<]
TUDelft

Delft University of Technology

Electrical Modeling of STT-MRAM Defects

Wu, Lizhou; Taouil, Mottaqiallah; Rao, Siddharth; Marinissen, Erik Jan; Hamdioui, Said

DOI
10.1109/TEST.2018.8624749

Publication date
2018

Document Version
Final published version

Published in
International Test Conference - Proceedings

Citation (APA)

Wou, L., Taouil, M., Rao, S., Marinissen, E. J., & Hamdioui, S. (2018). Electrical Modeling of STT-MRAM
Defects. In International Test Conference - Proceedings (pp. 1-10). Article 3.2 IEEE.
https://doi.org/10.1109/TEST.2018.8624749

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1109/TEST.2018.8624749
https://doi.org/10.1109/TEST.2018.8624749
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Abstract—Spin-transfer-torque magnetic RAM (STT-MRAM)
is one of the most promising emerging memory technologies.
As various manufacturing vendors make significant efforts to
push it to the market, appropriate STT-MRAM testing is of
great importance. In this paper, we demonstrate that conventional
STT-MRAM defect modeling, which is based on linear resistors,
is too pessimistic in representing the real nature of physical
defects. It may result in incorrect fault models, which in turn
can lead to low-quality test solutions. In addition, we propose a
generic defect modeling methodology which captures the non-
linear behavior of STT-MRAM defects accurately; a defect
is modeled by adjusting the affected STT-MRAM technology
parameters. The methodology is illustrated by two examples,
namely a pinhole defect and a sidewall redeposition defect,
which are simulated for accurate fault modeling. In case of a
pinhole defect, the STT-MRAM suffers from a fast transition
between magnetic tunnel junction (MTJ) states with increased
write current, making the MTJ more vulnerable to breakdown.
However, with the conventional linear resistor as defect model
the memory shows a slow transition or even a transition failure.
Similarly, a sidewall redeposition defect causes a fast transition
without current elevation, which is not observed when using the
conventional approach.

I. INTRODUCTION

As the downscaling of CMOS memory technology contin-
ues, existing memory types become increasingly power hungry
and less reliable, while their fabrication becomes more expen-
sive due to increased manufacturing complexity. Therefore, ex-
tensive R&D efforts focus on emerging non-volatile memories
(NVMs) as alternative memory technologies [1-4]. Among
NVMs, STT-MRAM stands out with many attractive features
such as nearly unlimited endurance, zero standby leakage, and
high density [5]. Nevertheless, several obstacles still need to
be addressed before high-volume production can start. Firstly,
the manufacturing process of STT-MRAM involves not only
standard CMOS processing steps, but also MTJ fabrication
and integration. The latter is subject to new manufacturing
defects which have not been fully investigated to date [6].
Secondly, new failure mechanisms (e.g., magnetic coupling,
STT switching stochasticity) [7], due to the introduction of
new materials as well as novel physical phenomena, may
lead to manufacturing yield loss or test escapes [8]. Hence,
providing correct fault models, which enable the development
of efficient test algorithms and/or Design for Testability (DfT),
is of great importance. As fault models are typically abstracted
from defect injection and circuit simulation, inaccurate defect
modeling may lead to incorrect fault models. This in turn
results in low-quality tests and/or DfT solutions, which cannot
guarantee a low test escape rate, even with a high fault
coverage claim. Hence, accurate defect modeling is needed
as a critical and crucial step.
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There are several papers on MRAM fault modeling and
testing [9—15]. In [9], the authors injected ideal resistive shorts
and opens into the SPICE model of an MRAM cell and sub-
sequently identified two fault models: multi-victim and kink
faults. Similarly, the authors in [10] and [11] performed circuit
simulations to analyze the faulty behavior of resistive-open
defects and write disturbance faults, respectively. Recently,
Yoon et al. studied functional faults in STT-MRAM arrays
induced by resistive and capacitive defects occurring both
intra-cell and inter-cell, as well as extreme process variation
[12—15]; they also proposed a test algorithm and its built-in-
self-test implementation. However, the limitation of all these
prior publications is that they are based on circuit simulations
with resistive defect injection (i.e., shorts, bridges, and opens);
these resistive defects do not have any link to the actual
physical STT-MRAM defects. The MTJ device is a non-
linear bipolar device of which its magnetic attributes (e.g.,
hysteresis loop) are as critical as its electrical ones. As a
consequence, having linear electrical resistors represent the
STT-MRAM physical defects does not appropriately model
the physical effects on the MTJ’s magnetic attributes, STT
switching mechanism, and tunneling magneto-resistance.

In this paper, we provide a methodology for accurate and
appropriate physical defect modeling. It models the STT-
MRAM physical defects by modifying the affected technology
parameters of the MTJ device (e.g., the resistance-area (RA)
product, the tunneling magneto-resistance ratio (TMR), and
the anisotropy field (Hy)). To the best of our knowledge,
this is the first paper from a test perspective that accurately
models and simulates STT-MRAM-specific defects instead of
using ideal linear resistive shorts, bridges, and opens. The
contributions of this paper are as follows.

o We demonstrate that conventional defect modeling based
on resistive defect injection is too pessimistic to accu-
rately present the physical defects at circuit level.

e We propose a generic defect modeling methodology
which captures the non-linear behavior of STT-MRAM
defects accurately.

o We apply this methodology to model and simulate the
pinhole and sidewall redeposition defects as examples.

o We provide an overview and classification of unique STT-
MRAM manufacturing defects.

The rest of this paper is organized as follows. Section II
provides a background on STT-MRAM technology. Thereafter,
an overview of STT-MRAM defects is presented in Section III.
Section IV elaborates the defect modeling methodology. Sec-
tions V and VI apply this methodology to model the pinhole

INTERNATIONAL TEST CONFERENCE 1



Energy

P state AP state

(Low R) (High R)
Free Layer (FL) ma| me |
Tunnel Barrier (TB)
mnT me ]
Pinned Layer (PL)

0° 90° 180°
Angle between mg_and mp(6)

(a) (b)
Fig. 1. (a) PMA-MTJ device, and (b) Energy barrier between P and AP states.

and sidewall redeposition defects, respectively. Finally, Sec-
tion VII discusses and concludes this paper.

II. STT-MRAM BASICS

STT-MRAM is considered as the second generation of
MRAM technologies [16], as it leverages spin-transfer torque
to efficiently switch between the binary magnetic states. It
offers an integration density as high as DRAM and potentially
matches the performance of SRAM. Therefore, STT-MRAM
can serve as last-level caches in the short term and is seen as
a leading candidate to be a universal memory in the long run
[17]. In this section, we will first introduce the organization
of the MTJ device which is the core building block of STT-
MRAM. Thereafter, we will briefly explain several concepts
related to MT]J states and STT switching mechanism, followed
by the common 1T-1MTJ cell design.

A. MTJ Organization

The magnetic tunnel junction (MTJ), the fundamental build-
ing block of MRAMs, essentially consists of two ferromag-
netic layers sandwiching an extremely thin insulating spacer
layer, as illustrated in Fig. 1(a). The top ferromagnetic layer is
called free layer (FL) and is responsible for storing the binary
information. This layer is often made of CoFeB material; its
thickness is typically ¢{p,=1.5nm [18]. The magnetization
of FL points along its intrinsic easy axis and may flip by
applying a spin-polarized current through it. The MTJ can be
in-plane magnetic anisotropy (IMA) if the easy axis lies in the
horizontal cross-section, or perpendicular magnetic anisotropy
(PMA) if along the vertical cross-section [16]. PMA-MTlJs
offer many benefits over IMA-MTlJs [5], including: 1) the
shape of the MTJ is no longer critical, thus removing a signif-
icant bottleneck to technology downscaling; 2) the switching
current to reverse the MTJ’s state is considerably reduced.
Therefore, we limit our discussion on PMA-MT]Js. The bottom
ferromagnetic layer, referred to as pinned layer (PL), is used
to provide a stable reference direction to the magnetization
of the FL; it typically has a thickness of ¢pr,=2.5nm [18].
Although made of CoFeB as well, the PL anisotropy energy
is large enough to avoid switching during operations. The
spacer layer in the middle is called tunnel barrier (TB); it
serves as an insulating non-magnetic spacer between the FL
and PL. In case the TB layer is very thin (typically to x=1nm
[18]), quantum-mechanical tunneling of electrons through the
barrier makes the MTJ behave like a resistor, whose resistance
depends exponentially on the barrier thickness.
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B. MTJ Binary States And STT Switching

The resistance of the MTJ is low when the magnetization
directions in FL and PL are parallel (P) and high when
anti-parallel (AP). These two binary magnetic states enable
the MTJ device to store a single bit. The MTJ resistance
is generally derived from a parameter called resistance-area
(RA) product; RA can be measured by specific characteri-
zation techniques such as current-in-plane tunneling (CIPT)
and conducting atomic force microscopy (CAFM) at various
processing stages [19], typically in the range of 5-15 Q-um?.
The resistance difference between the P and AP states is
caused by the runneling magneto-resistance (TMR) effect
[20-22]. The TMR effect means that the good band matching
in the P state leads to large tunneling conductance of the
barrier, while the poor band matching in the AP state results
in less electrons tunneling through the barrier. To qualitatively
evaluate the TMR effect, the TMR ratio is widely adopted.
It is defined by: TMR = (Rap — Rp)/Rp, where Rpap and
Rp are the resistances in AP and P states, respectively. The
higher the TMR, the easier it becomes for sense amplifiers to
distinguish the magnetic states correctly. For commercially-
feasible STT-MRAM products, a minimum 7TMR ratio of
150% is required [16]. Rp can be physically modeled as
[23,24]:

tOX
T VoA

where @ is the potential barrier height of MgO, A = %wdQ
the horizontal cross-section of the MTJ device. C'; and Cy are
fitting coefficients depending on RA product as well as the
material composition of the MTJ layers. Given a TMR ratio,
Rap can be approximately calculated by:

Rp exp(Cs “ tox - V@) (1)

Rap = Rp - (1 + TMR) )

In order to switch between the AP and P states, a spin-
polarized current is applied across the MTJ device to reverse
the magnetization of FL by the spin-transfer torque (STT)
[16,25,26]. The minimum energy required for a write operation
should be larger than the energy barrier (Ep) between P and
AP states. Fig. 1(b) illustrates the two states and Eg, which
is given by [5]:

_ o trL- M- A - Hy
2

where o is the vacuum permeability, M, the saturation
magnetization, and Hy the magnetic anisotropy field. The
magnetization dynamics in the STT switching process can be
modeled by the Landau-Lifshitz-Gilbert (LLG) equation under
the macrospin assumption of the FL nanomagnet [27-29]. By
solving the LLG equation, the following expression for the
critical switching current (I.) is derived [30]:

'ye
T _E 4
ps - g(P,0) " @

where « is the magnetic damping constant, « the gyromagnetic
ratio, e the elementary charge, pup the Bohr magneton, and

Egp 3)

I. =2«
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Fig. 2. Write and read operations of 1T-1MTJ cell.

g(P,0) a function of the spin polarization (P) of the tunnel
current and the angle (6) between the magnetizations of the
FL and PL [23]. Apart from the requirement of write current
amplitude, the STT switching behavior necessitates a mini-
mum duration of current application. The average switching
time (t,) is given by [23,26]:
1 - 2 ,uBP I
tw C+In(Z22) e-m(1+ P?) marem

4
Imargin =TI, -1

®)

(6)
Ep

where C~0.577 is Euler’s constant, A= T the thermal sta-
bility, P the spin polarization of FL and PL, e the elementary
charge, m the FL magnetization, [, the write current. Equa-
tion (5) indicates that the actual switching time is inversely
correlated with the write current magnitude. The higher the
write current, the faster the magnetization switching.

In summary, RA, TMR, ¢, My, and H) are critical tech-
nology parameters of MTJ device; these may be impacted
by physical defects. At electrical level, these parameters will
influence the four electrical parameters that determine the MTJ
behavior; these are Rp, Rap, I., and t,.

C. IT-IMT]J Bit-cell Design

The 1T-1MTJ bit-cell design is the most widely-adopted cell
design, comprising an MTJ device connected serially with an
access transistor [31,32], as shown in Fig. 2(a). The MTJ in
this structure serves as a resistive storage element, while the
access transistor, typically NMOS, is responsible for selective
access. The NMOS gate is connected to a word line (WL),
which determines whether a row is accessed or not. The other
two terminals are connected to bit line (BL) and source line
(SL), respectively. They control write and read operations on
the internal MTJ device depending on the magnitude and
polarization of voltage applied across them.

Fig. 2(b)-(d) show the three basic operations: write “0”,
write “1”, and read. During a write “0” operation, WL and
BL are pulled up to Vpp and SL is grounded, thus leading to
a current (/) flowing from BL to SL. In contrast, a write
“1” operation requires the opposite current through the MTJ
device with WL and SL at Vpp, and BL grounded. In order to
avoid write failures, write currents in both directions should
be greater than the critical switching current /.. However, the
current during a write “1” operation (I,1) is slightly smaller
than during a write “0” operation (Iyo), due to the source
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Fig. 3. General manufacturing process of STT-MRAM.

degeneration of NMOS in write “1” operations [33,34]. For
read operations, a read voltage Vie.q is applied; it leads to a
read current (I,q) with the same direction as I to sense the
resistive state (AP/P) of MTI.

To avoid an inadvertent state change during read operations,
known as read disturb, 1,4 should be as small as possible;
typically I.q < 0.51. for MTJs with a thermal stability of A =
65 [35]. However, a too low I.q may lead to incorrect read
fault [36]. In general, the current magnitude relations must
satisfy: I;q < I, < Iy1 < Iyo. This is indicated by the widths
of the red arrows in Fig. 2. A read operation requires a sense
amplifier to determine the resistive state. The sense amplifier
may be implemented using a current sensing scheme, where
the read-out value is determined by comparing the current of
the accessed cell (Izon = I.q) with the current of a reference
cell (Lyer). The sensing result is logical “0” if Icen < Iyef;
otherwise, it outputs logical “1”.

III. STT-MRAM MANUFACTURING DEFECTS

The STT-MRAM manufacturing process mainly consists of
the standard CMOS fabrication steps and the integration of
MTJ devices into metal layers (e.g., between M4 and M5
layers [37,38]). Fig. 3(a) shows the bottom-up manufacturing
flow and Fig. 3(b) the vertical structure of STT-MRAM cells
[39]. Based on the manufacturing phase, STT-MRAM defects
can be classified into front-end-of-line (FEOL) and back-end-
of-line (BEOL) defects. As MTIJs are integrated into metal
layers during BEOL processing, BEOL defects can be further
categorized into MTJ fabrication defects and metalization
defects. All potential defects are listed in Table I. Next, we
will examine them in detail along with their corresponding
processing steps, with a particular emphasis on those intro-
duced during MTJ fabrication.

A. FEOL Defects

The first step of the STT-MRAM manufacturing process
is the FEOL process where transistors are fabricated on
the wafer. In this phase, typical defects may occur such as
semiconductor impurities, crystal imperfections, pinholes in
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TABLE I
STT-MRAM DEFECT CLASSIFICATION.

l

[ FEOL [ BEOL
l

Transistor fabrication | MTJ fabrication [ Metalization

l

Pinholes in TB

Extreme thickness variation of TB
MgO/CoFeB interface roughness
Atom inter-diffusion
Redepositions on MTJ sidewalls
Magnetic layer corrosion
Magnetic coupling

Material impurity
Crystal imperfection
Pinholes in gate oxides
Shifting of dopants

Open vias/contacts
Irregular shapes
Big bubbles

Small particles

gate oxides, and shifting of dopants [40,41]. These are the
conventional defects which have been sufficiently studied and
are generally modeled by resistive opens, shorts and bridges
[42-44].

B. BEOL Defects

After FEOL, M1-M4 metal layers are stacked on top of
the transistors followed by a bottom electrode contact (BEC),
as illustrated in the zoomed-in part of Fig. 3(b). M1-M4
metalization does not differ from traditional CMOS BEOL
steps. The BEC step is used to connect bottom Cu lines with
MT]J stacks [18,39]. During this phase, typical interconnect
defects may take place, such as open vias/contacts, irregular
shapes, big bubbles, etc. [42]. A related specific defect type
is provided in [39], where an open contact between the Cu
line and BEC has been observed with transmission electron
microscopy (TEM) due to polymer leftovers.

To obtain a super-smooth interface between the BEC and the
MT] stack, a chemical mechanical polishing (CMP) step is re-
quired. The smoothness of the interface between layers is key
to obtaining a good TMR value. CMP processing minimizes
the surface roughness with a root-mean-square average of 2A
[37]. At this stage, both under-polishing and over-polishing of
the surface can introduce defects. Specifically, under-polishing
causes issues such as orange peel coupling or offset fields
which affect the hysteresis curve, while over-polishing may
result in dishing or residual slurry particles that are left behind
[45].

After the CMP step, the next critical step is the fabri-
cation of the MTJ stack. The latest published MTJ design
includes more than 10 layers for performance reasons [46].
However, the increasingly sophisticated design of the MTJ
also makes it more vulnerable to manufacturing defects. For
example, pinholes in the tunneling barrier (e.g., MgO) could
be introduced in this phase [47]. A pinhole filled with CoFeB
material forms a defective high-conductance path across the
two ferromagnetic layers. It severely degrades the resistance
and TMR values, and may even lead to breakdown due to
the ohmic heating when an electric current passes through the
barrier [48]. Furthermore, the MgO barrier thickness variation
and interface roughness result in degradation of resistance and
TMR values as well. TEM images in [47] show that the MgO
barrier thickness varies from 0.86nm to 1.07 nm, leading to
a huge difference in resistance. In [18], a TMR degradation
was observed due to increased surface roughness caused by a
complicated inner synthetic anti-ferromagnetic (iSAF) pinned
layer design.
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After the MTJ stack deposition, annealing is applied to
obtain crystallization in MgO tunneling barrier as well as in
the CoFeB PL and FL layers [49,50]. At this stage, the PMA
originating from the MgO/CoFeB interface and TMR value
are strongly determined by the annealing conditions such as
temperature, magnetic field, and annealing time [49]. With
appropriate annealing conditions, the PMA can be consider-
ably enhanced, leading to higher thermal stability [50]. Under-
annealing can lead to lattice mismatch between the body-
centered cubic (bcc) CoFeB lattice and the face-centered cubic
(fcc) MgO lattice, whereas over-annealing introduces atom
inter-diffusion between layers. For example, oxygen atoms can
diffuse out of the MgO layer to the spacer layers, leaving
behind oxygen vacancies, thus severely degrading the TMR
value [51].

After MTJ multi-layer deposition and annealing, the next
crucial step is to pattern individual MTJ nanopillars [52].
Typically, ion beam etching (IBE) is widely used to pattern
MT]J nanopillars [53,54]. During the MTJ etching process, it
is extremely difficult to obtain MTJ nanopillars with steep
sidewall edges, while avoiding sidewall redeposition and mag-
netic layer corrosion [47]. The redeposition phenomenon on
sidewalls may significantly deteriorate the electrical property
of the MTJ device and even cause a barrier-short defect. In
order to mitigate the redeposition effect, a side-etching step
combined with the Halogen-based reactive ion etching (RIE)
and inductively-coupled plasma (ICP) techniques [55-57] is
needed by rotating and tilting the wafer. Nevertheless, other
concerns arise. For instance, the shadowing effect (limited
etching coverage at the lower corner of the MTJ profile
due to insufficient spacing between MTJs) [47,58] limits a
high-density array patterning, and magnetic layer corrosion
degrades the reliability of MTJ devices due to the non-volatile
chemicals attached to the CoFeB layers.

After the MTJ etch processing, encapsulation and CMP are
required to separate the MTJ pillars. Thereafter, these MTJ
pillars are connected to the top electrode contact, followed by
M5 metalization. The remaining steps of the manufacturing
process are the same as the BEOL of conventional CMOS
technology. Typical defects such open contact/vias, small
particles, etc. can occur in these steps.

IV. MODELING METHODOLOGY FOR
STT-MRAM-SPECIFIC DEFECTS

As already mentioned in the introduction, traditionally
researchers have been using resistive defects (i.e., shorts,
bridges, and opens) as electrical models to represent physical
defects for MRAM fault modeling [9,13,14]. However, none
of these publications above has provided a clear justification
on how real STT-MRAM physical defects can be modeled
as linear resistors. Inaccurate defect modeling may result in
poor fault models, thereby limiting the effectiveness of the
corresponding DfT. To accurately model the physical defects,
we propose a different defect modeling approach which cap-
tures the non-linear behavior of STT-MRAM physical defects
accurately.
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Fig. 4 illustrates the generic modeling flow for STT-MRAM-
specific defects, which can be described in three steps as
follows.

1) Physical defect analysis and modeling. Given a set
of physical defects D = {di,ds,...,dn} that may
occur during MTJ fabrication, each defect d; has to be
physically analyzed and modeled. The effect of defect
d; can be reflected by a change of the key MTJ-related
technology parameters: RA, TMR, ¢, Ms, and Hy
(see Section II). This results in effective technology
parameters that can be denoted as:

RAcq,i(Si) = fi(RAqgs, S) (7
TMR.g ;(S;) = gi(TMRgs, S;) ®)
Pett,i(Si) = ri(@ar, Si) )

M o ,i(Ss) = ki(Ms_at, Ss) (10)
Hi_or,i(Si) = hi(Hy_ar, Si) (11)

where f;, g;, i, k;, and h; are mapping functions
corresponding to defect d; (i€[1,n]). RAqs, TMRgs,
par, Ms_as, and Hy g are the defect-free technology
parameters. S; = {x1,xo, -,z } is a set of parameters
representing the size or strength of defect d;. It is worth
noting that each defect may impact one or more technol-
ogy parameters. For example, the pinhole defect mainly
impacts RA and TMR parameters; the defect size is
represented by the pinhole area Ay, (i.e., S; = {Apn}).
We will discuss this case in detail in the next section.
2) Electrical modeling of the defective MTJ device. In this
step, the impact of the updated technology parameters
from Step 1 on the electrical parameters is identified; it
reflects the way such defect d; influences the electrical
parameters of the MTJ device. This can be done for
example by updating the electrical parameters of the
defect-free MTJ model (e.g., the Verilog-A compact
model for PMA-MT]J in [23,59]). Note that the electrical
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parameters are the ones needed for accurate circuit
simulation for fault modeling. As discussed in Section II,
the key electrical parameters that determine the MTJ
electrical behavior consist of Rp, Rap, I, and t,, (see
Equations (1,2,4,5)). This step enables us to obtain a raw
defective MTJ model.

3) Fitting and model optimization. To validate the ef-
fectiveness of the defective MTJ model, it is crucial
to fit the defective model to measurement data of real
defective MTJ devices. If the behavior of the defective
model (either its physical or electrical parameters) does
not match the characterization data, the model or the
parameter adjustment is necessary until an acceptable
accuracy is obtained. Finally, we derive an optimized
defect-parameterized compact model for defective MTJ
devices.

The above developed electrical model for defective MTJ
devices enables accurate and appropriate defect injection and
circuit simulation for each defect d;. In the next two sections,
we will use the proposed methodology for two common
defects (the pinhole and sidewall redeposition [47]), not only
to illustrate the methodology, but also to show its superiority
in terms of defect modeling.

V. MODELING OF PINHOLES

In this section, we take the pinhole defect in the MgO barrier
of MTJ as an example to illustrate how our proposed defect
modeling methodology is applied. Thereafter, we simulate a
single 1T-1MTJ bit-cell with the injected pinhole defect and
compare our proposed model with the conventional resistive
defect model.

A. Defect Modeling

As already mentioned, the defect modeling consists of three
steps:

1) Physical defect analysis and modeling: As aforemen-
tioned in Section III, a pinhole defect d,}, in the MgO barrier
has a significant impact on the electron tunneling behavior,
which manifests itself as a degradation of RA and TMR
parameters [60]. Oliver et al. showed in [48,60] that pre-
existing pinholes in the insulating barrier of MTJ grow in
area over time as a consequence of Joule heating and/or an
electric field across the pinhole circumference. Therefore, if
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the pinhole is not detected, it might cause a breakdown over
time. The effective RA and TMR of MTJ with pinhole defects
comply with [60]:

A
RACH_ph(APh) = A(1—Apn) A-Apn (12)
RAgs + RApa
RA, Ayn) — RA
TMR.st on(Apn) = TMRgg - f;zhi(f _ph]){Abd bd - (13)

where A, €[0,1] is the normalized pinhole area with respect
to the cross-sectional area A of the MTJ device; Spn = {Apn }
in this case. RAqr and TMRy; are the defect-free MT)’s RA
and TMR parameters (i.e., when A, =0), respectively. RApq
is the resultant RA after breakdown of the MTJ device. Note
that the pinhole impact on the other technology parameters ¢,
Mg, and Hy is negligible [48].

We simulated the effective technology parameters in MAT-
LAB. We replaced the initial defect-free RA and TMR pa-
rameters with Equations (12-13) to observe how they change
with the pinhole defect. Fig. 5 shows the impact of pinhole
defects on the TMR and RA parameters; clearly the effective
RA (left y-axis) decreases exponentially with the pinhole area
when less than ~20% of the MTJ’s cross-section. This means
that the tunneling magneto-resistance dominates the MTJ
resistance for small pinhole defects. When A,y is larger than
20%, the resistance of the MTJ behaves like a metal resistor.
The TMR parameter (right y-axis) degrades in a similar way
with the normalized pinhole area as shown in Fig. 5. This is
because the pinhole defect introduces a competition between
the current going through the undamaged part (A — Apy) of
the barrier and the current going through the pinhole area, and
only the former accounts for the TMR effect [60].

2) Electrical modeling of the defective MTJ device: The
mapping from technology parameters to electrical parameters
(i.e., Rp,Rap, I, ty) is realized by a number of physical
models, which are mainly described by Equations (1,2,4,5).
For the defective MTJ model, we replaced the original RA
and T'MR parameters with the effective ones in Equations (12-
13). Thus, we obtained a pinhole-adjustable defective Verilog-
A PMA-MTJ model with an input argument Ap,. With this
model, we are able to evaluate how the pinhole defect impacts
the MTJ’s electrical behavior.
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Fig. 6(a) shows that the pinhole defect leads to a shrunk
R-V hysteresis loop, indicating that both write and read
operations are affected. As the hysteresis loop shrinks below
a certain threshold (depending on the pinhole area Apy), it
becomes impossible to distinguish between the two states,
leading to a stuck-at-fault (SAF). Fig. 6(b) illustrates that
the critical switching current /. gradually increases with A,
when less than ~80%. When larger than ~80%, I. increases
exponentially. The increase in /. results from the degradation
of spin polarization P due to the pinhole defect. This means
more current is required in order to switch the MTJ state.
However, it is worth noting that for Apy, larger than 10%
I. is not that important any more, since the MTJ behaves
as a SAF as we discussed previously. Fig. 6(c) shows the
effect of pinhole defects on the STT switching time t,. It
can be seen that ¢, decreases with Ay}, and stabilizes around
Apn = 10%. The decrease in t, is due to an increase in
the write current margin (see Equations (5-6)). Note that in
Equation (6), I. increases with the pinhole defect as shown
in Fig. 6(b). However, the write current increases faster, as
the MTJ resistance declines significantly with the pinhole
defect (see Fig. 6(a)). This indicates that the writability (write
latency) of MTJ is enhanced by pinhole defects. However,
it is worth noting that the increased programming current
also makes the MTJ device more vulnerable to a permanent
breakdown.

3) Fitting and model optimization: The above pinhole
defect model is consistent with measurement results of
fabricated MTJ devices with the Ta/PtMn/CoFe/Ru/CoFe/
AlO/CoFe/NiFe/Ta structure proposed in [60]. Although the
MT]J design in [60] is based on an AlOy tunneling barrier, the
model presented previously is also applicable to MTJ designs
with a MgO barrier. Note that the crystalline MgO barrier
provides a much higher TMR value than the amorphous AlOy
barrier [61]. Therefore, most recent MTJ designs adopt a single
MgO or double MgO structure [38,39,46]. Since we do not
have measurement data of the RA breakdown value RAypq
for the MTJ model of [59], we instead swept the pinhole
defect size Apy,. Without loss of generality, we set RApq to
0.2 Q-um? in our simulations to get a similar curve shape to
the one reported based on measurement data in [60].
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Fig. 7. 1T-1MT]J cell with our pinhole-adjustable defective MTJ model (left)
and conventional resistive defect model (right).

B. Comparison With Resistive Defect Model

Next, we compare three 1T-1MTJ cells: one with the defect-
free MTJ model, one with the proposed defective model, and
one with the conventional linear resistive defect model, as
illustrated in Fig. 7. The conventional resistive defect model
consists of the defect-free MTJ model and a parallel shunt
resistor. In order to facilitate the comparison between the
effects of the two pinhole models on write operations, the
equivalent resistances of the modeled defective MTJ devices
(marked with yellow rectangles in Fig. 7) are assumed to
be the same. This condition is met when the programming
current going through the NMOS transistors is the same (i.e.,
Ivri_pinhole = INMOS)-

Fig. 8(a) shows the transient simulation results of a write
“1” operation to the three simulated 1T-1MT]J cells for a write
current duration of 10ns. The defect-free cell undergoes a
P— AP transition after ¢,,=6.05ns. The programming current
for the defective cell based on our proposed defect model is
higher than that of the defect-free model as the pinhole defect
reduces Rp and Rap; see Fig. 6(a). This is the reason why
the switching time decreases to 3.65ns and 2.45ns for 1%
and 3% pinhole area, respectively. As the pinhole grows over
time, the increased programming current makes the MTJ more
vulnerable to breakdown.

In contrast, when using the resistive defect model, the pro-
gramming current going through the MTJ before switching is
smaller than that of the defect-free model (i.e., IMTJ_resistor <
InviTI normal). The switching time for the resistive defect
model with a 14.4k() shunt resistor, which has an equivalent
current to the 1% normalized pinhole area in our model,
increases to 9.17ns. It takes a longer time to switch as the
pinhole grows; a similar observation has been reported in [13].
When the shunt resistor equals to 4.8 k{2, which corresponds
to 3% normalized pinhole area in our model, a transition
fault occurs, as the MTJ state does not switch at all. This
is because the required STT switching time t,, is larger than
the write current duration 10ns, as a significant amount of
current bypasses the MTJ device through the shunt resistor.

Fig. 8(b) shows similar results for write “0” operations (i.e.,
AP—P transition). Here the programming current goes in an
opposite direction. It can be seen that using our proposed
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Fig. 8. Transient simulation of write operations on the 1T-1MTJ bit-cells with
ideal MTJ model, our proposed defective model (Ap, = 1%, Apn = 3%),

and resistive defect model ((a) R=14.4k2, R=4.8k2, and (b) R=15.4kS2,
R=5.2kQ).

defect model leads to a fast transition, while the memory cell
suffers from a slow transition when using the resistive defect
model. It is worth noting that the AP—P switching time is
smaller than the P—AP switching time for the same cell as
can be derived from Fig. 8(a) and 8(b), which is opposite to the
results obtained from device simulations; see Fig. 6(c). This
is because the source degeneration [33] of the access NMOS
in write “1” operations significantly limits the programming
current going through the MTJ device.

In summary, the above observations clearly demonstrate that
resistive defect models are not appropriate to do fault mod-
eling. Our proposed defect model, by contrast, captures the
non-linear behavior of STT-MRAM defects by adjusting the
affected technology parameters.

VI. MODELING OF SIDEWALL REDEPOSITION

In a similar way as for the pinhole defect, we will first pro-
pose an accurate electrical model for the sidewall redeposition
defect. Thereafter, we simulate a single 1T-1MT]J bit-cell with
the injected sidewall redeposition defect and compare it with
the resistive defect model.

A. Defect Modeling

1) Physical defect analysis and modeling: Sidewall rede-
position defects may be introduced during the MTIJ pillar

INTERNATIONAL TEST CONFERENCE 7
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Fig. 9. The impact of pinhole defect on the MTJ’s electrical parameters.

patterning step (see also Section III). For example, the authors
in [58] showed with TEM images that sidewall redeposition
during ion beam etching may cause shorts around the MgO
barrier. Similarly, the authors in [62,63] observed a degrada-
tion in TMR due to reactive ion etching. Sidewall redeposition
defects slightly differ from pinhole defects, as the redeposited
magnetic materials form a shunting current on the sides of the
MgO barrier, while the defect take place inside the barrier for
pinhole defects. Despite the difference, we can quantify the
effects of sidewall redeposition in a similar way as done for
pinhole defects; the effects on RA and TMR parameters can
be described by Equations (14) and (15), respectively.

1
RAetiraly) = ———— (14)
RAar RApq
RA.g » — RA
TMReg_ra(y) = TMRag - ;%fii;(g)RAbd bd (1)

where y€[0, 1] represents the strength of the sidewall redepo-
sition defect; its value depends on the defect location, defect
size, etching method, etc. In the worst case (i.e., y=1), the
tunneling barrier is shorted; this means that RA.g ,q Will be
close to RApq (as RAgr >> RApq) and TMReg vq ~ 0.

The influence of a redeposition defect on the free layer also
needs to be considered. Experimental results in [64] showed
that the sidewall redeposition on the free layer aggravates Hy,
thus facilitating the magnetization reversal in the free layer
[64]. We model this as:

Hy e_ra(a, z) = a® - Hy_qgt (16)

where Hy_g¢ is the defect-free Hy. a€]0, 1] is the normalized
Hy with respect to Hy 4¢ for the worst-case redeposition
defect, and z€[0,1] is a fitting parameter. The exact value
of a depends on the etching techniques and conditions (e.g.,
etching angle, time, and temperature); the lower a, the higher
the degradation of Hy. Thus, S;={y,a,z} for the sidewall
redeposition defect.

2) Electrical modeling of the defective MTJ device:
Several works [64,65] showed that a two-step etching process
is effective in eliminating the magnetic material redeposition
around the MgO barrier. In this case, y ~ 0, and therefore
the impact on RA and TMR parameters is negligible (see
Equations (14) and (15)). Therefore, we consider the two-step
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etching process as an example, since it causes less damage to
the MTJ device and therefore is preferable in practice. Fig.
9(a) shows how sidewall redeposition defects influence the R-
V hysteresis loop of an MTJ device for a=0.8. It can be seen
that the critical switching voltage reduces for both AP—P and
P—P transitions, whereas Rp and Rap are not affected by the
sidewall redeposion defects. This is because the reduced Hy
of the free layer makes the magnetization easier to flip, while
the degradation of RA and TMR is negligible as mentioned
before. Fig. 9(b) shows that the critical switching current I
decreases with the sidewall redeposition due to a lower energy
barrier between P and AP states (see Equation (3)). Fig. 9(c)
illustrates that the critical switching time ¢, also decreases due
to the sidewall redeposition defect, as the reduced I, leads to
a higher write current margin (see Equation (6)).

3) Fitting and model optimization: The above simulation
results of our proposed model for the sidewall redeposition de-
fects are consistent with the test results in [64]. Despite the fact
that the MTJ design (CAP/NiFe/AlOx/CoFe/Ru/CoFe/PtMn)
in [64] differs from our used PMA-MTJ model [59], the
observations of sidewall redeposition defect impact on the
MTJ’s parameters are generic. By adjusting the variables a
and z, our proposed defect model enables us to fit to a specific
MT]J design.

B. Comparison With Resistive Defect Model

Fig. 10(a) illustrates the transient simulations of write “1”
operations for 10ns on the three 1T-1MT]J bit-cells with the
ideal defect-free MTJ model, our proposed defective MTJ
model, and the conventional resistive defect MTJ model. The
solid green curve shows that the defect-free cell undergoes a
P— AP transition after ¢,, = 6.05ns. Since we assume that
a sidewall redeposition defect only degrades Hy due to the
two-step etching process, our model shows that the amplitude
of the write current is nearly independent from the defect.
Note that we already observed in Fig. 9(a) that the defect does
not impact the resistance in both AP and P states. However,
the switching time decreases to 5.63ns, 4.91ns, and 4.67 ns
for z = 20%, z = 60%, and z = 80%, respectively. These
results, however, cannot be obtained by the resistive defect
MTIJ model. The red curves (representing resistive defects)
in Fig. 10(a) show that the MTJ state does not switch for a
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Fig. 10. Transient simulation of write operations on the 1T-1MTJ bit-cells

with ideal MTJ model, our proposed defective model (2 = 20%, z = 60%,
z = 80%), and resistive defect model (R=100kS2, R=10k2, R=1kS).

parallel resistor R = 1k or 10k2; only if the resistor is very
high (100kS2), the MT]J state switches with longer switching
time compared to the defect-free cell. In addition, the current
through the MT]J is strongly dependent on the resistance value,
which is not the case for our model.

Similarly, Fig. 10(b) compares a write “0” operation using
the three MTJ models. When using the conventional resistive
defect, the memory cell suffers from a slow transition or even
transition failure. However, our proposed model leads to a fast
transition but without current elevation.

VII. DISCUSSION AND CONCLUSION

In this work, we have provided an alternative defect mod-
eling methodology to the conventional one which is simply
based on a linear resistor. By applying it to the pinhole
and sidewall redeposition defects, we have showed how our
approach outperforms the conventional approach in terms of
accuracy and dealing with the non-linear nature of the STT-

parameters and thereafter on the electrical parameters in order
to appropriately predict the fault behavior of the STT-MRAM.
However, providing accurate models requires also data and
measurements in order to tune them and make them match
the real world. Hence, for appropriate fault modeling for STT-
MRAM, different aspects are needed to be explored:

¢ Understanding of STT-MRAM physics and technology.

¢ Understanding of the physics of unique STT-MRAM
defect mechanisms, their occurrence probability, location,
etc. and how they influence the STT-MRAM physics.
Although there are several papers of applied physics
[48,58,60,65] looking at the physical behavior of STT-
MRAM manufacturing defects and their respective elec-
trical impact, but more work needs to be done in this
area.

o Understanding of how the STT-MRAM physical and
technology parameters influence the electrical parameters
and behavior.

¢ Collecting measurements/characterization data of (defec-
tive) STT-MRAM cells to calibrate the models, and iter-
ating on the models if needed to get the right matching.
Note that the occurrence of defects and their impact are
always dependent on processing technology. Therefore,
fitting and model optimization is vital to ensure the
accuracy of the defect models for a specific STT-MRAM
design and manufacturing process.

The interaction between the above different disciplines is
needed for efficient fault modeling; and this on its own is a
challenge. Clearly, the paradigm of fault modeling is changing
for emerging technologies such as STT-MRAM.
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