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Abstract—Understanding the defects in magnetic tunnel junc-
tions (MTJs) and their faulty behaviors are paramount for
developing high-quality tests for STT-MRAM. This paper char-
acterizes and models intermediate (IM) state defects in MTJs; IM
state manifests itself as an abnormal third resistive state, apart
from the two bi-stable states of MTJ. We performed silicon mea-
surements on MTJ devices with diameter ranging from 60 nm to
120 nm; the results reveal that the occurrence probability of IM
state strongly depends on the switching direction, device size, and
applied bias voltage. To test such defect, appropriate fault models
are needed. Therefore, we use the advanced device-aware mod-
eling approach, where we first physically model the defect and
incorporate it into a Verilog-A MTJ compact model and calibrate
it with silicon data. Thereafter, we use a systematic fault analysis
to accurately validate a theoretically predefined fault space and
derive realistic fault models. Our simulation results show that the
IM state defect causes intermittent write transition faults. This
paper also demonstrates that the conventional resistor-based fault
modeling and test approach fails in appropriately modeling IM
defects, and hence incapable of detecting such defects.

I. INTRODUCTION

Spin-transfer torque magnetic RAM (STT-MRAM) technol-
ogy offers competitive write performance, endurance, reten-
tion, and low power consumption [1]. The tunability of these
aspects makes it customizable as both embedded and discrete
memory solutions for a variety of applications such as edge Al,
IoT, and aerospace [2]. Therefore, STT-MRAM has received
a large amount of attention for commercialization from major
foundries such as TSMC [2], Intel [3], and Samsung [1]. To
enable STT-MRAM mass production, high-quality yet cost-
efficient manufacturing test solutions are crucial to ensure the
required quality of products being shipped to end customers.
The STT-MRAM manufacturing process involves not only the
conventional CMOS process but also MTJ fabrication and
integration [4]. The latter is more vulnerable to defects as it
requires deposition, etch, and integration of magnetic materials
with new tools. Hence, a blind application of conventional tests
for existing memories such as SRAMs and DRAMs to STT-
MRAMs may lead to test escapes and yield loss.

STT-MRAM testing is still an on-going research topic.
Several fault models, e.g. multi-victim and kink faults [5],
were proposed for field-driven MRAMs. However, these fault
models are not applicable to current-driven STT-MRAMs.
Chintaluri et al. [6] derived fault models such as transition
faults and read disturb faults in STT-MRAM arrays by sim-
ulating the impact of resistive defects in the presence of
process variations; a March algorithm and its built-in-self-test
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implementation were also introduced. Nair et al. [7] performed
layout-aware defect injection and fault analysis, whereby they
observed dynamic incorrect read fault. Nevertheless, all these
papers assumed that STT-MRAM defects including those in
MTIJ devices are equivalent to linear resistors without any
justification. Recently, Wu et al. [8,9] presented both experi-
mental data and simulation results of pinhole defects in MTJ
devices, and demonstrated that modeling pinhole defects as
linear resistors is inaccurate and results in wrong fault models.
As a solution to address the limitations of the traditional
test approach, Fieback et al. [10,11] proposed the concept of
Device-Aware Test (DAT). The DAT approach models physical
defects accurately by incorporating the impact of such defects
into the technology parameters and subsequently into the
electrical parameters of the device. With the obtained defective
device model, a systematic fault analysis based on circuit
simulations can be conducted to develop realistic fault models;
these are then used to develop test solutions.

This paper characterizes intermediate (IM) state defects
in STT-MRAMSs and applies DAT to develop accurate and
realistic fault models. Normally, an MTJ device only has two
bi-stable states representing logic ‘0’ and ‘1’. However, due
to some physical imperfections such as unreversed magnetic
bubbles [12], inhomogeneous distribution of stray field [13]
or even skyrmion generation [14], a third resistive state (i.e.,
IM state) may arise, leading to unintended memory faulty
behaviors. The contributions of this paper are as follows.

o Characterize the IM state in MTJs with diameters ranging
from 60 nm to 120 nm based on silicon measurements.

o Develop a Verilog-A compact model for a defective MTJ
device suffering from IM state defect, and calibrate the
model based on silicon measurements.

o Perform device-aware fault modeling to develop accurate
and realistic fault models induced by the IM state defect.

o Demonstrate the conventional fault modeling and test
method fails to derive appropriate fault models for the
IM state defect; hence, it fails to detect such a defect.

The rest of this paper is organized as follows. Section II
introduces STT-MRAM fundamentals. Section III presents
characterization results of IM state defect. Section IV elabo-
rates the device-aware defect modeling of IM state. Section V
presents and compares the fault modeling results using the
device-aware and the conventional resistor-based fault model-
ing approaches. Section VI concludes this paper.
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Fig. 1. (a) Simplified MTJ stack, (b) 1T-1MTJ cell and its access operations.

II. BACKGROUND
A. MTJ Device Technology

Magnetic tunnel junction (MTJ) is the data-recording el-
ement in STT-MRAMs; it encodes two bi-stable magnetic
states into one-bit data. Fig. la shows the schematic of a
simplified MTJ device; its critical diameter (CD) is typically
20nm—-150nm. The cross-sectional area A0:%7TCD2 is a
key technology parameter of the device [4]. Fundamentally,
the MTJ consists of two ferromagnetic layers sandwiching an
ultra-thin dielectric tunnel barrier (TB). The top ferromagnetic
layer is named as free layer (FL) where the magnetization
can be switched by applying a spin-polarized current going
through it. The bottom ferromagnetic layer is called pinned
layer (PL) where the magnetization is strongly pinned to a
certain direction. Therefore, the FL's magnetization can be
either parallel (P state) or anti-parallel (AP state) to the PL’s.
The MTJ’s resistance depends on both the thickness of TB
(tTp) and the magnetic state (i.e., P or AP). This is well
known as the tunneling magneto-resistance (TMR) effect [15],
which is characterized by the TMR ratio. It is defined as:
(Rap — Rp)/Rp where Rap and Rp are the resistances in
AP and P states, respectively. The key technology parameters
of MT]J are listed in listed in Table I [4].

B. IT-IMTJ Cell Design

Fig. 1b shows a bottom-pinned 1T-1MTJ bit cell and the
associated write and read operations. The three-terminal cell
includes an MTJ device and an NMOS selector. The three
terminals are connected to a bit line (BL), a source line (SL),
and a word line (WL). The voltages on the BL and SL control
which operation on the cell when the WL is asserted. For
instance, a write ‘0’ operation requires the BL at Vpp and the
SL grounded, which leads to a current /o flowing from BL to
SL. In contrast, a current [,,; with the opposite direction goes
through the cell during a write ‘1’ operation. To guarantee a
successful transition of the MTJ state, the write current (both
I0 and I1) has to be larger than the critical switching current
I.. The larger the current above I, the faster the switching can
be. It is worth noting that the actual switching time t,, under
a fixed pulse varies from one cycle to another since the STT
switching is intrinsically stochastic. During a read operation,
a significantly smaller voltage Viecaq than Vpp is applied on
the BL to draw a read current /.4, which can be as small as
~10pA, to read the resistive state (Rp or Rap) of the MTJ
device by a sense amplifier.

TABLE I. STT-MRAM KEY PARAMETERS.

Technology Parameters I Electrical Parameters
Ao Cross-sectional area of MTJ R Device resistance
Mg Saturation magnetization of FL I Critical switching current
Hy Magnetic anisotropy field of FL tw | Switching time

TMR | Tunneling magnetoresistance ratio

III. DEFECT CHARACTERIZATION OF IM STATE

Electrical characterization with pulses is a common practice
to evaluate the write performance of STT-MRAM devices.
When we performed comprehensive characterization on de-
vices with CD ranging from 60 nm to 120 nm, some devices
showed an abnormal third resistive state apart from the two
bi-stable P and AP states. As the resistance of this unexpected
state is always between Rp and Rap, we refer to it as
intermediate (IM) state in this paper. Next, we will present
the measurement data of IM state and elaborate it in detail.

A. Identification of IM State

To experimentally characterize the P—AP switching be-
havior under voltage pulses, first a negative write pulse
(Vp=—0.8V, £,=50ns) was applied to the MTJ device under
test to initialize it to P state. The pulse was followed by a
read operation using a relatively long but small voltage pulse
(Vp=10mV, t,=0.7ms) to check whether the device has been
initialized to P state successfully. After the read, a positive
write pulse with ¢,=15ns was applied to the device to study
P— AP switching. Similarly, a second read was applied to read
out the resistive state of the device. As the switching behavior
is intrinsically stochastic, we repeated these four operations
for 10k cycles to obtain a statistical result. To cover the
switching probability P, from 0% to 100%, we swept the
pulse amplitude V|, of the second write pulse in a carefully-
tuned range. For AP—P switching characterization, a similar
measurement was conducted with the polarity of both write
pulses reversed.

Fig. 2a and 2b show the P— AP switching characterization
results of a representative normal MTJ and a defective MTJ
with an IM state, respectively, at V,=0.45V; the nominal
CD of both devices is 100 nm. Note that each point in the
two figures represents a readout resistance of the second read
operation. It can be seen in Fig. 2a that 99.2% of the measured
10k cycles experience a successful transition, while the rest of
cycles (0.8%) experience a failed transition due to the intrinsic
switching stochasticity. In contrast, three resistive states are
observed in Fig. 2b for the defective MTJ under the same
experimental conditions; a line of unexpected yellow points
(IM state) shows up. The occurrence probability of IM state
is 0.6%. It is also worth noting that the failed transition
probability of the defective MTJ is 44.8%, which is much
higher than that of the defect-free one (0.8%) under the same
applied pulses. The disparity of Rp (red lines) and Rap
(green lines) between these two devices is attributed to process
variations; the slight TMR drop in this defective MTJ was not
a common rule in all observed defective MTJs with IM states,
compared to good MTlJs.
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Fig. 2. Measurement results: (a) normal MTJ, (b) defective MTJ with an IM state.

B. Bias, Device Size, and Switching Direction Dependence

We also conducted numerous experiments to investigate
which factors impact the occurrence probability of IM state.
Fig. 3 shows the bias dependence of IM state of four different
MT]J devices in P— AP switching direction; the measurement
data for the other switching direction is similar, thus not shown
here due to space limitations. The nominal CD of MTJ A and
B is 100 nm while it is 120 nm for MTJ C and D. It can be
seen that the successful transition probability Pst from P to
AP increases from 0% to 100%, as V/, increases (green squares
corresponding to the left y-axis). The orange circles represent
the occurrence probability of IM state Py, corresponding to
the right y-axis at various V/}, points (from 0.35V to 0.55V in
a step of 0.02 V). One can observe that Py increases with V;,
until reaching a peak at Ps7~50% (marked with the dashed
line), then it decreases as V}, further increases. We observed
this rule applies to all MTJ devices with IM states in both
switching directions despite the peak height of Pryp varies from
one device to another.

In addition to the bias voltage, we observed that the switch-
ing direction and device size also play a role in determining the
occurrence probability of IM state. During the measurements,
four different device sizes (CD=60nm, 75nm, 100 nm, and
120 nm) were covered; for each size, 60 MTJ samples were
measured. As shown in Fig. 4, the smaller the MTJ device
(i.e., smaller CD), the less likely to see IM states in our
devices. More specifically, 57 devices out of the measured
60 devices with CD=120nm exhibit IM states in the mea-
surement, whereas the number is 5 and 0 for MTJs with
CD=75nm and 60 nm respectively. Among those devices with
observed IM states, the median of the maximum occurrence
probability of IM state (i.e., the peak height of Pp in Fig. 3)
becomes smaller when CD decreases, as shown with the
two curves corresponding the right y-axis in Fig. 4. It is
also worth noting that the median of the maximum PFpy; in
AP—P switching direction is a bit smaller than that in P—AP
switching direction for a given MTJ size. This is probably
because AP—P switching generates more Joule heating than
the opposite switching direction, which reduces the retention
time of IM state; thus, the captured number of IM states on
average is smaller in AP —P switching direction under the
same measurement set-up. Interestingly, Intel also presented
similar measurement results in [13]. Based on the above
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Fig. 3. Bias voltage dependence of IM state (P—AP switching).
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Fig. 4. Device size and switching direction dependence of IM state.

observations, it can be inferred that STT-MRAM technology
down-scaling is helpful in reducing the probability of having
IM states in MTJ devices, thus leading to a more deterministic
and uniform transition between the bi-stable AP and P states.

C. Related Work and Potential Causes

There are several prior works on studying IM states in MTJ
devices based on experiments and/or simulations. Yao et al.
[16] observed stable IM states in both switching directions
after the removal of write pulses with a similar measurement
set-up to ours. They attributed the physical causes of IM state
to the multi-structure of the FL induced by the dipole field and
large device size. Subsequently, more research works [12,13]
were conducted and reported that the observed IM states are
caused by the inhomogeneous distribution of stray field at
the FL and unreversed magnetic bubbles. In recent two years,
studies on IM states reveal that IM states in MTJ devices take
place due to Skymion formation and their retention time can
be as long as the bi-stable P and AP states [14].

In this work, our measurement data also clearly demon-
strates the existence of IM states in MTJ devices especially
for large sizes above 75nm. As the occurrence of IM state
is probabilistic depending on the switching direction, bias
voltage, and device size, the conventional linear-resistor-based
defect modeling approach for memory testing is not qualified
to cover this defect in MTJ devices.

IV. DEVICE-AWARE DEFECT MODELING OF IM STATE

To appropriately model the IM defect at the functional level,
we use the recently proposed device-aware defect modeling
approach [5], which consists of three steps: 1) physical defect
analysis and modeling, 2) electrical modeling of defective
device, and 3) fitting and model optimization.
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Fig. 5. MTJ schematics with both P-state and AP-state regions in the FL.

A. Physical Defect Analysis and Modeling

Based on the characteristics and root causes of IM state, we
physically model the IM state at the following two aspects.

1) Partial switching behavior of the FL: As explained in
the previous section, the most probable cause of IM state
in MTJ devices is that some parts of the FL switch to the
intended state under a write pulse while the rest remain
in their initial state due to unreversed magnetic bubbles,
inhomogeneous distribution of stray field at the FL, or even
skyrmion generations. Therefore, we model this partial switch-
ing behavior by splitting the FL into two regions: 1) P-state
region and 2) AP-state region with the assumption that these
two regions are independent magnetically and electrically.
Fig. 5a and Fig. 5b show the vertical and horizontal cross-
section schematics of an MTJ device with both P-state and
AP-state regions, respectively. As a result, we can derive:

1= %-&-ATI? = Amp + Anvap, ()

where Ap and Aap are the cross-sectional area of the P-state
and AP-state regions, respectively. Apvp and Apyap are the
normalized area with respect to the entire area Ag; they can
be any value in [0, 1]. Note that this model also covers the
defect-free case where the P and AP states exist exclusively;
i.e., Apmp=0 represents AP state and App=1 means P state.

2) Probabilistic occurrence of IM state: As introduced
previously, the IM state does not show up in all write cycles.
Instead, we observed experimentally that it has a certain
occurrence probability depending on the applied bias voltage
Vb, MTI size CD, and the switching direction. Apart from that,
it is expected that the FL thickness (tpr,) also plays a role in
determining the IM occurrence probability, as it significantly
influences the thermal stability of the device [15].

We define a discrete random variable X as whether or not
the IM state occurs. For a given V},, CD, and tp1,, X obeys a
Bernoulli distribution. Its probability mass function Pr (X) is:

PT(X _ 17PIM(Vp70D7tFL)
P (Vp, OD, tpy)

X=0

X=1, (@)

As shown in Fig. 3, the correlation between Ppy and Vj,
exhibits a curve which is quite similar to Gaussian function
(Bell curve). Thus, we model the V], dependence of Py as:

_(Vp — pk)2

——or ) 3
2V2,

where Vi is the applied bias voltage when P\ reaches

its peak Hyyp, and Viq is a parameter controlling the width

Prv = Hiv - exp(

81 (@ 181\ () — Vyr=10mv
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Fig. 6. (a) R-V loop experimental data vs. fitting curves to extract Rp and

Rap at varying bias voltage, (b) Ry vs. Apvp With respect to three biases.

of the Bell curve. Note that the polarity of V], determines
the switching direction; a negative V}, results in an AP—P
transition while a positive V}, leads to a reversed transition.
Since Hry shows a linear scaling trend with CD, as shown in
Fig. 4, it can be modeled as a linear piecewise function:

{slp -(CD —60) CD > 60
Hyy =

4
0 CD < 60, @

where Sy, is the slope of the curve. Since all the measurements
we performed were on MTJ devices with the same tpyr, it
is assumed that tpr, has no impact on Pr\y. However, for a
generic model for devices with different Ppy;, such impact
should be incorporated. Combing Equations (2-4), Si,, Vi,
and V,,q are three fitting parameters which can be tuned and
fitted to measurement data, which will be covered later.

B. Electrical Modeling of MTJ Devices with a Single IM State

With the obtained model of IM state, we can map it to the
three key electrical parameters: R, I., and ¢, as a reflection
of the impact on the device’s electrical behavior.

As we model the IM state by splitting the FL into AP-state
and P-state regions (see Fig. 5), electrons can go through via
either the P-state region or the AP-state region in an electric
field. Therefore, the overall conductance of IM state is the sum
of the conductance of these two parallel regions. By replacing
the conductance with the reciprocal of resistance, we derive:

Rp - Rap

Boa(Ante) Rp - (1 — Amap) + Rap - Anap ©)
Rp and Rap are both dependent on the bias voltage Vit
applied across the MTJ device. Fig. 6a shows the measured
R-V loop of the MTJ device A (see also Fig. 3); the red solid
curves are fitting curves used to extract the exact resistance at
a given bias voltage with the physical model in [9]. With Rp
and Rap extracted from measurement data, we can calculate
Ry for different Apyp values using Equation (5); the results
are shown in Fig. 6b for Vyr;=10mV, 300 mV, and 700 mV.

To map the IM state defect model to /., we modify the
equation of /. in the STT-switching model as follows [15].

L20e N Hytrr, Ao Anp, IM(P) — AP

I(Amp) =< 1,0
%L;:GMSHktFLAO(l - AIMP)7 IM(AP) — P
(6)
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In this equation, 7 is the STT efficiency,  the magnetic
damping constant, e the elementary charge, i the reduced
Planck constant. When Apyp=1 (indicating P state), the above
equation collapses to the original equation for I.(P—AP).
When Apyp€(0,1) (indicating IM state), I.(IM—AP) is
smaller than I.(P—AP) as only the P-state region in the FL.
necessitates a flip. Similar interpretation can be inferred for
IM(AP)—P switching. Note that the switching from P or AP
state to IM state is governed by the aforementioned statistical
model in Equation (2-4).

To model the changes in ¢y, due to an IM state defect, we
use the Sun’s model for the STT switching behavior [9].

2 MBP

= . LIt
) = (o rEs) e G T
_ VY
Iy = Ry I.(Amp), (®)
tw ~ N (p(tw), U(tW)2)‘ &)

Here, C'~0.577 is Euler’s constant, A the thermal stability in
P or AP or IM depending on the switching direction, up the
Bohr magneton, P the spin polarization, and m the magnetic
moment of FL. V}, is the bias voltage across the MTJ device to
switch its state. R(Vyry) is the resistance of the MTJ device;
it shows a non-linear dependence on Viyry (see Fig. 6). In
addition, we assume that t,, obeys a normal distribution at a
given Varry as a model for the switching stochasticity.

C. Fitting and Model Optimization

We use the measured data of MTJ A to calibrate the
obtained model as an example. First, Rp and Rap can be
extracted from R-V loops (see Fig. 6a). As the measured
Riv=1050€2 and the read bias is 10mV, we can calculate
the Apvyp value based on the Ry model; the result is marked
with the blue point (A;yp=0.48) in Fig. 6b. Second, the fitting
results of Psp and Py are shown in Fig. 7. On the positive
side V,>0 for P—AP switching, Sj,=1e-3, V,=0.4369, and
Viwa=0.0145. On the negative side V},<0 for AP—P switching,
Sip=3.9e-4, V;,x=-0.7096, and V,4=0.0182.

The output of device-aware defect modeling is a calibrated
Verilog-A MTJ compact model. After verifying the MTJ
model in Python, we moved this model to Verilog-A so as
to make it compatible with circuit simulators such as Cadence
Spectre adopted in this paper for subsequent fault modeling.
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TABLE II. FAULT PRIMITIVE NOTATION [4].

(S/Fn/R) || Explanation | Value

S Sensitizing sequence | 0,1,0w0, Owl, 1wO0, Iwl, 0r0, Irl

F Faulty effect L,0,U,I,H

n Fault nature p(permanent), i(intermittent), t(transient)
R Readout value 0,1,7?2 -

18 20 22
Vi (V)

Fig. 8. Simulation result statistics of: (a) Pst and (b) Py in Ow1 operations
at varying word line voltage Viy1, and pulse width ¢,.

V. DEVICE-AWARE FAULT MODELING OF IM STATE

In this work, we limit the analysis to single-cell faults,
which involve a single STT-MRAM cell. Single-cell faults can
be systematically described by the fault primitive (FP) notation
[4]: (S/F,/R), as shown in Table. II. It describes the deviation
of the observed memory behavior from the expected.

A. Simulation Set-up and Results

The simulation circuits comprise a 3x3 1T-1MTJ array
and peripheral circuits (e.g., write driver and sense amplifier).
Process variations in transistors are lumped into the variation
in the threshold voltage V4;, with 10% away from its nominal
value at 30 corners. For MTJ devices, our Verilog-A MTJ
compact model with CD=100nm is adopted; Variations in
the MTJ performance are taken into account by enabling: 1)
switching stochasticity, 2) process variations, and 3) tempera-
ture variation from —40 °C to 125 °C in the MTJ model. The
defect injection is executed by replacing the defect-free MTJ
model (with only P and AP states) located in the center of
the array with a defective one (with P, AP, and IM states).
The defect strength is configured by assigning a float number
to App€(0,1) as an input parameter of the MTJ model; it
is swept from O to 1 in 100 steps in the simulations. The
reminding eight MTJs surrounding the central one are always
defect-free. Since the simulation overhead is immense due to
Monte Carlo simulations (2k cycles) and sweeping multiple
variables (Anvp, Ve, tp), we performed circuit simulations in
a cluster with eight compute nodes to speed up the simulation
by exploiting job-level parallelism.

Fig. 8a shows the simulation result statistics of S=0w1 at
varying Viyy, and i, in the defect-free case. The success-
ful transition probability Psrt rises from 0% (red area) to
100% (blue area) as Vi, and t;, increase. However, one
can observe that the indeterministic switching area occupies
a large area, which poses a big design challenge for reliable
and deterministic write operations in STT-MRAMs. Typically,
this issue can be addressed by circuit-level designs such as
boosting Viyr,, write-verify-write, and self-write-termination
schemes [3]. Therefore, failed transitions due to switching
stochasticity are not considered as memory faults here.
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TABLE III. FAULT MODELING RESULTS OF IM STATE DEFECT USING OUR
DEVICE-AWARE (DA) MODEL.

Defect Arvp Sensitized FP name Detection
model Fp and abbreviation condition
Intermittent write transition
DA model | [0.30, 0.61] | (VYU fault: WITFU, DIT

Intermittent write transition

(Iw0/Ui/) fault: WOTFU;

Fig. 8b shows the IM state statistics in S=0w1 operations at
varying Vayr, and ¢, in the defective case (Anp=0.48). It can
be seen that the IM state shows up with different probability
Py in a large area of the contour map, especially in the area
where Pgt is around 50%. Obviously, the closer to the top-
right corner, the less likely to see an IM state and more likely
to have a successful transition. However, large Viyr, and ¢,
come with severe costs: 1) back-hopping issue, 2) large energy
consumption, 3) long write latency, and 4) reduced endurance.
Hence, in practice, a trade-off has to be made and a flexible
write scheme with configurable Vi, and ¢, in the field is
more desirable.

From a test perspective, the occurrence of IM state may
transform the MTJ resistance into an undefined region (i.e.,
‘U’ state), thus leading to memory faults. Table III lists
the fault modeling results due to the IM state defect.
When Apvp€[0.30,0.61], two fault primitives were observed:
(Ow1/U;/-) and (1w0/U;/-). The intermittent write transition
fault WI1TFU;=(0w1/U;j/-) means that an up-transition oper-
ation on a memory cell with initial state ‘0’ transforms the
memory cell into a ‘U’ state with certain probability. The
probability depends on Viyr, and ?, as shown in Fig. 8b.
Since these two FPs both involve the ‘U’ state, meaning that
a read operation cannot guarantee their detection; the readout
results can be random. Thus, these two FPs belong to hard-
to-detect faults which require special Design-for-Testability
(DfT) solutions to detect them.

B. Comparison to the Conventional Resistive Model

We also performed fault modeling using the conventional
resistive model for the IM state defect. Unlike the DA model,
resistive model assumes that a defect in an MTJ device can be
modeled as a resistor either in series with (Rsq) or in parallel to
(Rpa) an ideal MTJ device. We added Ryq and R,,q separately
to the defect-free netlist and performed the same fault analysis
process; the resistance was swept from 10° to 10° €.

Fig. 9 shows a Venn diagram which compares the fault
modeling results of our DA model and the conventional
resistive model. Clearly, the DA model leads to two hard-to-
detect faults while the resistive model results in three easy-to-
detect faults. There is no overlap between the two circles. This
means that the IM state defect in MTJ devices exhibits unique
faulty behaviors which cannot be covered by the resistor-based
defect models. The two FPs sensitized using our DA model are
intermittent and involve the ‘U’ state, which makes them hard
to be detected by March tests. In contrast, the resistive models
result in only easy-to-detect faults, since the MTJ device is
considered as an ideal black box and thus only ‘0’ and ‘I’
states are observed in the simulations.

Conv. Resistive Model

Device-Aware Model

Easy-to-detect faults:

<OwW1/0/—>, <1w0/1/—>,
<0r0/0/1>, <1r1/1/0>

Hard-to-detect faults:

<Ow1/Uy/->,
<1lwO0/Uy/—>

Fig. 9. Comparison of sensitized fault primitives using our device-aware
model and the conventional resistive model for IM state defects.

The above comparison clearly indicates that test algorithms
developed with the conventional approach not only cannot
guarantee the detection of IM state defects, but also may
waste test time and resources. Hence, DAT can be a unique
and complimentary approach which specifically targets MTJ-
internal defects and analyzes their faulty behaviors.

VI. CONCLUSION

This paper presents comprehensive characterization of IM
state defect in STT-MRAM devices. The occurrence prob-
ability of the defect depends on bias voltage, device size,
switching direction, and FL thickness. It also demonstrates
that the traditional fault modeling and test approach fails to
accurately model this defect at the functional behavior; hence
it fails in detecting such a defect during manufacturing tests.
Therefore, it requires new fault modeling and test approach.
The use of DAT suggests that an IM state defect leads to
intermittent write transition faults. These are hard-to-detect
faults, and require special DfT solutions to be detected.

REFERENCES

[1] K. Lee et al.,, “1Gbit high density embedded STT-MRAM in 28nm
FDSOI technology,” in IEDM, Dec. 2019, pp. 2.2.1-2.2.4.
W.J. Gallagher et al., “22nm STT-MRAM for reflow and automotive
uses with high yield, reliability, and magnetic immunity and with
performance and shielding options,” in JEDM, 2019, pp. 2.7.1-2.7.4.
[3] L. Wei et al., “A 7Mb STT-MRAM in 22FFL FinFET technology with
4ns read sensing time at 0.9V using write-verify-write scheme and
offset-cancellation sensing technique,” in ISSCC, 2019, pp. 214-216.
[4] L. Wu et al., “Defect and fault modeling framework for STT-MRAM
testing,” IEEE Trans. Emerg. Topics Comput., pp. 1-14, Dec. 2019.
J. Azevedo et al., “A complete resistive-open defect analysis for ther-
mally assisted switching MRAMs,” TVLSI, vol. 22, Nov. 2014.
[6] 1. Yoon et al., “EMACS: efficient MBIST architecture for test and
characterization of STT-MRAM arrays,” in ITC, Nov. 2016, pp. 1-10.
[7] S.M. Nair et al., “Defect injection, fault modeling and test algorithm
generation methodology for STT-MRAM,” in ITC, Oct. 2018, pp. 1-10.
L. Wu et al., “Electrical modeling of STT-MRAM defects,” in ITC, Oct.
2018, pp. 1-10.
[9] L. Wu ez al., “Pinhole defect characterization and fault modeling for
STT-MRAM testing,” in ETS, May 2019, pp. 1-6.
[10] M. Fieback et al., “Device-aware test: a new test approach towards
DPPB,” in ITC, Nov. 2019, pp. 1-10.
[11] L. Wu er al., “Characterization, modeling and test of synthetic anti-
ferromagnet flip defect in STT-MRAMSs,” in ITC, 2020, pp. 1-10.
[12] T. Devolder et al., “Size dependence of nanosecond-scale spin-torque
switching in perpendicularly magnetized tunnel junctions,” Phys. Rev.
B, vol. 93, p. 224432, Jun. 2016.
[13] O. Golonzka et al., “MRAM as embedded non-volatile memory solution
for 22FFL FinFET technology,” in JEDM, Dec. 2018, pp. 18.1.1-18.1.4.
[14] X. Zhang et al., “Skyrmions in magnetic tunnel junctions,” ACS Appl.
Mater. Interfaces, vol. 10, pp. 16 887-16 892, May 2018.
[15] A.V. Khvalkovskiy et al., “Basic principles of STT-MRAM cell oper-
ation in memory arrays,” J. Phys. D: Appl. Phys, vol. 46, p. 139601,
Feb. 2013.
[16] X. Yao et al., “Observation of intermediate states in magnetic tunnel
junctions with composite free layer,” IEEE Trans. Magnetics, vol. 44,
pp. 2496-2499, Nov. 2008.

2

—

[5

[y

[8

=

Design, Automation and Test in Europe Conference (DATE 2021)

Authorized licensed use limited to: IMEC. Downloaded on July 19,2022 at 09:18:05 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


