 0.8V in the standard write operation, as presented in the green vertical line in the
picture. In Fig. 6.5 (b), the BH-induced WER of one MTJ is higher than W ERsp.. (i.e.,
1073) at this Vy, which is defined as BH-defective; the BH-induced WER of the other MT]
is lower than W ERsp.c, which is defined as defect-free.

A similar case is presented in Fig. 6.5 (c) and (d) with 1w0 operations. The BH-
induced WER of two devices is higher than that of others, as shown in Fig. 6.5 (c). Fig. 6.5
(d) compares the WER of two lines extracted from Fig. 6.5 (c), in which one device is
with a BH-induced WER is higher than WERsp.. at |Vy| = 0.8V, while the BH-induced
WER of the other falls below it. Consequently, one MT]J is classified as BH-defective, and
the other as defect-free. Similar works have been performed for the 1w1 and the 0w0
operation, which will not be presented here.

6.2.5. PHYSICAL MECHANISM

RELATED WORK

In 2009, the phenomenon that the MT]J state oscillates permanently under strong stress
was observed by J. Z. Sun et al. [138], which is then named as ‘back-hopping’. The physi-
cal mechanism of BH was initially a puzzle with different possible theories, one of which
is the low thermal instability [164]. In 2016, W. Kim et al. pointed out that the low stability
of the reference layer is the key reason for the oscillating phenomenon, and experimen-
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Figure 6.5: (a) WER of multiple MTJs in the Ow1 operation; (b) Selected WER comparison of defect-free and
defective MTJs in the 0w1 operation; (c) WER of multiple MTJs in 1w0 operations; (d) Selected WER
comparison of defect-free and defective MTJs in the 1w0 operation.

tally validated their theory [80].

The BH is thought to be one of the key challenges in the STT-MRAM design. To ensure
a high switching rate, enough spin torque must be input to the MTJ. However, too much
spin torque input may ‘over-drive’ the device and cause BH-induced write errors. Hence,
a compromise is required by selecting a proper pulse height and width to reduce WER in
STT-MRAMSs [165].

PHYSICAL ANALYSIS

The BH occurs due to the instability of RL. Fig. 6.6 presents the factors affecting the
RL; stability. To elucidate the mechanism, symbols of ‘{” and ‘|’ are applied to reflect
the magnetization direction of different ferromagnetic layers and the direction of STT.
When electrons flow from RL; to FL, the STT of ‘|’ is offered from RL, to FL; conversely,
FL provides the STT of equal magnitude but opposite direction (i.e., ‘") back to RL;.
Additionally, the RL; is influenced by the pinning effect from the RLj, which forces the
RL; monetization to be parallel (i.e., the same) to that of RL, through the ferromag-
netic coupling [166]. In brief, while the pinning effect enhances the RL; stability, the
STT effect reduces it. Competition between these two factors determines the stability of
RL;: the RL; becomes unstable if the STT effect exceeds the pinning effect. Since mag-
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Figure 6.6: Factors affecting RL instability.

netic coupling is constant and STT is proportional to the current (i.e., the total amount
of electrons flowing from RL; to FL per second) [96], the RL; may be switched when a
sufficiently high V), is applied. Once the RL; is switched, the STT directed 1’ is sent to
FL (with the same electron direction), forcing the magnetization switch ‘1’ and causing
write errors.

It is important to note that when BH occurs, all thin ferromagnetic layers (i.e., FL,
RL;, and RLj;) may lose stability. Furthermore, when any one of these layers is switched,
the STT applied to the other layers reverses direction. Consequently, ferromagnetic lay-
ers undergo continuous switching during the write operations, causing the MT]J state to
oscillate between P and AP.

6.3. DEFECT MODELING OF BH

Due to the intrinsic nonlinear characteristics, regular defect models with linear resistors
are inappropriate for representing BH. To model irregular defects, Wu et al. demon-
strated a systematic device-aware defect modeling approach with three steps [68]: 1)
physical defect analysis and modeling, 2) electrical defect modeling, 3) model optimiza-
tion. In this section, the BH defect model is designed following these steps.

6.3.1. PHYSICAL MODELING

To physically model BH, three simplifications are proposed as preconditions: 1) For all
layers of the PL stack in Fig. 2.1, only the RL; are switchable as it is the most vulnerable
layer (i.e., the thinnest) [80]. 2) At each time, only one layer (i.e., either FL or RL;) is
unstable, and the other is stable [167], [168]. 3) Ignore interface effects [168], since we
find that in our experiment, including them in the compact model introduces a large
amount of calculation without improving accuracy.

Fig. 6.7 shows the AP-to-P (i.e., 1w0) switching process with BH [80], [167], [168].
The write current flows from FL to RL;, meaning the electrons flow from RL; to FL. A
four-phase loop is formed with BH; at each phase, either FL or RL, will switch, and other
layers (e.g., the RLj, and the hard layer) are stable. The magnetization direction of both
FLis ‘1’ and RL; is ‘|’ before the write operation. The four phases are modeled as follows:
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Figure 6.7: The physical mechanism of BH in the 1w0 operation.

Phase 1: The FL magnetization is unstable, and may be switched from ‘1’ to ‘|”. The
STT effect is responsible for the switching. This is a common AP-to-P switching in
1w0 operations, which will occur in every successful 1 w0 operation.

Phase 2: The RL, is unstable, and may be switched from ‘|’ to ‘1. Two issues affect
the stability of RL;: 1) the STT effect from the FL, which facilitates the switching,
and 2) the pinning effect from the RLj, which impedes the switching. When the
STT effect is stronger than the pinning effect, this phase may occur. For defect-
free MTJs, the pinning effect is strong, and Phase 2 will occur with an extremely
low probability during regular write operations. However, for BH-defective MTJs,
the pinning effect is weak, and Phase 2 may occur even with a relatively low V),
leading to Phase 3 and Phase 4 following in sequence. To model this pinning effect,
an effective pinning magnetic field H), is introduced [166]. The Hj, is an effective
magnetic field that only works on the RL;, yet not affecting other layers; a low H),
refers to a weak pinning effect implying a BH-defective MT], and a high H), refers
to a s strong pinning effect implying the MTJ defect-free from BH.

Phase 3: The FL is unstable and may be switched from ‘|’ to ‘{’. This phase is
similar to Phase 1, and the STT from RL; accounts for this switching. Notice that
bother the RL; magnetization, the FL. magnetization, and the direction of the STT
effect are reversed compared with Phase 2, hence the switching is also reversed.

Phase 4: The RL; is unstable, and may be switched from ‘1’ to ‘|’. Both factors of
the STT effect and the magnetic coupling favor the switching. The end of Phase 4
indicates a new start of Phase 1; hence, the four phases form a complete loop, and
the MT] state oscillates permanently in this loop.

Since the MT]J state oscillates within this loop during write operations, whether the

write error occurs depends on which phase the MT]J is in at the end of the write opera-
tion. Because of the magnetic coupling, the RL; will be switched back to ‘|’ when the
write current is removed. Hence, the final MTJ state after write operations only relies
on the FL magnetization. If one write operation stops during Phase 1 or Phase 4, the
MT]J state ends in AP, and the write error occurs. On the other hand, the MT]J state ends
in P when the write operation stops during Phase 2 or Phase 3, and this operation suc-
ceeds. When the write operation is long enough, multiple loops will occur. Due to the
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stochasticity in the duration of each phase, the MTJ can never be guaranteed to stay dur-
ing one certain phase at the end of the write operation. Hence, a high BH-induced WER
is observed.

The physics of BH in 0w0, 0w0, and 0w0 operations are similar to that in 1w0 op-
erations. In P-to-P switching, the current flow direction is the same as that in the 1w0
operation (see Fig. 6.7). Phase 1 in P-to-P switching corresponds to Phase 2 in the 1w0
operation, with both phases having similar durations, and so forth. Write errors occur
when the write operation stops at the FL. magnetization ‘{’, meaning Phase 3 and Phase
4 (which refer to Phase 1 and Phase 4 in the 1w0 operation). This explains the phe-
nomenon in Fig. 6.5, that the BH-induced WER performance is closing in 1w0&0w0
operations at certain Vy,. On the other hand, the current flow direction is reversed in
Owl&1 w1l operations compared with 1w0 operations. As a result, the occurrence of the
four phases proceeds in the opposite direction (i.e., the loop progresses from right to left
in Fig. 6.5). For example, Phase 1 in the 0w1 operation refers to the reversed Phase 1 in
the 1wO0 operation; the duration of the two phases is different at the same V}, consid-
ering different MTJ resistances in P and AP states. Therefore, the BH-induced WER in
Ow1&1 w1 operations is different in 1w08&0w0 operations at a certain Vj,.

6.3.2. ELECTRICAL MODELING

Following the obtained four-phase loop physical defect model, the electrical modeling
can be realized by calculating the critical parameters of I, and ¢,, in each phase, which
are denoted as Iy, ty1, Ic2, tw2, Ic3, tws, Ica, twa separately. Here, no external magnetic
field is applied, and H,y; = 0. Besides, the stray field is ignored, since the STT effect is
much larger than the stray field effect under large V),. Table. 6.1 presents the calculation
of I, and t,, in each phase, explained as follows:

e Phase 1: the FL is switched, and the calculation of I.; and t,,; is presented the
same in Eq. 3.8.

¢ Phase 2: the RL, is switched. Since the FL and RL; are made of the same material,
the parameters of calculating I» and t,,, are basically the same as applied in I
and t,,; with several exceptions. 1) the thickness of RL; is 1.5 nm compared with
that of FL is 1 nm; 2) Due to the FL switching in Phase 1, the MTJ resistance is
switched from R4p to Rp, hence the write current I is increased at the same V);
3) The STT efficiency is changed from np to n 4p because the magnetization of FL
and RL; is in parallel after Phase 1; 4) The pinning effect parameter H), is applied
to the calculation of I, which is preventing the switching.

e Phase 3: the FL is switched, and the calculation of I3 and t,3 is presented the
same as in Eq. 3.8. Both magnetization of FL and RL; are switched; they are in
anti-parallel. Hence, the write current I and STT efficiency n are the same as that
in Phase 1.

¢ Phase 4: the RL; is switched, and the calculation of I.4 and t,,4 is similar to that
in Phase 2. The H), has the same effect as in Phase 2, which forces the magneti-
zation of RL; to be parallel to that of RL;. Hence, the H, in this phase favors the
switching, which is presented as reducing the critical current in the I.4 calculation.
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Table 6.1: Key parameter calculations of defective MT] model in the 1w0 operation.

I nﬁ'%'A'IFL'Ms'Hk
Phase 1
(C+ln(%A))-e-m
fun 4-pugnap-(I-Ic1)
1 .
Ieo n_P'%'A'tRLtop'Ms'(Hk"'Hp)
Phase 2
(C+ln(%A))~e‘m
fw2 Trpnp -1
Ies w5 A tpr M- Hy
Phase 3
(C+ln(%A))-e-m
fws Tpnar(U-Te3)
Ieq %'%'A'tRLtop'Ms'(Hk_Hp)
Phase 4
(C+ln(%A))-e-m
fwa TpipnpU-To)

The electrical defect model for the defective MTJ switching in other operations (i.e.,
Owl, Ow0, and 1w1) can be approached in a similar manner. At the start of the write
operation, the model checks the initial MTJ state and the write current direction, then
sets the four-phase loop. The WER calculation is applied to t,, at each phase, to present
the stochasticity. When the time elapsed in each phase exceeds the associated t,,, this
phase ends, the corresponding ferromagnetic layer (i.e., FL or RL;) is switched, and the
next phase starts. At the start of each phase, the model checks the magnetization of FL
and RL,: if they are in parallel, the MTJ demonstrates low resistance; otherwise, if they
are in anti-parallel, the MT] demonstrates high resistance.

During the four-phase loop, the magnetization of RL; may be switched to be anti-
parallel to that of RL;, due to the high write current. However, once the write operation
ends, the magnetization of RL; is forced to be parallel to that of RL;, by the model. We
assume that the time for this magnetization switching (in nanoseconds, which can be
evaluated in the same way as calculating I.4 and f,,4 with I = 0) is much shorter than the
gap between different read/write operations. Hence, the final MTJ resistance after the
write operation may differ from that in the four-phase loop. H) is demonstrated as the
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Figure 6.8: (a) Magnetization switching during write operations; (b) BH fitting in the linear y-axis; (c) BH
fitting in the log y-axis.

defect strength. A high H, indicates the device to be defect-free; conversely, a low Hj,
refers to a strong BH defect and a high BH-induced WER.

6.3.3. FITTING AND MODEL OPTIMIZATION

The MTJ compact model is first realized by Python for the convenience of model opti-
mization. Fig. 6.8 (a) shows the magnetization oscillation of FL and RL; during write
operations. When the magnetization of the FL and RL; is in anti-parallel (i.e., one in ‘{’
and the other in ‘|’), the MTJ is in high resistance; if the magnetization of the two layers
is parallel (i.e., both ‘1’ or ‘|’), the MT]J is low resistance. When the write operation ends,
the magnetization of the FL remains unchanged, and the magnetization of the RL; is
pinned to be ‘|’ immediately.

Next, we optimize and fit the model with measurement data. The fitting follows three
steps: 1) The fitting of the R-V measurement. 2) The fitting of the regular switching per-
formance by setting H), to be +oo, and varying Hj and M;. 3) The fitting of BH-induced
WER performance by varying the defect strength Hj,. The fitting needs to be carried out
in 1w0 and Ow1 operations; in 0w0 and 1w1 operations, no normal switching occurs,
hence step 2 cannot be performed.

Fig. 6.8 (b) presents the fitting result of a severe BH-defective MTJ with the linear
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Figure 6.9: WER measurement and model fitting in (a) 1w1 operation; (b) 0w0 operation.
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Figure 6.10: WER measurement of BH-defective and defect-free MTJs in (a) Ow1 operation; (b) 1w0 operation.

y-axis. Here, the defect strength is H, 3.7kOe. When the BH model is not integrated
into the MTJ model, the WER is 0 with a large V},, as demonstrated in the orange line in
Fig. 6.8 (b). Fig. 6.8 (c) shows the same fitting result as that in Fig. 6.8 (b), yet with the
logarithmic y-axis, to better highlight the accuracy of this model. Fig. 6.9 presents the
simulation results with 1w1 and 0w0 operations, which fits to the measurement result

Fig. 6.10 presents the fitting for a defect-free and a BH-defective MT]. The fitting of
the two devices applies the same Hj and Mj, hence showing a similar normal switching
performance. The only difference between the two models is the H): for the defect-free
MT], Hp = 15.5kO0e, and for the BH-defective MTJ, H, = 6kOe.

Fig. 6.11 presents the simulation results of how the defect strength H), affects the
BH-induced WER performance in 0w0 and 1w1 switching at a certain V. As the Hp
increases (i.e., the defect strength is reduced), the BH-induced WER is reduced.
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Figure 6.11: WER by varying Hp.

After the verification by Python, the model is moved to Verilog-A to make it compat-
ible with circuit-level simulations.

6.4. FAULT MODELING OF BH

Table 6.2 presents simulation results; here, F of FP notation < S/F/R > is extended with
a new symbol ‘~’ to describe the STT-MRAM oscillation state during write operations.
This oscillation is an irregular, faulty behavior, which can be described only by device-
aware defect models, not by linear resistance defect models. Besides, this oscillation
can only be observed in Spice simulation; in commercial STT-MRAM arrays, the MT]
state switching during write operations cannot be directly extracted. In total four FPs
are derived based on the simulation results: < Qw0/~/— >, <0wl/~/—>,<1w0/~/->,
< 1wl/~/->. The two write destructive faults ‘w0DF~’ and ‘w1DF~’ indicate the inad-
vertent state oscillations during 1w1 or 0w0 operations. The two write transition faults
w1TF~ and wOTF~ demonstrate the state oscillations of transition write operations Ow1
and 1w0. We name these faults as ‘Write Oscillating Faults’. Since the specific ‘oscillating’
state cannot be detected by regular testing methods, all faults are classified as hard-to-
detect (HtD) faults, as defined in [61].

Table 6.2 suggests that BH has a stronger effect on w0 operations, and 0w0 is the
most sensitive operation to BH; this operation will cause the MT]J to oscillate for all BH
defect sizes and result in a fault. During w0 operations, the MTJ stays in the low resis-
tance state in Phase 2. With a certain |V,|, the RL, suffers a larger write current, and
becomes easier to switch. Besides, the defect strength range sensitized by 1w0 and 0w0
operations are close, which is 12.7kOe and 13.2 kOe separately as demonstrated in Ta-
ble 6.2; this corresponds to the case that the BH-induced WER performance is close in
O0w0 and 1w1 operations, as presented in Fig. 6.4 (a).
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Table 6.2: Fault modeling results of BH defect.

Defect strength ‘

Sensitized FP H FP name

<0w0/~/-> || Write 0 oscillating fault: WODF~
<1w0/~/—=> || Write 0 oscillating fault: wOTF~

Hp€(0,5.2k0e)

<1lwl/~/—> || Write 1 oscillating fault: w1DF~

<O0wl/~/-> || Write 1 oscillating fault: w1TF~

<0w0/~/—> || Write 0 oscillating fault: WODF~
Hp€ (52,59 kOe) <1lw0/~/-> Write 0 oscillating fault: wOTF~
<1lwl/~/—> || Write 1 oscillating fault: w1DF~

<0w0/~/-> || Write 0 oscillating fault: WODF~
<1w0/~/—=> || Write 0 oscillating fault: wOTF~

Hy € (12.7,13.2k0e) [| <0w0/~/-> || Write 0 oscillating fault: woDF~
Hy€ (13.2kOe, +00) || Nofault ||

Hy € (5.9,12.7kOe)

6.5. TEST GENERATION OF BH

6.5.1. READ-WRITE BASED TEST SOLUTIONS

Following the fault modeling, we design the tests for BH, which include 1) the read/write-
based tests, like the march test; and 2) Dedicated Design-for-Testability circuits. In this
section, we introduce the read/write-based tests for BH, evaluate their time efficiency,
and propose methods for improvement.

REGULAR MARCH TESTS

Here, we select the proper faults for the march test design. Considering the physical
mechanism and Table 6.2, we select the fault: < 0w0/~/— > (with the *). This fault sen-
sitizes the longest defect strength, in which H), ranges from 0 to 13.2kOe. Besides, dur-
ing the 0w0 operation, no normal switching occurs; this avoids the write errors that are
attributed to not enough spin torque input rather than BH. Afterwards, we design the
march test the algorithm as presented:

March—-BH ={{ (w0);{ (w0,r0)"} (6.7)

The ‘¢’ indicates that addressing direction is irrelevant. The first element initializes the
state of all MTJs to be ‘0. The second element tries to sensitize the fault by w0 and
reads the state by r0. Here, ‘n’ refers to the number of times the march element should
be repeated. Assuming that the total number of incorrect feedback provided by r0 is
i, the WER is WER = i/ N. Then, we compare the extracted WER with the WERp¢,; if
WER > WER;pec, the MT] is BH-defective.

There are two shortcomings of this march algorithm. 1) Low time efficiency; 2) Un-
avoidable escape. For example, W ERspec = 1073 as designed in this work, n = 1000 is
required. Assuming n = 1000, the detected faulty result i = 1 refers to the device being
BH-defective. The march test length is calculated as:

Length=(1+2-n)-5s=2001-s (6.8)



6.5. TEST GENERATION OF BH 107

Where s is the array size. This is a large length, indicating a long test time. Besides, due
to the stochasticity of BH, escapes cannot be avoided. For instance, if the BH-induced
WER of one defective MTJ is exactly at 1073, the probability that no write error occurs
during the 1000 repeating ‘w0r0’ is:

Probability = (1-1073)10% = 0,368 (6.9)

This probability refers to the escape rate of this device. Increasing ‘n’ can reduce the
escape rate, yet it requires a longer test time. Yet anyway, the escape rate can never be
reduced to 0.

Similarly, the yield loss cannot be avoided due to the stochasticity of the BH. For
example, the WER of an MTJ is 5 x 1074, and the probability of at least one write error
occurring is:

Probability=1-(1-5x10"%10 =0 393 (6.10)

This probability implies the yield loss, which cannot be reduced to 0 either. Likewise,
increasing ‘n’ can reduce yield loss, yet it requires a longer test time.

ENHANCED MARCH TESET
One way to reduce the test time is to increase the BH-induced WER [169]. There are
four possible approaches that can be applied: 1) Raise the temperature; 2) Apply the
external magnetic field; 3) Increase the write pulse width 7,; 4) Increase the write pulse
height V),; Method 1) has severe limitations. The MT] electrical performance (e.g., Rap)
is changed with increasing temperature, causing unexpected inaccuracy. Besides, a high
temperature may damage the device. Method 2) has been described in [128], and will
not be extended.

Next, we will present a detailed analysis of the methods 3) and 4) with measurement
data. The implementation circuits of these two methods have been discussed in [158],
[159], [170].

Increase pulse width:

Fig. 6.12 (a) presents the WER measurement data by varying 7, and keeping |V}, | =
1.1V with 1w1 operations. The BH-induced WER initially increases with £, at £, < 20ns,
then remains constant as tp continues to increase. This initial rise may occur because, at
very low 7, the BH is in the firstloop (see Fig. 6.7); thus, the WER is primarily determined
by the probability of RL; switching within this duration. Once multiple loops occur with
a longer t,, the WER instead relies on the proportion of the duration in each phase and
hence becomes independent of 7,,. Fig. 6.12 (b) shows a similar phenomenon with 1w1
operations. Fig. 6.12 demonstrates that increasing 7, only raises the BH-induced WER
when ?, is very short, while further increasing 7, has a limited effect. Therefore, this
approach offers little benefit in reducing test time.

Increase pulse height:
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Figure 6.12: (a) WER measurement by varying f,, in (a) 1w1 and (b) 0w0 operations.

Here, we extract the data from Fig. 6.10 to explain the case of increasing pulse height
to raise test time-efficiency. Although increasing V), has raised the BH-induced WER, it
has such an impact on all MTJs. If we apply a larger V), in the test as the same method
as presented in Sec. 6.5.1.1, a high yield loss occurs since the WER of defect-free MT]
is increased. Hence, a post-calibration process is required. Here, we assume that the
BH-induced WER exactly equals W ER;p.. at the standard V), (i.e., WER = 1073 at [Vpl
of 0.8V in this work) for one device, we can extract the WER of this device at a different
Vy, by simulations. The extracted WER is set to be the W ER,,,.. At this V}, if the WER
of one MT]J is larger than WERgpec, it is classified as BH-defective; otherwise, it is BH
defect-free.

An example is presented in Fig. 6.10 (a) for the Ow1 operation. In the regular march
test, WERspec = 1073 and Vp = —0.8V. In the picture, one MT] is BH-defective and the
other is defect-free. When we increase the V), to V}, = ~1.04V, the WER,,,. = 8%. In the
test, if the extracted WER'’ is larger than 8% with Vl’,, the MTJ is BH-defective. With the
new spec, the MTJ originally classified as ‘BH-defective’ is still defective, and the other
one, originally defect-free, is still free from BH. Fig. 6.10 (b) presents another example for
the 0w1 operation, with V,’J =0.92V, the WER' . =10%.

spec
The test process is presented as follows:
* Calibration process:

— Simulation set-up with a BH-defective model, where W ER = W ERgpc at Vp.
~ Select a proper V),.

~ Extract the WER),,, at the V), by simulation.
* Perform {{ (w0r0)"} at V,,.

e Extract the WER, and compares it with WER)

spec*
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Figure 6.14: DFT for defecting the BH defect.

Here, ‘n’ is evaluated by W ERg,, . For example, when W ERg, . = 10%, nn = 10. Com-
pared with the original march test in Sec. 6.5.1.1, where WER;pec = 0.1% and n = 1000,
the pulse height enhanced test method has a smaller ‘n’, indicating a shorter test time.
Yet the cost is the additional circuit to adjust the pulse height and additional effort to set
up V’;&WERSWC. Besides, although time efficiency is improved, escape and yield loss

can still not be avoided due to the intrinsic stochasticity of BH.

6.5.2. DESIGN FOR TEST

Due to the nature of oscillation in BH-defective MTJs, all test methodologies described
above cannot guarantee full coverage of this defect type. Therefore, we propose a new
DT as presented in Fig. 6.14. The original WD is shown in the green square, which is ex-
pected to directly connect to the ground, rather than the current mirror. An N-MOSFET
is set to connect the WD and the ground, with a signal D f T.ontr01- When D f Teontrol
is set to 1 (i.e., Vpp), the N-MOSFET is ‘ON’, the WD directly connects to the ground,
and the DAT is off. Otherwise, when D f T, 101 is set to ‘0’ (i.e., to the ground), the N-
MOSFET is ‘OFF’, the WD connects to the current mirror, and it is the testing mode. The
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current mirror copies the write current and connects to a current comparator (i.e., the
inverter in the picture). The current comparator compares the write current and an I, ¢.
An example of the reference current generator is presented in [171], and this generator
can be shared by multiple DIT blocks. If I, is larger than the write current (i.e., MT]
in ‘1’ state), the inverter outputs 1; otherwise (i.e., MTJ in ‘0’ state), it outputs 0. Next,
we divide the DfT into two types, depending on whether the inverter connects to an ‘OR’
gate, or connects to an ‘AND’ gate, corresponding to testing BH with 0w0 or 1w1 op-
erations, respectively. Although the 0w0 operation is chosen to test BH, both potential
DT options are introduced in this section. The two DfT options can be implemented
simultaneously, or a single option can be selected to save circuit area, depending on the
requirements of the practical design. The output of the DfT connects to a 2x1 multi-
plexer (MUX); the D f T.on¢ro1 signal controls the final output to be the read result from
SA or the DT output.

In the first option, the inverter connects to the ‘input’ node of the ‘OR’ gate. A feed-
back line connects to the ‘out’ node and another input of the gate. AN N-MOSFET is set
to connect the ground and the ‘out’ node, with a signal ‘Pre—char ge’. The testing of the
BH consists of four steps:

* Initialization: close the DfT, apply {{ (w0)} to set all MTJs in ‘0’ state.
* Pre-charge: set Pre-charge to 1, the N-MOSFET is open, and out is forced to be 0.

 Testing: set Pre-charge to 0, the N-MOSFET is closed; open testing mode with
DfT.ontror signal and apply {1} (wO)}. The logic of the ‘OR’ gate is presented in
Table 6.3. If no BH occurs during the write operation, the MTJ state remains in
‘0’, and the output of the ‘OR’ gate is always 0. Once the MT]J state hops to ‘1’, the
current comparator provides 1, and the ‘out’ node of the ‘OR’ gate hops to 1. Due
to the feedback line, the associate input of the gate is set to 1, and the ‘out’ node is
locked to 1. Even if the MTJ state hops back to ‘0’ after the first hop (i.e., the output
of the current comparator hops back to 0), the ‘out’ node is permanently set to ‘1.

* Result check: apply {{ (r0)} in testing mode, the final output is the DfT output. If
the final output is 1, the MTJ is BH defective.

Table 6.3: Truth table of DT with the ‘OR’ gate.

Step Pre-charge | in | out
Initialization 1 0 0
0wO starts 0 0 0
BHto1 0 1 1
BHtoO 0 0 1

Fig/ 6.15 presents the MTJ state and DfT output with the ‘OR’ gate. During the ini-
tialization from 0 ns to 3 ns, the Pre-charge is set to Vpp, and the output is forced to 0. At
3ns, the 0w0 operation starts and the Pre-charge is set to ‘0’. The output remains at ‘0
as long as the MT]J state remains at ‘0. When BH occurs, the MTJ switches to ‘1’, locking
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Figure 6.15: MT] state and DfT output with ‘OR’ gate.

the output at ‘1. Despite the MTJ oscillating between ‘0’ and 1’ due to BH, the output is
locked to ‘1.

Similar to the first type with the ‘OR’ gate, the second DfT type connects an AND’ gate
to the current comparator and configures a P-MOSFET. The testing is also composed of
four steps.

« Initialization: close the DfT, apply {{ (w1)} to set all MTJs in ‘1’ state.

* Pre-charge: set Pre-charge to 0, the P-MOSFET is open, and out is forced to be
Vbp.

» Testing: set Pre-charge to 1, the P-MOSFET is closed; open testing mode with
Df Teontror signal and apply {§ (w1)}. The logic of the AND’ gate is presented in
Table 6.4. If no BH occurs during the write operation, the output of the gate keeps
1; if BH occurs, the output of the gate is locked to 0.

* Result check: apply {{ (r1)} in testing mode, the final output is the DfT output. If
the final output is 0, the MT] is BH defective.

Table 6.4: Truth table of DfT with the ‘AND’ gate.

Step Pre-charge | in | out
Initialization 0 - 1
1wl starts 0 1 1
BHto 0 0 0 0
BHto1 0 1 0
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6.6. APPLICATION OF EXTERNAL MAGNETIC FIELD IN TESTING

MT]J DEFECTS

Test methodologies for memories are usually classified into two types: 1) functional tests
(e.g., march tests) and 2) DfT. However, both types of tests show some shortcomings
when applied to STT-MRAMs, e.g., the long test time when applying march tests to in-
termittent faults and the cost of circuit area for DfTs [78], [89], [172], as described above
in this section. Further improvement of STT-MRAM manufacturing requires better test
solutions with a low escape rate and low test cost. Due to the unique magnetic-related
working mechanism of MTJ switching, the external magnetic field presents itself as a
potential tool that can be applied to STT-MRAM testing to improve defect coverage or
reduce test time.

Fig. 6.16 presents a generic framework of both conventional test (utilizing the DAT
method as an example [68]) and H,-assisted test development [33]. The first two steps
are the same for the two test types. The first step, ‘defect characterization, measures
defective MTJ behaviors and studies the physical mechanism of the defect. The second
step, ‘defect modeling’, incorporates the impact of physical defects into the technology
parameters of the MTJ device and thereafter in the electrical parameters, and then de-
velops a compact model of the defective MTJ. For conventional tests, the third step, ‘fault
modeling’, describes the STT-MRAM faulty behaviors in the presence of defects through
circuit simulations; the fourth step, ‘conventional test generation’, generates test solu-
tions to sensitize faults (here, we only consider functional tests, like march tests). For
H,-assisted test development, the third step ‘analysis of Hey;" performs the physical
analysis on how H,,; impacts the components in Eq. 3.14 and Eq. 3.15 for defective
MT]Js; the fourth step ‘Hey -assisted test generation’ generates H,y;-assisted test solu-
tions to detect defects.

The framework in Fig. 6.16 is applied to design H,,-assisted tests for all known de-
fects in the public domain, and compare these two approaches for each defect type. The
results are summarized in Table 6.5 (see the last of this section), in which H,,;-assisted
tests are advantageous in defect coverage and/or time-efficiency for most defects.
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Figure 6.17: (a) SAFF mechanism; (b) P, distribution for SAFF-defective and defect-free MT]Js; (c) Validation
for the march algorithm Eq. 6.14; (d) Validation for the march algorithm Eq. 6.15.

Next, we will design Hp,;-assisted tests to detect two defects ‘SAFF’ [68] and ‘BH’ [82]
as illustrative examples. The framework can be applied to other defects, which this paper
will not discuss.

6.6.1. SAFF TEST WITH EXTERNAL MAGNETIC FIELD

Next, we follow the steps in Fig. 6.16 to design the H, -assisted test for SAFE First, we
analyze the defect impact on the four components in Eq. 3.14 and Eq.3.15. Since the FL
magnetization is flipped in the presence of SAFE the effect of the magnetic field on the FL
isreversed as compared with defect-free MTJs. Hence, components relating to magnetic
fields (i.e., Hs and H,y;) become opposite to their original directions (see Eq. 3.15), yet
other components of (i.e., Eg, Hi €, and I -17)) remain unchanged, since the FL property
is not affected by the defect. Notice that Hj is a material parameter, not the real magnetic
field.

If we apply the same 1w0 operation on both SAFF-defective and defect-free MT]Js,
the total input energy can be presented as follows:
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Edefect—free = fp* (—Hg €+ 1N+ (+ Hexr + Hy) - €)

(6.11)
Egapr = tp - (—Hg-€+1-n+ (—Hext — Hy) - €)

The differences between the two formulas above are the reversed H; and Hey;. If
H,x: =0, Hy is the only origin of the gap between the input energy, which results in the
different Pg,, behavior in Fig. 6.17. Subtracting the two formulas in Eq. 6.11 results into
the gap of the Input Energy (Eg,p), presented as:

Egap =12+ (Hex; + Hs) € 1] (6.12)

To distinguish SAFF-defective MTJs from defect-free ones, it is critical to enlarge
Egqp to guarantee switching only occurs in one device type (i.e., only defective MT]s
or only defect-free MTJs switch). A preferable way to realize this is by increasing the in-
put energy for the defect-free case while decreasing it for the defective case. Given the
fact that H,,; has opposite impacts on defect-free and defective case (increasing versus
decreasing the input energy), it can be easily used to realize the purpose. For example,
by applying a large positive Hey, it achieves Esarr << Eg while Egefecr— free > Ep. Thus,
defect-free MTJs switch while defective ones stay constant.

Furthermore, if we keep I = 0 (i.e., do not perform any write operation) and try to
switch the MTJ purely by Hey,, the total energy input for defective and defect-free de-
vices can be presented as:

Eqefect—free = Ip - (—Hy -+ Hext + Hy) - € > Ep

(6.13)
Esarr = tp - (—Hyg — Hext — Hs) -€ < Ep

To guarantee a successful switching for defect-free MTJs, it requires E>Ep>0, mean-
ing Hex>(Hy — Hs). On the other hand, the positive H,y; actually stabilizes the FL state
for the SAFF-defective MT]J (i.e. it guarantees E<0), and the device will never switch.
Therefore, we can apply a positive H,x, and keep it for several microseconds; the actual
value of H,y;, is inconsequential as long as it exceeds a certain threshold, ensuring only
defect-free MTJs switch.

The H,;-assisted test for the SAFF defect can be described by the following three
steps:

* Perform {{ (w1)}.

* Apply a positive Hey; = H)+ to the whole chip for several microseconds, then re-
move Hpy;.

¢ Perform {{ (r0)}.

The first step initializes all MTJs to ‘1’ state. The second step applies the H,y;, which
tries to switch the defect-free MTJ to state ‘0’ while stabilizing the SAFF-defective MT]
state in ‘1’. Notice that the H,,; can be applied to devices on the whole chip simultane-
ously. The third step checks the final state of MTJs, and the SAFF is detected if MTJs stay
in ‘1’. Here, the H,,-assisted test is presented by the following march algorithm:
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{§ (wl), Hi4, 8 (r0)} (6.14)

Fig. 6.17 (c) presents the R-H loop measurement data for both defective and defect-
free MTJs with the initial state ‘1’. When H;,>2.8kOe, the defect-free device is switched
to ‘0’, yet the defective device still stays in ‘1".

A similar test can be applied by initializing MTJ state to ‘0’ and performing a large
negative Hoy; = H)—. The march algorithm is presented as:

{0 (w0), Hi_,§ (r1)} (6.15)

Fig. 6.17 (d) validates this algorithm. Devices are initialized to ‘0. When
H;_<-1.9kOe is applied for several microseconds, the defect-free device is switched to
‘1’, yet the defective device still stays in ‘0".

COMPARISON OF FUNCTION AND H,y¢-ASSISTED TESTS

The march algorithm based on the conventional approach is presented in Eq. 6.4; the
march algorithm of the H,,-assisted approach is presented in Eq. 6.14 or Eq. 6.15. Next,
we compare the two test methods in terms of defect coverage and test time.

* Defect coverage: The conventional functional tests in Eq. 6.4 can never guaran-
tee 100% coverage of the SAFF defects. It relies on comparing the difference of
WER between defective and defect-free MTJs; this difference is caused by Eg4p in
Eq. 6.12, which can be small at H,;=0. Besides, the write error occurs stochasti-
cally. Consequently, testing SAFF purely by the conventional approach results in
escapes. On the other hand, the H,,;-assisted test applies Hey to enlarge Egqp;
it switches defect-free MT]Js while stabilizing the defective ones. Hence, this ap-
proach can guarantee 100% coverage of the SAFF defect.

» Test time: Eq. 6.4 only performs read and write operations, and the conventional
march test has a length of (1 + 3i) - N, where ‘i’ can be very large considering the
low WER;pec. The test time of Eq. 6.14 or Eq. 6.15 can be divided into two parts:
1) the time for performing write/read operations, with a longer length of which
is 2N; and 2) the time of applying H,y;, which takes several microseconds (e.g.
10 us in our experiments). Here we compare the test time of the two tests by an
example: when the pulse width of read and write operation is both 10ns, the test
time applying Eq. 6.4 to a 256 x256 STT-MRAM array is calculated as:

256-256-4-10ns = 2621us, when i=1 (6.16)
The test time applying Eq. 6.15 is calculated as:
256-256-2-10ns+10us = 1321 us (6.17)

Since ‘i’ is much larger in reality, the H,-assisted test realizes much higher time-
efficiency than the regular functional test.
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Figure 6.18: Hey; impact on BH-induced WER with the (a) 0w0 operation; (b) 1w1 operation; (c) Comparison
of Hexr impact on BH-induced WER between BH-defective and defect-free MTJs with the (c) 0w0 operation;
(d) 1w1 operation.

6.6.2. BH TEST WITH EXTERNAL MAGNETIC FIELD

Next, we follow the steps in Fig. 6.16, to design H,-assisted test for BH. First, we analyze
the BH impact on four components in Eq. 3.14 and Eq.3.15. Since the defect does not
affect the material property of either FL or RL, it does not affect the four components.
However, due to the four-phase loop of BH occurring, we must consider the input energy
E for RL and FL switching in each phase separately to analyze the H,y; impact on BH-

induced WER. Here, we apply Eq. 3.15 to each phase in the 0w0 operation, presented as
follows:

Pl:ty 1-(I-n+(—Hext —Hs— Hy_gp —Hp)-€pr) =EB_RL
P2:ty o-(In+(~Hext— Hs— Hy_p)-€r1) =EB Fr
P3:ty 3-(I'n+(+Hex;+ Hs— Hg_pp)-€rr) = EB_RL
Pa:ty 4-(I-n+(+Hext + Hg— kaFL) -€pr) = EB FL

(6.18)

Here, Hk_FL & Hk_RLr EB_FL & EB_RL: €FrL & €RL refer to Hk, EB, and e of FL and RL
separately; H), is introduced in the model, which is the only parameter affected by BH
(i.e., represents the defect strength) ¢, ;,i = (1,2,3,4) indicates the ¢, for each phase in
Fig. 6.7 (a), which will occur sequentially to form the loop. For example, the MT] state is
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initially in ‘P’, and the RL is switched after ¢,, ;. Subsequently, the FL is switched further
after ¢, », and so forth. After t,, 4, the MT] returns to the initial ‘P’ state, and the loop is
restarted. In a single write operation, each phase may occur multiple times. To improve
the time-efficiency of detecting BH, it is critical to increase the BH-induced WER, which
is determined by the distribution of ¢,, ;. For example, if ¢, ; and t,, » become larger,
t, 3 and f,, 4 become smaller, BH-induced WER is reduced.

For the convenience of the following analysis, we define:

E
y; = —SBLorBEL i (1 2.3,4) (6.19)

Tw_i

F=y1+Y2-Y3-7a (6.20)

Increasing BH-induced WER implies enlarging I', which can be achieved by applying
the H,,; with a certain direction. When we apply a certain Hey; = Hj, the impact of Hey;
onTI'is defined as AT'(H;) = I'(Hpyr = Hy) —T'(Heyr = 0):

AT'(Hy) = —2-Hy - (€pL +€RL) 6.21)

For the 0wO0 operation, if Hy<0, AT'(H;)>0, T' increases, and BH-induced WER in-
creases. Fig. 6.18 (a) presents the H,y, impact on BH-induced WER in the 0w0 opera-
tion. With the same V), a higher BH-induced WER is observed with the negative Hey,;
BH-induced WER increases with the | Hgy ;| increasing. Notice that when we apply a large
positive H,y;, few BH-induced write errors occur because the H,,; stabilizes the RL and
avoids Phase 1 taking place; hence, related lines are not shown in the figure. A simi-
lar analysis can be performed on the BH occurring in the 1w1 operation. Fig. 6.18 (b)
presents the H,y; impact on BH-induced WER in the 1w1 operation, where a positive
H,y incites a higher WER at the same V).

Fig. 6.18 (c) compares the H,y; impact between the BH-defective and defect-free
MT]Js in the Ow0 operation. At the same V), BH-induced WER of both MT]Js increases
under the same negative Hey;. A large gap is observed between the two MTJs with or
without Hy at a proper V). For example, the BH-induced WER of defective MT] is one
order of magnitude higher than that of the defect-free one at V), = 0.8V, either with or
without Hey;. A similar phenomenon is presented in Fig. 6.18 (d) with the 1w1 operation.
The simulation result, fitted with the measurement data, is also presented in figures.

Based on the analysis above, the H,,-assisted test for BH follows three steps:

¢ Pre-calibration:
— Find the threshold between defect-free and BH-defective MT]Js, i.e., BH-
induced WER = W ER;p,. in the 0wO0 operation.
— Select the proper H,y;. Here, a negative H,,; = H;_ is applied.

— Find the new threshold between defect-free and BH-defective MTJs under
H,_,i.e., BH-induced WER = WER,,, . in 0w0 operations with Hj_.

spec

¢ Perform {{ (w0r0)"} with H;_.
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The first step selects the proper Hi— with associated WERy,.,, which can be

achieved by simulations. For example, here we select H;— = —0.5kOe and WER,,. =
30%, as presented in Fig. 6.18 (c). The second step extracts the BH-induced WER under
Hi—, and compares it with WER,,,; if the extracted WER >WERy,,,., BH is detected. A

simplified march algorithm is presented as follows:
{§ (wo,r0)7,_} (6.22)

The march length of the march algorithms is (2-i) - N, where ‘n’ is determined by
WERgpec. A similar process can be performed with 1w1 operations. A positive Heyxs =
H,, is applied, and the march algorithm is presented as follows:

{0 (w1, rDg,} (6.23)

COMPARISON OF FUNCTION AND Hpy;-ASSISTED TESTS

The march algorithm of the conventional test is presented in Eq. 6.7; the march algo-
rithm of the H, -assisted test is presented in Eq. 6.22 and Eq. 6.23. Next, we compare
the two test methods regarding defect coverage and test time.

* Defect coverage: Due to the intrinsic stochastic mechanism of write errors, both
two methods cannot guarantee 100% coverage of the BH defect.

 Test time: The march length of the march algorithms in both methods is (2-n)- N,
where ‘n’ is determined by either WERgpe. or WERépeC, as presented in Eq. 5.9.
Assuming both testing methods are required to reach the same defect coverage
(e.g., the same P, in Eq. 5.9), since WERgpeC>WERS,,eC, a much shorter test time
can be realized by H,y-assisted tests. For example, if W ER;pec = 1074, WER;,MC =
0.3, to guarantee Py = 99.9%, n = 70000 by functional tests, and »n = 13 is required

by H,;-assisted tests. The test time is reduced by 99.98% by H,;-assisted tests.

6.6.3. ADVANTAGES AND SHORTCOMINGS

Table 6.5: Hex¢-assisted tests for different defect types in STT-MRAM testing.

Defect Functional tests H,,;-assisted tests Advantages of H,,-assisted test

Pinhole [173] {0 wD)™;0 )} [161] Unavailable \

SAFF [87] {0 (wD); § (wo,r0, w)"} (87) | {§ (wl), Hi+, ) (r0)} Improve defect coverage, reduce test time
Intermediate States [137] | {§ (w0,r0,w1,r1)"} [81] {8 wo0,r0,w1, 1), _} | Reduce test time

BH [80] {8 w1,r)"} [83] {0 (wo,ro)%, } Reduce test time

Table 6.5 summarizes the H,y;-assisted tests for all known HtD faults. In the presence
of some strong interconnect and contact defects, E<Eg must occur, implying functional
tests present full coverage and high time-efficiency in detecting these defects [75], [100].
For Pinholes, the defect mechanism (i.e., MgO breaking-down process) is not fully un-
derstood, hence the third step in the H,,-assisted test framework cannot be performed.

Advantages of H,-assisted tests are stated as follows:
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» Improve defect coverage and/or reduce test time without costs of chip area: Ta-
ble 6.5 demonstrates that H,y,-assisted tests can realize a high defect coverage
and a short test time without costs of additional chip area. Especially, since Hey;
can be applied to devices in the whole chip simultaneously, which further reduces
the test time (see the case of detecting SAFF). To realize the same defect coverage
or time-efficiency, DfTs with specific circuit designs are usually applied [76], [82],
[147], [149], which requires additional chip area. For example, the DfT for BH in
[82] requires an additional current mirror and a NOR gate for each column. Notice
that, in large-scale manufacturing, a small saving on each chip (e.g., saving chip
area) suggests a significant overall cost saving.

* Flexible in test design The H,,; can be continuously applied by ATE [127], which
offers high flexibility in the test design; any H,,; value (not exceeding the maxi-
mum) can be applied in tests for STT-MRAM. On the other hand, DfTs with spe-
cific circuits have relatively low flexibility [158], [159]. For example, the DfT ‘weak
write’ can offer only a few choices of different write pulse heights [159].

Shortcomings and costs of H,;-assisted tests are stated as follows:

* Cost of equipment: To perform write/read operations and apply He,; simultane-

ously, specific ATE is required [127], implying additional cost for the test equip-

° Time-compatibility: Switching between different magnetic fields requires a
longer time (e.g., several microseconds for current ATE [127]) than applying op-
erations (e.g., 10ns in this work), hence some H,-assisted tests may cause low
time-efficiency. For example, the march algorithm {I} (w0, wl Hz)} applies w0
with H.yx; = Hj, then immediately applies w1 under H,,; = H,. This algorithm
necessitates a long waiting period of several microseconds for switching H; to Ho,
despite the write operation requiring only 10 ns; hence, it indicates low time ef-
ficiency. On the other hand, the march algorithm {{ (w01, wl1)} applies both
write operations with the same Hj, avoiding switching Hey; in the whole test pro-
cess, hence with higher time-efficiency.






TESTING STT-MRAMS: FROM
DEFECTS TO TEST CHIPS

STT-MRAM has shown significant potential for commercialization, yet its susceptibility to
defects during manufacturing remains a critical barrier to large-scale production. A high-
quality test solution is crucial for the development of STT-MRAM manufacturing. Previ-
ous works have significantly contributed to STT-MRAM testing, but often focus on specific
defects without providing a comprehensive framework. This chapter summarizes and in-
tegrates previous chapters, proposing a structured testing methodology for an industrial
STT-MRAM chip, i.e., a case study. Starting from defects, we analyze their corresponding
faults and evaluate potential test solutions, including March tests and DfIT. Notably, we
systematically assess various DfT techniques (to the best of our knowledge) and present a
design implementing the selected DfT in an STT-MRAM array, covering circuit-to-layout
integration to demonstrate practical feasibility.
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7.1. TARGETED DEFECT

Testing is crucial for ensuring the quality and reliability of STT-MRAMs, as defects can
significantly impact their performance and yield. Designing an effective STT-MRAM
testing strategy begins with identifying the target defects. These defects can be catego-
rized into two types, i.e., conventional defects and unique defects, each requiring differ-
ent considerations due to their distinct origins and fabrication processes. Conventional
defects typically stem from CMOS fabrication steps, whereas unique defects arise from
the additional MT]J fabrication process, which involves specialized materials and tech-
niques. Considering these differences, this section discusses conventional and unique
defects separately and identifies the targeting defect types.

7.1.1. TRANSISTOR, CONTACT, AND INTERCONNECT DEFECTS

Conventional defects, such as transistor, contact, and interconnect defects, have been
widely observed in traditional memories [61]. Therefore, it is reasonable to expect their
presence in STT-MRAM as well. The exact locations of these defects depend on the cir-
cuit design and layout of the STT-MRAM array. For example, in the structure of word-
oriented memory systems, the location of bridge defects may differ from those in bit-
oriented memories [133], [174]. In this chapter, we apply the bit-oriented STT-MRAM
array, as presented in Fig. 2.3, while all potential defect locations are illustrated in Fig. 5.1.
Notice that we only consider defects in the STT-MRAM array; defects in peripheral cir-
cuits are out of the scope for this thesis.

7.1.2. TARGETED MT] DEFECTS

Determining the targeted MT] defects is more challenging than conventional defects,
as it involves the complexities of the MTJ fabrication process, which is still far less ma-
ture compared with CMOS fabrication, and the intricate working mechanisms of MTJs.
Unlike conventional defects, which can be inferred based on well-established testing of
traditional memories, MT] defects require a deeper understanding of their mechanism,
origin, and impact on MT] performance.

To identify the relevant MTJ defects, we first perform characterization on prototype
MTJs, i.e., single MTJs that allow flexible electrical and magnetic measurements. These
measurements are presented in chapter 4 and chapter 6. Through these characteriza-
tions, we confirm the presence of four previously studied defects: pinhole, Synthetic
Anti-Ferromagnet Flip (SAFF), Intermediate State (IM), and Back-hopping (BH). How-
ever, determining which defects should be considered further requires additional anal-
ysis. Especially, by utilizing the defect models (see chapter 4) and incorporating periph-
eral circuits (see chapter 2), we investigate the behavior of defective MTJs during regular
read/write operations.

Our analysis reveals that pinhole, SAFE and BH may impact the MTJ functionality,
making them critical defects to address. However, the IM defect behaves differently. This
defect primarily occurs in large-area MTJs (eCD larger than 60 nm)[86]; Given that fact
that the MT]J size in industry tends to become smaller than 60 nm, the likelihood of IM
occurring can be ignored. Moreover, studies show that the probability of IM is nega-
tively correlated with the portion of the input torque exceeding the barrier energy, fol-
lowing a normal distribution [81]. In the designed WD and write operations used in this
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work (which are shown in chapter 2), which produce an overdrive to guarantee success-
ful write operations, the IM-induced WER remains below the specified WER spec. As a
result, IM is only discussed in the part of fault modeling, while ignored in the part of
test design, since faults sensitized by IM can be tolerated based on the peripheral circuit
design. Therefore, this chapter focuses on three MTJ defects: pinhole, SAFE and BH.

7.2. FAULT MODELING

7.2.1. SIMULATION SET UP

The simulation platform consists of 4x4 STT-MRA array, as shown in Fig. 2.3, with Fig. 2.5
and Fig. 2.6 illustrating the WD and SA used in this study with Vpp = 0.9V, as describe in
Chapter 2. The pulse width of both write and read operations is 10 ns. Cadence Spectre is
adopted for circuit simulations, and the library of 40 nm TSMC is applied. The magnetic
coupling is incorporated into the array by transferring the impact of the stray field to a
virtual current source, as described in Chapter 5 [83]. The MT] compact model in [112] is
applied, which is calibrated with measurement data of MTJs with the eCD of 60 nm and
the pitch of 90 nm, as presented in Chapter 2. The pulse width of both write and read
operations is 10 ns, with Vpp of 0.9V

In this work, part of the simulations involve process variation, which is incorporated
in both MTJs and MOSFETs. Process variation in MT]Js is introduced through the eCD,
which follows a normal random function with 10% away from its nominal value at 3o
corners. The process variation in MOSFETSs is introduced through Vy,, assuming it also
follows a normal random function with 10% away from its nominal value at 30 corners.

Table 7.1: Collapsed fault set for conventional defects.

Experiment Baseline analysis Static analysis Dynamic analysis
Platform (model) | Baseline Stochastic-Only Full Variability Stochastic-Only | Full Variability
<0r0/0/1>, <1r1/1/0>, <0r0/0/1>, <1r1/1/0>, <0r0/0/1>, <1r1/1/0>,
<1¢;0r0/0/1>, <1¢;1r1/1/0>, | <150r0/0/1>, <1;1r1/1/0>, <10r0/0/1>, <1;1r1/1/0>,
Collapsed fault set None None
<1;;0r0/0/1>, <1,;1r1/1/0>, | <1,;0r0/0/1>, <1,;1r1/1/0>, <1,;0r0/0/1>, <1,;1r1/1/0>,
<1g;1w0/1/—> <1 1w0/1/ —>, <1 1w0/1;/ —> | <1g; 1w0/1/ —>, <1g; 1w0/1;/ —>

<843 Sy/ FIR> denotes a coupling fault involving two cells; an aggressor cell C, and a victim cell Cy; this is an extension of the fault primitive notation
in Section IV.A. C,, can be in the same column, same row or same diagonal as C,; hence a € {c, 1, d}. E.g., <0.;17r1/1/0> means that when the adjacent cell

Notation in the same column is 0, applying r1 operation to the victim cell (which is in 1) will not lead the cell to flip, but the read operation will return a wrong value 0.

<80;Sy/ F/R> denotes a multi-cell fault involving the victim cell and its eight neighboring cells. E.g., <1;1w0/1/ — > means that when all neighboring cells

are 1, applying w0 operation to the victim cell (which is in 1) will fail.

“i" associated with fault effect F denotes the intermittent behavior. E.g., <1w0/1;/ - > means applying the transition w0 operation will fail from time to time.

7.2.2. FAULTS FOR INTERCONNECT AND CONTACT DEFECTS

Although quite some work has been reported on fault modeling for conventional defects
in STT-MRAMSs [74], [83], [100], [107], [122], [153], they failed to consider the effect of MT]
intrinsic stochasticity and process variability, combined with different DBs in the pres-
ence of a defect. In order to address these shortcomings and illustrate the dependency of
fault modeling on accurate simulation platforms incorporating the inherent properties
of STT-MRAMs, we will perform three experiments while considering three simulation
platforms (i.e., models of MOSFETs and MTJs). The three simulation platforms are:
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* Baseline Model: The 4x4 STT-MRAM simulation setup is described as above, with-
out incorporating the MT] intrinsic stochasticity or process variation.

* Stochastic-Only Model: The same as Baseline Model, augmented by incorporating
the intrinsic stochasticity in the MTJ compact model. The model does not account
for process variation.

* Full Variability Model: The same as Baseline Model, incorporated with the intrin-
sic stochasticity and process variation in the MTJ compact model; the MOSFET is
also incorporated with process variation.

The three experiments are:

1. Baseline analysis: simulation based on static fault analysis (i.e., sensitizing opera-
tions consist of one operation at most) using the Baseline Model. This step shows
the simplest case of fault modeling. Each time we inject only one defect, perform
static operations, and observe the corresponding faulty behaviors. The impact of
DB (including magnetic coupling) is considered.

2. Static analysis: Static fault analysis is applied using both Stochastic-Only Model
and Full Variability Model, while also considering different DBs

3. Dynamic analysis: Dynamic fault analysis (i.e., sensitizing operations consist of
two consecutive operations) is applied using both Stochastic-Only Model and Full
Variability Model, while also considering different DBs Sequences in this experi-
ment include static operation and two-operation, as presented in Table 4.3. Then,
static faults are excluded in this experiment to focus on the analysis of dynamic
faults.

Each of the above three experiments was performed for interconnect and contact
defects by modeling them as linear resistances. We simulated all possible opens, shorts,
and bridges while swiping the value of the resistance from 1Q to 1 MQ. In total, we
simulated 23 resistive defects within a cell (9 opens, 8 shorts, and 6 bridges), and 17
bridges between cells (including adjacent cells in the same column, row, and diagonal).

Table 7.1 gives a summary of collapsed fault set, being the minimum set of faults that
have to be detected to guarantee the detection of all possible resistive defects. Notice
that the same defect type may sensitize multiple faults; the selected fault is the one that
covers the maximum defect coverage (range of resistance). It is worth noting that there
are EtD faults as well as HtD faults in the list.

In the rest of this section, we will illustrate results for the open defect OC2 (see Fig 5.1,
which is a contact defect between the MOSFET and the MT]J) for three experiments as an
example.

BASELINE ANALYSIS

Fig. 7.1 (a) shows the fault map of the open defect OC2. Six faults are sensitized (when
considering the dependency on data-background DB); the ‘red’ boxes indicate defect
strength ranges where faults are sensitized, and the ‘green’ ones indicate that no faults
are sensitized. The column 'DB’ indicates the case of DB, being the eight neighbors of
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@) (b) ©

@ Defect strength range Defect strength range © Defect strength range |
Fault |DB Fault |DB Fault

1~500| 500~1k | 1k=2k [2k~ak|3k~10m 1~500 500~1k | 1k~2k [2k~ak|3k~10m

<Ow1/0/->/ <Ow1/0/->| <Ow1/0/->,

[<1w0/1/->] <1wW0/1/->| <1w0/1/->,

<0r0/0/1>

<0r0/0/1> <0r0/0/1>

Figure 7.1: The fault map of OC2: (a) baseline analysis, (b) static analysis with Stochastic-Only Model, and (c)
static analysis with Full Variability Model.

the defective cell; they are all 0 or all 1. The figure clearly shows three key points. First,
many faults are sensitized to a single defect OC2. Second, although it is about a single
cell defect, the DB has an impact on the defect coverage when faults are sensitized by
write operations; for instance, when DB=1, the 1w0 fails for a wide range of resistance
values as compared with when DB=0. Third, the incorrect read fault <0r0/0/1> is SB-
independent, and its detection will maximize the defect coverage for the defect under
consideration. Hence, it is best to include it in the collapsed fault set.

STATIC ANALYSIS
The static analysis is performed twice: once with the Stochastic-Only Model, and once
with the Full Variability Model.

STOCHASTIC-ONLY MODEL

Fig. 7.1 (b) presents the fault map of the defect OC2 in this case. Three observations
can be made. First, the same fault class is sensitized as in Fig. 7.1(a). Second, the range
of undetected resistance defects reduces (green boxes). Write faults are also sensitized
around the boundary resistance between fault-free cases and permanent fault cases,
represented by the yellow boxes. However, the nature of such additional faults is inter-
mittent due to the stochastic nature of MTJs. E.g., the fault denoted as <1g; 1w0/1;/ —>
and referred to as ‘Passive Neighborhood Pattern Sensitive Fault, indicates that the w0
operation fails intermittently (i.e., from time to time) when all eight neighbors are set to
1; note that this takes place for relatively low defect strength. Third, the faults related to
read operations are not affected by the stochastic nature of MTJs, as it does not require
any switching.

FULL VARIABILITY MODEL

Fig. 7.1 (c) presents the fault map of the open defect OC2 in this case. The dashed yellow
boxes indicate that, for such a resistance range, sometimes permanent faults are sensi-
tized, and sometimes intermittent faults are sensitized; the green dashed boxes for write
faults indicate that sometimes no faults take place, and sometimes intermittent faults
occur; the green dashed boxes for read faults indicate that sometimes no faults take
place, and sometimes permanent faults occur. The figure shows that at the boundary
regions, the process variability affects the nature of the faults that will be sensitized. Nev-
ertheless, the fault class generated in this case is the same as in Fig. 7.1 (a) and Fig. 7.1 (b)
Note that the variability simultaneously lengthens or shortens the range of resistances
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Table 7.2: Summarization of March tests.

Defect type Defect Fault | March name | March algorithm
Interconnect and EtD IC-EtD {0 W0);§ (r0,w1,r1,w0,10); § (w1);$ (W0, r0,wl);§ (r1) }
Conventional
contact defect (IC) | HtD | IC-HtD {8 w1);§ (w0, 10,w1)"}
Pinhole (PH) EtD | PH-EtD {8 D0 ('} [(161)
) SAFF HtD | SAFF-HtD {0 wD);§ (w0, r0, w1)"} [87]
Unique
IM HD | IM-HD {0 (w0, r0, w1, r1)"}
BH HtD | BH-HtD {0 w1,r1"} (82]

for which the faults are sensitized in the same way for all faults. For example, if the V;j,
of MOSFETs changes, causing a reduction in read/write currents, and all faults in Fig. 7.1
(c) will sensitize longer resistance ranges. Eventually, the selected fault for the collapsed
set remains <0r0/0/1>.

DYNAMIC ANALYSIS

The dynamic analysis is performed twice, once with the Stochastic-Only Model and once
with the Full Variability Model, by simulating only resistance ranges that did not cause
any fault in the static analysis (i.e., the green box region in Fig. 7.1). No single dynamic
fault is observed in these regions. While we do not entirely rule out their existence, our
findings suggest that dynamic faults are rare in STT-MRAMSs compared to other memory
technologies [70], [141]; this can be attributed to stable resistance states of MTJs. Defect-
free MTJ has only two stable resistance states, and never shows intermediate states due
to the anisotropy magnetic field [41]. Other non-volatile memories, like Flash, RRAMs,
FeFETs, and PCRAMSs, all have intermediate resistance states in their defect-free devices,
which may introduce dynamic faults [156]. For example, when a bridge defect is present,
a relatively large current may flow through the RRAM device during a read operation,
which, while insufficient to fully switch the device state, slightly alters its resistance. The
effects of multiple read operations accumulate and eventually switch the device, intro-
ducing a dynamic fault [141]. Yet this accumulation will never occur in STT-MRAMs
[155].

Notice that previous works have demonstrated dynamic intermittent faults, like
<0r0r0r0/1;/1> in [74]. We verified the existence of these faults, yet none of them are
in the green box region, hence not selected for the collapsed fault set. For example, the
fault <0r0r0r0/1;/1> occurs in the presence of a short defect; however, <0r0/0/1> sen-
sitizes a longer strength range for this defect and is therefore selected for the collapsed
set.

7.2.3. FAULTS OF UNIQUE DEFECTS

As mentioned in previous chapters, modeling unique MTJ defects using linear resistors
fails to accurately capture corresponding faulty behaviors, leading to unrealistic fault
models [79], [87]. We therefore introduced and have used the Device-Aware modeling
approach for these unique defects; this approach incorporates the impact of the physi-
cal defect into the technology parameters of the device and thereafter into its electrical
parameters to design the compact model of the defective MTJ. Such models are used to
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Table 7.3: Fault model for unique defects.

Defect Fault modeling

Stuck at 0 fault: <1/0/ —>

Stuck at L fault: <1/L/ —>

Pinhole [79] | Write disturb fault: <1w1/0/ — >
Undefined read disturb fault: <1r1/U/0>

Dynamic fault: <lwlwlwlwlwl/L/ —>

SAFF [87] Intermittent passive neighborhood pattern sensitive fault: <1g; 1w0/1;/—>

IM [86] Intermittent undefined write transition fault: <1w0/U;/ — >

Oscillating write fault <1wl/ ~/ - >
BH [82]

where ‘~’ means MT]J state oscillating

replace defect-free MTJ] models in the simulation platform, and the circuit simulation is
performed while changing the strength of the defect through the change of a dedicated
parameter in the model.

The results of our fault modeling for all unique defects discussed are summarized in
Table 7.3; only the collapsed fault set per defect is presented [79], [82], [86], [87]. There
are four key observations from the table. First, both static and dynamic faults take place
in the presence of unique defects. Second, unique defects cause both permanent as
well as intermittent faults. Third, unique defects also cause faults that bring the state
of the cell into an undefined state or extremely low state (see Chapter 6). Fourth, the
sensitized faults consist of both EtD faults (e.g., caused by pinhole) as well as HtD faults
(e.g., caused by SAFE IM, and BH).

7.3. MARCH TEST

In this section, March tests are designed for each targeted defect type. For the transistor,
contact, and interconnect defects, we classify faults sensitized by these defects into two
types: permanent faults and intermittent faults, as described in chapter 5. March tests
are designed for these two types of faults separately. For permanent faults:

March permanent = {{ (w0); § (r0,w1,r1,w0,10);

7.1
$ wl); § (w0,10,w1);{ (r1) }. @1
This march algorithm is expected to have full coverage of all sensitized faults.
For intermittent faults:
March intermittent = {{ (w1);{ (w0,r0,w1)"}. (7.2)

Due to the stochastic nature of intermittent faults, coverage by applying this march
algorithm can never reach 100%. Details of March tests for MT]J defects are described in
chapter 6. Here, applying DfTs for HtDs (including intermittent ) is the suggested testing
method.
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7.4. DFT METHODS

To further increase the probability of detecting HtD faults and/or reduce test time, re-
searchers have been exploring two other alternatives than just using March tests, as
shown in Table 7.4:

* Enabling ATE [128]: This approach explores the integration of magnets into ATE;
hence, enabling the application of the external magnetic field (to perform write
operations) during manufacturing test; this has been shown to guarantee the de-
tection of some HtD faults such as those caused by SAFF defects, while signifi-
cantly reducing the test time. To the best of our knowledge, there is only one work
that reported this approach.

e DFT [82], [100], [107], [145]-[150]: This approach, which is more popular, inte-
grates additional circuits to improve the coverage of HtD faults while optimizing
the test time.

Next, we will first classify the proposed DfTs and provide a quantitative comparison
considering different metrics (e.g., fault coverage). This will help us select the best DfTs
to be adapted in our test chip.

Table 7.4: DfT method classification.

Enabling | External magnetic Writing operation [128]
ATE field
During Normal Write (CM-NW) [82], [107]
Current Monitoring (CM) | During Normal Read (CM-NR) [146]-[150], [162]

During Specific Test Mode (CM-SM) | [100]
DT

During Normal Write (VM-NW)

Voltage Monitoring (VM) | During Normal Read (VM-NR) [145]

During Specific Test Mode (VM-SM)

7.4.1. CLASSIFICATION
Based on their working mechanisms, proposed DfTs can be classified into two main
classes, as presented in Table 7.4):

* Current monitoring (CM) based DfTs: the monitoring of the current can take place
during normal write (NW) operation, during normal read (NR) operation, or dur-
ing a special test mode (SM), resulting in three subclasses (CM-NW, CM-NR, CM-
SM).
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Figure 7.2: DfT design (a) in [76], and (b) in [150].

* Voltage monitoring (VM) based DfTs: the monitoring of the voltage can take place
during normal write (NW) operation, during normal read (NR) operation, or dur-
ing a special test mode (SM), resulting in three subclasses (VM-NW, VM-NR, VM-
SM).

Note that Table 7.4 reveals that the DfT based on CM-NR is more explored than other
classifications, since applying the SA can cheaply monitor the read current (e.g., the
trimming-based DfT [148], [149]). On the other hand, monitoring the voltage or ap-
plying specific test modes is more expensive and unreliable, hence less explored. For
example, the DfT in [100] applies specific clock signals, which significantly increase the
cost of circuit design.

7.4.2. EVALUATION

To appropriately compare the proposed DfTs, we use the following metrics (see also Ta-
ble 7.4):

» Fault coverage: This refers to the ability to detect the targeted defect or fault. It
can be categorized as 'Full’ (100%) or 'High’, or 'Low’ compared with March tests
(if the March algorithm requires repeating » times, we assume n = 100). Using the
proposed DAT is supposed to achieve a better fault coverage than March tests for
the targeted HtD faults.

 Test time: the symbol '*’ is used to show a qualitative comparison. For example, a
DfT with two "** requires a longer test time than a DfT with only one "*'.

* Flexibility: a flexible DIT allows for post-manufacturing calibration and tuning,
i.e., enabling the DfT plug-in after completing the design of peripheral circuits.
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* Design complexity: this indicates the effort required to design the DfT and its as-
sociated controller. The same "*’ notation as used for test time is applied here for
comparison.

* DIT impact: this includes the effect on area overhead, power consumption, and
(read/write) latency. The same "*’ notation as used for test time is applied here for
comparison. ‘0’ is used to indicate no effect.

Table 7.5 presents the result of our DfT comparison. Four observations can be made.
First, among all defects that cannot be fully detected by March tests, only BH can be
guaranteed by the dedicated DfT [82]; other defects, like IM, still cannot be fully de-
tected. Second, some DfTs realize better coverage with a shorter test time. For example,
the DfT in [148] enables a high coverage of weak contact defects with a short time (e.g.,
20ns), while applying March tests in Table 7.2 requires a long test time (e.g., 2us) yet
only realize a low coverage. Third, some DfTs enable a tuning post manufacturing (i.e.,
flexibility), which is preferred in chip design. For example, in the DfT of Fig. 7.2 (a), the
trimming circuit is realized by easily adding additional MOSFETs in parallel to the refer-
ence current path. However, in the DfT of Fig. 7.2 (b), the current mirror (in the green
square) is within the read path, making the design of the SA must include the impact
of this current mirror. Fourth, some DfTs cause additional power overhead in regular
read/write functions. An example, in the DfT design of Fig. 7.2 (b), the MOSFET of the
current mirror consumes some power even in regular read operations; to realize reliable
read operations, Vpp must be increased to enable a high enough read current.

Next, we will select the proper DfTs based on Table 7.4 and Table 7.5, and inject them
into the chip

Table 7.5: DfT evaluation.

Impact
DIT Classification | Target Coverage | Testtime | Flexibility | Design complexity P
Area Power | Latency
[146] CM-NR ‘Weak bridge and short High * No ok ok kK Kok kk | kK 0
[147] CM-NR ‘Weak bridge and short High * No ok ok ok wkkk | kkxx | 0
‘Weak contact, bridge, and short | High ok ok
[148], [149], [162] | CM-NR Pinhole Low ok Yes * * 0 0
™M Low * ok kK
[150] CM-NR ‘Weak bridge and short High * No * ok kx| 0
[100] CM-SM Low retention MTJs Low * ok ok ok No ok ok ok * ok ¥ * 0
Low TMR MTJs Low * %
[145] VM-NR Yes * *k 0 * K ko
Weak contact Low *ok
Weak contact, bridge, and short | High *ok
[107] CM-NW No *ok *k * 0
Pinhole Low *ok
[82] CM-NW BH Full ok No *ok *k *% 0
‘+’ means the relative level of each criteria. E.g., in test time criteria, ‘*’ means a very short test time while ‘*  * % *’ means a very long test time

7.4.3. SELECTION

We focus on selecting minimum DfT(s) to maximize the coverage of HtD faults and/or

faults requiring longer test time; these are faults caused by the unique defects (i.e., SAFE,

IM, and BH), as well as weak/small defects (i.e., weak bridges/shorts, small pinholes).
The content in Table 7.5 and 7.4 has led to the selection of DfTs in [82], [107], and

[76]. To detect BH, the DfT in [82] is the only choice, which guarantees full coverage of
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Table 7.6: Summarization of test solutions for each defect type.

March test DfT
March algorithm Coverage Method Coverage
Strong conventional defects | Eq. 7.1 Full Not necessary
Weak conventional defects | Eq.5.8 Larger ‘', higher coverage | Monitor read/write current [107], [145]-[150] See Tab. 7.5
Pinhole {1) (wh™; ¢ (rl)} [161] Full Monitor read/write current [107], [148], [149], [162] | Low
SAFF {8 (w1); 9 (w0,r0,w1)"} [87) | Low, depends on ‘n’ External magnetic field [128] Full
. Monitor read current, and
M Not available 0 Low, depends on ‘n’
apply {0 (w1,r1, w0,r0)"} [148], [149], [162]
Monitor write current,
BH {8 (w1,r1)"} [82) Larger ‘n, higher coverage Full
and add a flip-flop [82]

the faults caused by BH. To detect IM, the DAT in [76] is the only choice, even though it
does not fully cover this defect. This DfT also ensures a high coverage of weak conven-
tional defects; however, it is based on monitoring the read current (see Table 7.4), hence
only targeting weak conventional defects in the read path. To further include weak con-
ventional defects in the write path, we include the DfT reported in [107], which monitors
the write current. Notice that while applying March tests for SAFF results in a low cov-
erage, no DfT has been reported for the detection of this defect. For our use case, we
will test SAFF by using the proposed approach in [128] (i.e., ’enabling ATE’ of Table 7.4,
[127]); by applying a pre-defined external magnetic field to perform write operations,
defective cells will flip while healthy cells will remain in their state.

In our test chip, we included only the DfT functionality as described in [82] and [107].
Due to the tight deadline for the test chip tape-out, we were unable to incorporate the
DfT design from [76]. Since both integrated DfTs belong to the CM-NW class (see Ta-
ble 7.4), we decided to combine them into an optimized, flexible DT design that retains
the functionality of both while reducing the circuit area. The details of this design will be
explained next. The complete DfT consists of the functionality of DFT; (from [107]) and
DFT, (from [82]).

7.4.4. IMPLEMENTATION
In brief, the two DfTs are combined and attached to each WD, they require three digital
control signals for the DfT and n-bit digital configuration signals to select the reference
and provide two independent digital outputs. The DfT scheme is depicted in Fig.7.3.
Details of the WD and DfT block are presented in Fig.7.4. Fig. 7.6 shows the layout design
of one page, and Fig. 7.7 zooms in to show the layout design of the DfT part. The DfT
consists of four parts: 1) Cont.: the control part, 2) WD + DfT: the DfT is attached to each
WD, 3) Ref. gen.: the reference current generator, and 4) Output selector.

Next, we explain the main function of each part of the DfT scheme as shown in
Fig.7.3.

CONT.
The Cont. provides four types of control signals:
e The V,; connects to the Ref. gen., selecting the proper reference current. The struc-

ture of the reference current generator is similar to that in [175]. An n-bit current
generator can provide 2" different reference currents. The resolution (i.e., preci-
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Figure 7.3: DfT scheme.

sion) of the current generator depends on the state-of-the-art manufacturing pro-
cess for MOSFETs, in which the process variation must be considered.

* The DfT_m connects to the WD + DfT and the Output selector, switching between
test mode and regular mode. When this signal is ‘1’, the DfT is closed, as the switch
MOSFET (see Fig. 7.4) is turned on. Due to the channel resistance of the switch
MOSEFET being much smaller than that in the current mirror, the WD in this case
can be viewed as directly connected to the ground, rather than the WD. Simul-
taneously, the 2-bit Multiplexer (MUX) selects the signal from the SA as the final
output. In contrast, when this signal is ‘0’, the switch MOSFET is turned off, and
the STT-MRAM works in test mode.

* The DfT_rd connects to the Output selector, selecting which output of the two DfTs
is used as the final output. When this signal is ‘0’, it selects ‘outl’; when this signal
is ‘1’, it selects ‘out?’.

* The BH_c connects to the WD + DfT, which is the initialization for BH testing, de-
tails see chapter 6.

WD + DFT
The WD + DfT is the combination of the WD and the two DfTs [82], [107], which is pre-
sented in Fig. 7.4 consists of five parts
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Figure 7.4: Structure of WD and DfT block.

* The basic WD, which is connected to the Vgg without DfT integration. With DfT
integration, the write current of both w0 and w1 flows to the DfT.

e The switch (i.e., a large-size MOSFET), which is controlled by DfT_m. In regular
mode, the DfT_mis ‘1’, and the WD directs connect to Vgs; In test mode, the DfT"_m
is ‘0’, the WD connects to the MOSFET is closed, and the write current flows to the
current mirror.

* The current mirror, which copies the write current.

* The current comparator, which compares the write current and a reference cur-
rent. The weak contact defect is detected if the write current is smaller than a
certain value.

» The BH flip-flop, which detects the MTJ state hopping during write operations

REF. GEN.

The Ref. gen. generates the reference current for the current comparator in WD + DfT,
the circuit design of which is shown in [175]. The reference current is shared by all DfT
blocks for each page, as presented in Fig. 7.6.

OUTPUT SELECTOR
The Output selector consists of 2 MUX, and connects to the DfI" m and the DfT _rd. Ta-
ble 7.7 presents the relationship between the control signal and the final output:

7.4.5. TEST FLOW

As shown in Fig.7.4, a current mirror copies the write current, which is then compared
with a reference current I,.¢. When the write current larger than I, the ‘outl’ ends in
Vpp (i.e., 1), otherwise the ‘outl’ ends in 0. If a 0w0 operation is applied, the ‘outl’ is
expected to end in ‘1’. However, if a defect, such as the contact defect OC2 (see Fig. 5.2),
reduces the write current, the ‘outl’ ends in ‘0’ On the contrary, a defect increases the
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Table 7.7: DfT configuration

DfT_m DT _rd | Final output
0 (test mode) 0 outl
0 (test mode) 1 out2
1 (regular mode) 0 SA_output
1 (regular mode) 1 SA_output

write current, causing the ‘outl’ ends in ‘1’ with a 1w1 operation, which ends in ‘0’ for
the defect-free case.

To detect BH, the pre-charge signal BH, is set to 0, forcing ‘out2’ to be ‘1. A 0w0
operation is applied, with ‘outl’ in ‘1’, then setting BH, to ‘1’ to turn off the correspond-
ing MOSFET. If the MT]J stays in ‘0’, ‘out2’ always keeps in ‘1. However, if BH occurs and
the MT]J hops to ‘1), ‘outl’ turns to ‘0’, switching ‘out2’ to ‘0’. Due to the feedback loop
between ‘out2’ and the input of the AND gate, ‘out2’ will stuck at ‘0’ even if the MT] hops
back to ‘0.

The following table presents the test function of the DfT:

Table 7.8: Input and output of the DfT

Operation | out; | out, | Result
0 - Detect weak short & bridge defect
1 - Pass
Owo
- 0 Detect BH
- 1 Pass
0 - Pass
lwl
1 - Detect weak open & bridge defect and small pinhole
‘-’ means unimportant

7.4.6. INTEGRATION

Fig. 7.5 presents the integration of the DfT, where cells of each column share the same
WD, SA, DT block, and the output select. The corresponding layout design is shown
in Fig. 7.6. The peripheral circuit is on the left, the DfT & the output selector is in the
middle, and the STT-MRAM array is on the right. The reference generator is included in
the square of ‘DfT’ in the picture The BUS is at below, which connects the control part
and the peripheral circuit/DfT. The chip has been sent out for tape out.

7.5. OVERALL TEST FLOW
In conclusion, the test flow of this chip follows three steps:

1. Applying March tests of Table 7.2 to detect EtD faults and potentially some HtD
faults.
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Figure 7.5: DfT integration to the STT-MRAM array.

2. Performing DfT to detect all HtD faults caused by BH, and increase the fault cov-
erage of HtD faults by pinhole, weak conventional defects that escaped from step

1.

3. Applying ATE enabled by the external magnetic field to ensure the detection of

HtD faults by SAFF that escaped from step 1.
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Figure 7.7: Layout design zooming in for the DfT part.



DIAGNOSIS OF MT] DEFECTS

Obtaining high-quality diagnosis solutions for STT-MRAMs is challenging due to the ex-
istence of unique defects in MTJs. While the DAT method has been put forward as an
effective approach mainly for detecting unique defecting STT-MRAMs, this chapter pro-
poses a further advancement based on the DAT framework, introducing the Device-Aware
Diagnosis (DA-Diagnosis) method. This method comprises two steps: a) defining distinc-
tive features of each unique defect by characterization and physical analysis of defective
MT]Js, and b) utilizing march algorithms to extract distinctive features. The effectiveness
of the proposed approach is validated in an industrial setting with real devices and data
measurements.

The content of this chapter is published in [176].

137
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Figure 8.1: Framework of STT-MRAM test and diagnosis development.

8.1. TARGETED DEFECTS

This chapter focuses on diagnosing unique defects in MT]Js, i.e., pinhole, Synthetic Anti-
Ferromagnet Flip (SAFF), Intermediate State (IM), and Back-hopping (BH) [66], [81],
[82], [87]. Beyond CMOS technology, which has undergone extensive refinement over
decades, the fabrication of STT-MRAMs introduces additional steps specific to MTJs, as
presented in Fig. 2.7. These include steps like deposition and annealing of magnetic ma-
terials, which remain less mature compared to well-established CMOS processes. As a
result, MTJ fabrication is more susceptible to various factors like temperature, leading to
unique defects that differ from conventional CMOS defects. Since these MT]J defects are
closely tied to these fabrication steps (see Fig. 4.7), diagnosing them effectively can aid
in yield learning and guide improvements in fabrication quality, ultimately enhancing
the reliability and performance of the STT-MRAM system.

In the presence of unique MTJ defects, certain performance degradations may re-
semble those caused by conventional defects such as transistor, interconnect, or contact
defects. For instance, the resistance reduction in defective MT]Js may be caused by pin-
holes or open defects. This faulty behavior overlap makes it a challenge to distinguish
MT]J defects from conventional defects. Any fault that could potentially be sensitized by
conventional defects cannot serve as a reliable indicator for diagnosing unique MTJ de-
fects. Instead, a more tailored diagnosis approach is required, one that accounts for the
distinctive characteristics of MTJ defects and their specific impact on device behavior.

To address this challenge, we propose the DA-Diagnosis methodology, specifically
designed for MTJ defects. Unlike traditional fault diagnosis, which primarily relies on
standard fault models [177], DA-Diagnosis integrates the physical mechanisms of MT]
defects into the diagnostic process. By leveraging knowledge of MTJ fabrication steps,
defect mechanisms, and the corresponding electrical and magnetic faulty behaviors, this
method enables a more accurate identification of unique defects.

8.2. DEVICE-AWARE DIAGNOSIS METHODOLOGY

The DAT is optimized to detect faults, yet does not provide the distinctiveness for defects.
For example, the March test algorithm designed for detecting Pinholes in [79] may detect
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other defects such as BH. In this work, we introduce the DA-Diagnosis process, a new
approach that identifies each defect through unique features and provides march-based
diagnosis solutions. As presented in Fig. 8.1 (b), the DA-Diagnosis method follows five
steps:

DEFECT CHARACTERIZATION

This step involves characterizing MT]Js. In this work, we apply three common measure-
ment methods: R-V measurement, R-H measurement, and WER extraction. For exam-
ple, measurement data for defect-free devices are presented in Fig. 8.2 (a) - (c), compared
with those for SAFF-defective devices in Fig. 8.2 (d) - (f).

DEFECT MODELING
This step designs models for manufacturing defects. In this work, we directly adopt de-
fect models from previous works [79], [81], [82].

FEATURE EXTRACTION

This step extracts the features of defective devices based on the characterization and
physical analysis. Here, features refer to the electrical or magnetic parameters that can
be extracted from the measurement data. All possible features from the various mea-
surement methods are extracted, as summarized in Table 8.1 in the next section. The
first three steps will be repeated for the four unique defects and all possible conventional
defects (by simulation).

UNIQUE FEATURE IDENTIFICATION

This step forms the feature dictionary by concluding all the features of both conventional
and unique defects. Distinctive features are then extracted for each unique defect. Here,
a distinctive feature refers to the parameter behaving uniquely to a specific defect, thus
allowing for the diagnosis. For example, the reversed R-H hysteresis loop direction (re-
versed Hy;,) extracted from the R-H measurement is the only distinctive feature of SAFE
as presented in Fig. 8.2 (b) and (e); while other measurements show the same features
for both SAFF-defective and defect-free STT-MRAM cells.

DIAGNOSIS PATTERN GENERATION

This step generates the diagnosis solutions to recognize distinctive features. Here, we
only apply the march-based diagnosis method, which is time-efficient and practical for
STT-MRAM arrays. Other methods, like device characterization and Physical Failure
Analysis (PFA), are not considered. Characterization methods for prototype MT]Js are
usually not practical for STT-MRAM arrays, such as the R-V measurement, where it is in-
feasible to directly extract the MT]J resistance from the structure shown in Fig. 2.3. PFA
methods, like TEM, are usually costly, time-consuming, and destructive [178]. The final
output of the DA-Diagnosis method is the march algorithm for diagnosing each unique
defect. If regular march algorithms cannot diagnose certain types of unique defects,
additional approaches are applied, like the external magnetic field. For example, the
march-based diagnosis for SAFF requires the external magnetic field, which is presented
as: {8 (w0); § (WOpexs); § (r0)}. This march algorithm consists of three steps: a) apply w0
to all devices for initialization, b) apply an external magnetic field for the whole chip to




140 8. DIAGNOSIS OF MT] DEFECTS

a) 6k F T T T T T ] b C T T T (o] T N I; T T T
(@) Reaiy) (AP state) (0) 6x R-H (Regular) © 1F coemerreryy .
S [ 1 €1 § ig ] I N )
| , ] 0
S L | kv | 1 811 @& ;g 1 xr o) T
i) \ Requl | ] E 1 H 1 E
® (Regular) b | dir '@ < i WER & ]
7} L ' d [0} o] A~
Q | o [ y , g 1 1wO0 Q
“ j « J—ﬁ - [(Regulan T
- 2k} . o
2k Reao) (0 state) ol o]
1 1 1 1 1 1 1 1 1 1 1 1 1
-1 1 3k 3k 04V 08V
Write pulse height (V) H (Oe) Write pulse height (V)
6k [ T T T T T
(d) (AP state) © o ruarm 10 [ ]
@ i T @ B EA 1 E% 7 B A 7
@ | 0)
et 4 § | B " H g 1 x F o) 4
T © dir w
k] % ! 8 = WER
e | {4 @ [ ! g [ | 1wo ]
14 J @ g g (SAFF)|
= L i
2k Reei(o) (O state) 2Kkr 1 ok < e} ]
1 1 1 1 1 1 1 1 1 1 1 1 1
1 o1 3k 3k 04V 0.8V
Write pulse height (V) H (Oe) Write pulse height (V)

Figure 8.2: Characterization of defect-free device: (a) R-V, (b) R-H, (c) WER; Same characterization of
SAFF-defective device: (d) R-V, (e) R-H, (f) WER.

perform the w0 operation, c) apply r0 operation to all devices (Details will be discussed
later).

Notice that the process variation does not affect unique features of defects, hence,
no impact on the diagnosis method.

8.3. APPLICATION

This section applies DA-Diagnosis for four targeted unique defects. The order we present
the four unique defects depends on their frequency of occurrence in our measure-
ment/test data (i.e., Pinhole, BH, SAFE IM).

8.3.1. DEFECT CHARACTERIZATION

In this step, we first perform the three measurement methods (i.e., R-V, R-H, and WER
extraction) on all the devices of 1 MB STT-MRAM cells; an example of results is shown
in Fig. 8.2 for SAFE Other measurement data is not shown to save space. On the other
hand, we extract the MTJ faulty behaviors in the presence of all possible interconnect
and contact defects through spice simulations, following the process in [141].

8.3.2. DEFECT MODELING

As device-aware defect models of the four targeted unique defects are reported in our
previous works [79], [81], [82], [87], we therefore make use of them directly.
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8.3.3. FEATURE EXTRACTION

In this step, we summarize all the features we extracted from the R-V, R-H, and WER mea-
surement data for the four unique defects as well as the interconnect & contact defects;
the results are reported in Table 8.1.

Table 8.1: Feature-dictionary of defects

R-V R-H
Reeli-o ‘ Reeli-1 ‘ Reeti-im | Hair WER
Pinhole | | NA NA NA
SAFF NA NA NA RD !
IM NA NA 1B NA 1
BH NA NA NA NA 1
Interconnects
& contacts ILb1,NA | |,1,NA NA NA 1,1, NA

Where the symbols used in the table are described below:

Reei—o | Cell resistance in state ‘0’

Reeli-1 Cell resistance in state ‘1’

Reer—1m | Cell resistance in intermediate state

Hyir R-H hysteresis loop direction

WER Write error rate

1 Increase
| Decrease
RD Reversed direction

NA Not affected

! Higher or lower depending on neighboring cells

1B Intermittent behavior

The last row presents all possible situations with the presence of interconnect and
contact defects; for instance, R..;;(0) may increase, decrease, or stay constant depending
on the nature of the interconnect and contact defects. As an example, Fig. 8.2 shows the
results for SAFE from which the corresponding features are extracted, and included in
Table 8.1.

8.3.4. DISTINCTIVE FEATURE IDENTIFICATION

This step extracts the distinctive features of each unique defect. A feature is considered
distinctive if it behaves uniquely within the column of Table 8.1. For example, the IB
of the R..;;—1p is identified as the distinctive feature for IM; yet the WER increasing (1)
is not a distinctive one, since this behavior is also observed in the presence of BH and
conventional defects. Consequently, the distinctive features of SAFF and IM can be di-
rectly derived from Table 8.1; Hy;, is the distinctive feature of SAFF (i.e., RD), and and
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Figure 8.3: (a) Unique feature identification for Pinholes, (b) Unique feature identification for BH, (c) SA
structure.

the R..;;— is the distinctive feature of IM (i.e., IB). However, for Pinhole and BH, there
is no distinctive feature that can be directly extracted from Table 8.1. Hence, there is a
need for ‘secondary features’ extraction to ensure distinctive features(s) for each unique
defect. Next, we present how we do this for Pinhole and BH:

PINHOLES

As presented in Table 8.1, the major feature of Pinhole is the reduced R.¢;;—g and Reejj—1-
However, other defects may also exhibit the same feature, like an interconnect defect be-
tween BL and SL of the cell. To identify the distinctive feature of Pinhole, we rely on the
aid of physical analysis. It has been demonstrated that the MgO of the Pinhole-defective
MT]J is vulnerable. When applying the stress test by repeating write operations, the MgO
of Pinhole-defective devices experiences further damage, thus further lowering the MTJ
resistance [161]. In contrast, the stress test has a negligible impact on the MgO of defect-
free MTJs, and on the MT]Js with other defects. Therefore, we define the distinctive ‘sec-
ondary feature’ as a(Rcei-1) = Reeli(measured)! Reell(defect—free), being the ratio of the
measured R..;; compared with that of a defect-free R..;; when MT]J in the ‘1’ state; «
refers to the ratio. Fig. 8.3 (a) compares a(R..;;—1) behaviors under the stress test for
pinhole-defective cells, a defect-free cell, and a cell with an interconnect defect. Clearly,
a(Rce11-1) of the Pinhole-defective cell decreases with more write cycles, yet a(Rgej7-1)
of cells with other defects remains constant.

BACK-HOPPING

As presented in Table 8.1, a high WER is the major irregular feature for BH, yet this is nota
distinctive one. Other defects, such as a contact defect between BL and the MT]J, can also
cause a high WER. Hence, the ‘secondary feature’ is necessary. Here, we extract the WER
with different write pulse heights. The ‘secondary feature’ is ‘a(WER)’, defined as how
WER changes with the write pulse height increasing. For BH-defective MT]Js, the range
of a(WER) is limited considering the MT]J state oscillation; when the write pulse height
increases, the WER undergoes only slight changes, without exhibiting extremely high or
low values. In contrast, the WER of MTJs with other defects will either approach 100% or
0% with the increase of write pulse height. Fig. 8.3 (b) compares a(W ER) behaviors of
a BH-defective cell, a defect-free cell, and a cell with a contact defect. Clearly a(Rg¢;;-1)
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increases a bit for the BH-defective cell, but it decreases dramatically and eventually
closes to 0 for the cell with a contact defect. Notice how WER changes with write pulse
depends on various factors like the BH defect strength [32].

8.3.5. DIAGNOSIS-PATTERN GENERATION

This step generates the diagnosis patterns. The final output of this step is a set of march
algorithms that can be practically performed on industrial STT-MRAM chips. Next, we
present how to design the algorithm for each targeted unique defect. Table 8.2 summa-
rizes the result of this section, which will be explained next.

Table 8.2: Conclusion of diagnosis for unique defects.

. Related steps in . . .
Defect Mechanism STT-MRAM fabrication Unique feature Diagnosis patterns
. Physical imperfections in MgO or FL deposition, i
Pinholes MgO or FL/MgO interface [179] annealing [179] @(Reer-1) {0 twr,r’y
SAFF PL magnetization reversed(87] Unknown Hyir {II (w0); § (WOHexn); (rO)}
IM Non-unified FL [180] Unknown Pim {8 (wo,r0, w1, r1)i}
1.{0 (w0, r0)7}
BH RL instability [80] PL deposition [80] a(WER) 2. adjust write pulse
3.{0 (wo,r0)'}
PINHOLES

While a(R..;;—1) serves as the distinctive feature of Pinhole, the STT-MRAM cell resis-
tance cannot be directly extracted through the STT-MRAM array. For example, we utilize
the march algorithm: {{ (w1, 1) } to diagnose Pinhole, indicating repeating w1 and r1
operations for ‘i’ times, where i = 30 according to our measurement. The effectiveness of
this march algorithm depends on the SA structure and the defect strength (i.e., Pinhole
area [79]). Our work applies the regular SA as given in Fig. 8.3 (c). If Reey = Ryef, then
SA gives ‘1’, otherwise ‘0. For the two Pinhole-defective devices depicted in Fig. 8.3 (a),
only device-A can be diagnosed; the read operations initially provide correct results, fol-
lowed by incorrect results, with repeating write operations. Yet, if the Pinhole-defective
Reeyy is initially lower than R;.r (e.g., device-B), read operations initially provide wrong
results, making it impossible to distinguish between Pinholes and other defects. Apply-
ing multiple reference resistors in the SA, such as in [161], may diagnose a broader range
of Pinholes, but it never guarantees to diagnose all Pinholes.

BACK-HOPPING

a(WER) is the distinctive feature of BH; it can be extracted from the STT-MRAM array
in three steps: a) Set up the write pulse height V), properly (i.e. spec); b) Apply march
algorithm {1} (w0, ro)? }, where ‘i’ depends on the targeted WER; c) Repeat the two steps
above yet with VIQ = 2V,. The BH is diagnosed if read operations provide wrong results
in both steps b) and c). Notice that we can also adjust #, rather than V), for BH diagnosis.
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Hg;, is recognized as the distinctive feature of SAFE However, the R-H measurement
cannot be applied to regular STT-MRAM arrays, since the STT-MRAM cell resistance
cannot be directly extracted. Hence, we apply the following algorithm to observe Hy;,
: {0 (w0); § (WO pexs); § (r0)}. This march algorithm consists of three steps: a) apply w0
for initialization, b) apply an external magnetic field, and c) apply 0 to detect the final
state. In the presence of SAFE the state of the faulty cell will flip to ‘1’; hence diagnosis is
guaranteed.

INTERMEDIATE STATE

Rece11-10 is recognized as the distinctive feature of IM. However, detecting Rcejj—1p iS
limited by the SA circuit. The SA applied in this work (Fig. 8.3 (c)) can only detect two
states, and R..;;_p Will be read either as ‘0’ or as ‘1. Hence, IM can never be detected
or diagnosed. To overcome this limitation, multiple reference resistors are required for
the SA. For example, the results presented in Fig. 8.4 are obtained by such SA utilizing
two reference resistors to detect three states: ‘0’, ‘1, and ‘U’, representing the interme-
diate state. However, it is important to note that other defects, such as the interconnect
defect between BL and SL, may also cause the defective STT-MRAM cell state to be lo-
cated in the ‘U’ range (see Fig. 8.4). Therefore, diagnosing IM requires the detection of
all three states. To achieve this, we employ the march algorithm: {{ (w0, r0, w1,r1)'},
where i = 10 according to our measurement. Notice IM has an intermittent behavior.
In the presence of contact or interconnect defects, the read operations will result per-
manently in ‘U, 1’ or in ‘0, U’. However, in the presence of IM, the read operations will
result most of the time in ‘0, 1’, and intermittently in ‘U, 1’ or ‘0, U’. Hence, the difference
between read values will distinguish contact & interconnect defects from IM.

8.4. CONCLUSION

DA-diagnosis provides an effective method for accurately identifying most of the unique
defects. Once the defect type is determined, it becomes possible to trace it back to spe-
cific fabrication steps, aiding in yield learning and process optimization.

However, some defects remain challenging to identify. For instance, pinhole defects



8.4. CONCLUSION 145

with high defect strength exhibit no unique features. Additionally, the diagnosis process
can be time-consuming for certain defects. For example, diagnosing a BH defect requires
at least extracting WER twice, which is significantly more time-intensive compared to a
standard March test (e.g., Eq. 7.1). To balance accuracy and efficiency, a two-step ap-
proach is recommended: first, detecting defects and providing an initial evaluation of
possible defect types; then, DA-diagnosis is applied selectively to precisely identify the
defect type. This strategy significantly improves diagnostic efficiency while maintaining
accuracy.







CONCLUSION

9.1. SUMMARY

Chapter 1: Introduction

This chapter serves as an introduction to this thesis. First, it provides an overview
of emerging memory technologies, introducing different types of emerging memories.
Then, it focuses on MRAMs, briefly describing the MRAM mechanism and different
types of MRAMs, followed by an introduction to memory testing philosophy covering
both traditional memories and emerging memories. Next, we outline the key research
topics of this thesis, including defect modeling, fault analysis, high-quality test design,
and MRAM defect diagnosis. Additionally, it highlights the contributions of the thesis,
which include testing strategies for both conventional and unique defects, as well as the
STT-MRAM dedicated diagnosis. Finally, the chapter concludes with an overview of the
thesis organization.

Chapter 2: STT-MRAM technology

This chapter provides a comprehensive introduction to STT-MRAM technology, begin-
ning with a detailed explanation of the MT]J structure and its working mechanism, which
form the foundation of data storage and switching behavior in STT-MRAMs. It then in-
troduces the structure of the 1T-1MTJ cell as the fundamental block of STT-MRAM ar-
rays, followed by an exploration of the array organization and architecture, discussing
how memory cells are interconnected and accessed. The chapter further examines the
design and functionality of peripheral circuits, which are essential for enabling efficient
read and write operations while ensuring memory performance and reliability. After-
ward, it delves into the fabrication process of STT-MRAM. The discussion then extends to
MTJ compact modeling, explaining how accurate models are developed and applied in
conjunction with peripheral circuits to optimize memory design and performance eval-
uation. Finally, the chapter provides an outlook on the future prospects of STT-MRAM:s.
Chapter 3: State of the art in STT-MRAM testing

This chapter presents the state of the art in STT-MRAM testing, providing a comprehen-
sive overview of existing methodologies and advancements. It begins by introducing the
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framework of test design in STT-MRAMs, outlining the key steps and strategies involved
in ensuring high-coverage test solutions. Next, it discusses defect classification, distin-
guishing between conventional and unique defects while exploring their modeling ap-
proaches. The chapter then examines fault classification and modeling, addressing both
conventional and unique faults and their corresponding faults (i.e., impact on memory
performance). Finally, it delves into test generation techniques, highlighting how to de-
sign a high-efficiency test methodology while ensuring fault coverage.

Chapter 4: Testing of transistor, contact, and interconnect defects in STT-MRAMs
This chapter explores the testing of transistor, contact, and interconnect defects, which
are considered conventional defects in STT-MRAMs. It begins with defect modeling,
providing a complete defect map to categorize various defect types. Next, it examines
fault modeling, analyzing the impact of data background, distinguishing between dy-
namic and static faults, and considering the effects of MTJ intrinsic stochasticity and
process variation. The analysis reveals that static and intermittent faults are observed,
while no dynamic faults are present. Finally, the chapter discusses test generation strate-
gies aimed at minimizing test time while achieving high fault coverage, noting that static
faults can be fully covered using March tests, whereas dynamic faults necessitate the use
of DfT techniques.

Chapter 5: Testing of MT] defect in STT-MRAMs

This chapter provides a thorough examination of the testing of MTJ defects in STT-
MRAMs, starting with an overview of the existing unique defects that occur in MTJ struc-
tures and their corresponding test solutions. The chapter then focuses on the introduc-
tion of a new unique defect, BH, and explores the defect and fault modeling techniques
used to analyze the faulty MTJ behavior in the presence of BH. Afterward, it presents
test development for BH, including March tests and DfT approaches. The last part of
this chapter is dedicated to the application of external magnetic fields in testing MTJ de-
fects, demonstrating how this technique enhances defect coverage for SAFF testing and
reduces test time for BH testing, thereby improving overall testing efficiency.

Chapter 6: Testing STT-MRAMs: from defects to test chips

This chapter presents a comprehensive test development approach for STT-MRAMs,
spamming from defect analysis to test generations, ultimately creating a robust test
structure for industry-grade STT-MRAM chips. It begins by targeting defects that need to
be tested in STT-MRAM, followed by examining the faults associated with these targeted
defects. Following this, it explores the use of March tests for detecting derived faults. A
significant portion of the chapter is dedicated to reviewing existing DfT techniques, clas-
sifying them, and evaluating the effectiveness of each DfT. Finally, the chapter discusses
how to select and integrate the most suitable DfTs into the STT-MRAM array to ensure
efficient and reliable testing at the industry level.

Chapter 7: Diagnosis of MT]J defects

This chapter explores the diagnosis of MTJ defects, introducing the DA-Diagnosis
method as an effective approach for identifying and analyzing MTJ defects in STT-
MRAMs. It begins by presenting the methodology, which consists of three key steps: de-
fect characterization and modeling to understand defect behavior, feature extraction to
identify distinguishing signatures, and diagnosis-pattern generation to enable efficient
defect detection. Finally, the chapter demonstrates the application of the DA-Diagnosis
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method to four MTJ defects, presenting the generated diagnosis patterns and discussing
their effectiveness.

9.2. FUTURE RESEARCH DIRECTION

Ensuring the quality and reliability of commercial STT-MRAMs requires effective solu-
tions for defect detection. In this thesis, we presented a systematic and comprehensive
methodology for developing high-quality test and diagnosis strategies for STT-MRAMs.
Future research should focus on the following key directions:

ADVANCED CHARACTERIZATION AND MODELING OF MRAM DEFECTS

Future research is crucial to move beyond the current subset of known STT-MRAM de-
fects. The focus must be on developing advanced, high-resolution physical and electri-
cal characterization techniques to discover and analyze all possible unique MTJ defects.
This requires not only finding new failure mechanisms but also precisely modeling their
impact on device performance, variability, and long-term reliability. Research should
leverage advanced statistical analysis and machine learning to correlate manufacturing
process variations with specific defect signatures. The ultimate goal is to create a com-
prehensive defect catalog and corresponding physics-based compact models that allow
for highly accurate circuit-level simulation and complete test coverage to guarantee the
highest outgoing product quality.

EXPANDING THE APPLICATIONS OF DAT

While the Device-Aware Test (DAT) approach has shown impressive versatility across
various emerging memories (STT-MRAMs, SOT-MRAMs, FeFETs, RRAMs), future work
should concentrate on formalizing the device-aware framework into a standardized
methodology. This involves developing systematic procedures for translating the intrin-
sic physical characteristics and failure modes of any new memory technology into ef-
fective test and diagnosis patterns. Research should explore applying the DAT principle
to system-level reliability assessment, not just cell-level testing, by integrating device-
aware fault models into system-on-chip test structures.

DEFECT REPAIR

Future work should focus on developing effective and efficient defect repair mechanisms
to enhance STT-MRAM yield and lifetime. This involves exploring both physical redun-
dancy techniques at the chip level, such as utilizing spare rows and columns that can be
switched in upon defect detection, and architectural or algorithmic approaches like ECC
that can mask a limited number of faults. A significant challenge is integrating these re-
pair capabilities seamlessly without overly impacting performance or power consump-
tion, especially given the density and unique failure modes of MRAM cells. Research
should also investigate in-situ repair or annealing techniques that could potentially mit-
igate certain types of reversible defects post-manufacturing.

READ/WRITE SCHEME IMPROVEMENT
Future work should focus on developing effective and efficient defect repair mecha-
nisms to enhance STT-MRAM vyield and lifetime. This involves exploring both physical




150 9. CONCLUSION

redundancy techniques at the chip level, such as utilizing spare rows and columns that
can be switched in upon defect detection, and architectural or algorithmic approaches
like error-correcting codes (ECC) that can mask a limited number of faults. A signifi-
cant challenge is integrating these repair capabilities seamlessly without overly impact-
ing performance or power consumption, especially given the density and unique fail-
ure modes of MRAM cells. Research should also investigate in-situ repair or anneal-
ing techniques that could potentially mitigate certain types of reversible defects post-
manufacturing.

RELIABILITY

A major direction for future research is a deep dive into the long-term reliability chal-
lenges of STT-MRAMs. This includes comprehensive studies on wear-out mechanisms
such as time-dependent dielectric breakdown in the tunnel barrier, cycling endurance
limits, and retention degradation under various operating and storage conditions. Re-
search needs to develop accelerated testing methodologies that accurately predict de-
vice lifetime in real-world applications. Furthermore, the impact of process variations
and scaling on reliability needs to be thoroughly characterized, necessitating the devel-
opment of advanced physics-based models that can simulate and predict failure rates
across different technology nodes.

YIELD LEARNING

Future research on yield learning should focus on closing the loop between defect de-
tection/diagnosis and manufacturing optimization. This involves developing advanced
data analytics and machine learning techniques to process the massive amounts of data
generated from the developed test and diagnosis strategies. The goal is to rapidly iden-
tify the root causes of yield loss, linking specific defect signatures (e.g., as provided by
the DAT approach) back to particular process steps or equipment issues in the fabrica-
tion line. This effort requires creating a holistic yield learning framework that provides
actionable insights, enabling quicker iteration cycles for process refinement, thereby ac-
celerating the time-to-market for high-quality commercial STT-MRAM products.

AI-DRIVEN MRAM TESTING

Future research must focus on integrating Artificial Intelligence and Machine Learning
techniques to revolutionize STT-MRAM testing and diagnosis. The sheer complexity and
volume of test data generated by advanced nodes, especially concerning statistical vari-
ations and unique defect modes, make traditional rule-based testing increasingly ineffi-
cient. Research should concentrate on developing smart, adaptive test algorithms that
can learn from historical failure data to optimize test pattern selection, significantly re-
ducing test time and cost. Furthermore, Al models should be used for predictive diagno-
sis—identifying subtle defect signatures that precede catastrophic failure—and for root
cause analysis, linking complex electrical test results directly back to specific process
variations with greater accuracy than human experts or conventional methods. This
Al-driven approach will lead to higher test coverage with fewer test vectors, marking a
paradigm shift toward truly autonomous and high-quality MRAM manufacturing.
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