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Abstract—This work presents an efficient test technique for
detecting resistive short defects in STT-MRAM arrays. The
proposed technique is based on monitoring the current mismatch
flowing into and out of the cell caused by a weak or strong short
defect. This technique is used to propose a low area overhead
Design-for-Testability (DFT) circuit to employ in STT-MRAM
arrays to distinguish defect-free cells from faulty ones. The oper-
ation of the proposed test approach is resilient to the parameter
uncertainties of the array circuit induced by process variations.
The variations, however, may lower defect detection ranges. The
efficacies of the proposed DFT technique under the nominal and
the process variation cases are studied. Simulation results indi-
cate that the proposed DFT circuit reduces the number of test
escapes and improves the fault coverage by a factor of at least
10× (5×) under short defect to ground (short defect to VDD)
cases compared to the corresponding maximum ones detected by
conventional test schemes. The technique works through a sin-
gle read operation with a negligible area overhead, especially, in
large size arrays.

Index Terms—Design for testability, process variations, short
defects, STT-MRAM.

I. INTRODUCTION

CONVENTIONAL memory technologies, such as Static
Random-Access Memory (SRAM), are facing major

issues such as the looming end of Moore’s law and reach-
ing the classical limit of device miniaturization [1]. This
type of issues has been the driving force behind new
memory technologies. The Spin-Transfer-Torque Magnetic

Manuscript received June 20, 2021; accepted August 9, 2021. Date of
publication August 16, 2021; date of current version September 3, 2021.
(Corresponding author: Mehdi Kamal.)

Shiva Taghipour and Mehdi Kamal are with the School of Electrical
and Computer Engineering, College of Engineering, University of Tehran,
Tehran 1439957131, Iran (e-mail: taghipour.shiva@ut.ac.ir; mehdikamal@
ut.ac.ir).

Rahebeh Niaraki Asli is with the Department of Electrical Engineering,
Faculty of Engineering, University of Guilan, Rasht 41996-13769, Iran
(e-mail: niaraki@guilan.ac.ir).

Ali Afzali-Kusha is with the School of Electrical and Computer
Engineering, College of Engineering, University of Tehran,
Tehran 1348888356, Iran, and also with the School of Computer Science,
Institute for Research in Fundamental Sciences, Tehran 1953833511, Iran
(e-mail: afzali@ut.ac.ir).

Massoud Pedram is with the Electrical and Computer Engineering
Department, University of Southern California, Los Angeles, CA 90007 USA
(e-mail: pedram@uas.edu).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TDMR.2021.3104764.

Digital Object Identifier 10.1109/TDMR.2021.3104764

RAM (STT-MRAM) is an emerging non-volatile memory
technology which has the best compatibility with planar
MOSFET and FinFET processes [1], [2]. STT-MRAM has
great advantages of scalability, high endurance, high speed,
and low-power dissipation [3], [4]. These features have been
the main reasons for this technology being adopted by dif-
ferent foundries [5]. Due to its superior features like better
controllability of the active region by the gate and lower vul-
nerability to manufacturing process variations compared to
the planar MOSFET, FinFET transistors are employed as the
access transistor when fabricating the STT-MRAM cells [2].

The characteristic variability of STT-MRAM induced dur-
ing the manufacturing process is attributed to typical defects
that disturb read/write operation leading to weak or strong
faults [6], [7]. Strong faults lead to functional errors and can
be detected by standard test methods [8]. Weak faults, how-
ever, cause only parametric changes in the circuits with no
logical error [8]. The manufacturing defects are classified into
inter-cell and intra-cell defects in which all of inter-cell and
most of intra-cell defects are modeled as resistive shorts [7].
Moreover, due to technology scaling, the sensitivity of a cir-
cuit under test to resistive-short defects (modeled as a resistive
connection between two nodes) increases as these defects
may be masked during the test phase [6], [9]. The Read or
Write failure probability gets worse in the presence of short
defects [7]. This makes the resistive-short defect a serious reli-
ability issue, which must be considered in the test process of
the STT-MRAM.

In the case of strong faults, one may use conventional
logic-based test approaches, such as March tests, where the
detection is performed by applying a sequence of write and
read operations [7], [8]. These approaches are fault-oriented
tests where the logic outputs of the main circuit are com-
pared to the expected ones [6]. Normally, these approaches
guarantee the detection of all the manufacturing defects (no
test escapes) with the operation overhead of several read/write
cycles. In the case of weak faults, which test escapes are
likely, one requires additional circuits, such as a Design-for-
Testability (DFT) circuit in order to decrease the number of
test escapes [8]. These techniques provide a defect-oriented
test approach which is applicable for detecting both weak
and strong faults. In a defect-oriented test, we only monitor
a parameter like current to detect a defect, without observing
the logic output [10], [11].
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Some prior art references have proposed the fault modelling
and related test approaches to cover the resistive defects in
memory cells (e.g., [6], [9]–[12]). A test approach to detect
resistive open defects of SRAM cell with adopted fault mod-
els was presented in [6]. The short defect models of CMOS
SRAM were studied in [9]. In [10], a test approach to detect
open and short defects of FinFET SRAM was described.
Fault models and defect-oriented testing for Memristor arrays
were studied in [11]. In [12], the authors proposed an effec-
tive test for the detection of the resistive short defects in
CMOS circuits (including SRAM cells) based on the current
consumption (IDDQ). These test techniques may not be ade-
quate for the STT-MRAM cells due to their different operation
mechanisms and fabrication processes [7], [13]. More recently,
some works including [7] and [8] have addressed defect and
fault models for STT-MRAMs. In addition, a circuit-level
approach to detect read disturb faults in STT-MRAM, based
on monitoring the current during the read operation, was
proposed in [14].

In nanoscale technologies, process variations adversely
impact the effective operation of current-based tests [6]. It
originates from difficulty in distinguishing between the defect
or process variation as the origin of the current difference
between the expected and the measured ones [6], [10]. The
process variations exacerbate the detection range of resistive
short defect that can be detected by a testing circuit [15], [16].
This necessitates the development of a robust testing method-
ology to detect the short defects of STT-MRAM in the
presence of process variations.

In this paper, a defect-oriented test circuit is presented to
detect faulty STT-MRAM cells caused by the short defects.
The detection mechanism of the proposed DFT is based on
the current difference between the currents flowing into and
out of the cell generated by resistive-short defects in an
STT-MRAM array. The technique detects both strong and
weak faults. It is worth noting that the conventional test-
ing approaches perform a set of read and write operations
in a specified order to detect strong faults [8]. On contrary,
the proposed DFT technique makes use of a single read oper-
ation to detect the faults. The main advantages of the technique
include:

1) More accurate yield determination in terms of short
defect detection compared to the conventional tests using
the read/write operation.

2) Higher capability of strong defect detection in the
presence of the process variation.

3) Better detection of weak defects which may escape from
the conventional logic tests.

The rest of this paper is organized as follows. Section II
reviews the STT-MRAM technology and describes the proper
model for short defects to perform the test operation. The
impact of short defects on STT-MRAM read and write char-
acteristics, as the motivation behind the proposed technique,
are discussed in Section III. Also, the details of the proposed
test approach for detecting faulty cells in STT-MRAM array
are explained in this section. In Section IV, the proposed test
approach is assessed in the presence of process variation and
the paper is concluded in Section V.

II. STT-MRAM BASICS AND DEFECT MODELING

In this section, details of the STT-MRAM cell as well as its
read and write operations are presented. Also, the short defects
modeling of STT-MRAM is briefly explained.

A. STT-MRAM Principles

Each bit cell of STT-MRAM consists of one MTJ as the
storage device and one FinFET access transistor [2], [7].
A single STT-MRAM cell along with the conventional read
circuit is shown in Fig. 1(a). In the STT-MRAM technol-
ogy, the logical values ‘0’ and ‘1’, respectively, are stored
in the form of parallel (P) or anti-parallel (AP) resistance
state. The architecture of the memory array is shown in
Fig. 1(b) that includes the STT-MRAM bit-cells and periph-
ery circuits including the read/write circuitries [17]. Generally,
three signals called bit-line (BL), source-line (SL), and word-
line (WL) are utilized to perform the read and write operations
of an STT-MRAM cell in the array [8].

B. Read and Write Operations

A column of the STT-MRAM is connected to the BL and
SL of the read/write circuit and a stored data can be read or
rewritten by activating the access transistor which is driven
by WL [see Fig. 1(b)]. The three basic operations of STT-
MRAM include read, write ‘0’, and write ‘1’. As shown
in Fig. 1(a), the reading operation of STT-MRAM is per-
formed using a conventional sensing scheme consisting of
sense amplifier (SA) and current-mirror-type load PMOS con-
nected to the NMOS transistors [18]. The read circuit is
enabled when the read enable signal (RE) becomes one. The
resistance Rref generates the current Iref setting the voltage of
one side of the current mirror to Vref . The voltage of the other
side of the current mirror is set to Vcell by the current Iin (the
current flowing into BL) which is equal to Iout (the current
flowing out of SL). Next, the Sense Enable (SE) signal in the
SA circuit becomes one allowing the SA to amplify the dif-
ference between Vcell and Vref to determine the state of the
STT-MRAM cell. The signal VCLAMP prevents the occurrence
of unintended writes by limiting Iref . In addition, the writing
operation of STT-MRAM is performed using the write circuit
presented in [19] by activating the write enable signal. The
P (AP) state is written to the cell if Data In signal is 0 (1).
During a write ‘0’ operation, the write current flows from the
BL terminal to SL. In contrast, for a write ‘1’ operation, an
opposite current is required to flow from the SL to BL through
the MTJ device. To have a correct write operation, the tran-
sistors of the write circuit should be large enough to provide
a sufficient amount of current.

C. Defects in STT-MRAM

One may classify memory faults into strong faults and weak
faults depending on their detectability by normal read and
write operations [8]. Strong deterministic faults, which always
lead to logical faults, are easily detected by a sequence of read
and write operations such as the March tests [8]. Random
strong faults, such as Write Transition Fault, return a random
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Fig. 1. STT-MRAM (a) bit cell with the read circuit and (b) array [7], [17].

value in the write operation, and hence their detections are not
guaranteed by the March tests. In addition, the weak faults
would cause parametric deviations which lead to reliability
issues including higher failure rates or shorter lifetimes. These
faults do not cause any logical faults. The inability to detect
random and weak faults would classify them as hard-to-detect
faults requiring additional DFT circuits or stress conditions for
their detection.

In general, the defects induced by the fabrication process
in a hybrid CMOS/FinFET memory cell can be modeled as
resistive opens or shorts between the cell terminals [7], [11].
In the case of STT-MRAM, the majority of the manufacturing
defects are modeled by resistive shorts [7]. Fundamentally,
due to different fabrication and additional magnetic process in
STT-MRAM [13], SRAM or Memristor fault models and even
their test approaches are not normally applicable.

D. Modeling of Short Defects

In STT-MRAM cells, resistive short defects involving the
internal nodes have significant effects on the read and write
failures [7]. These defects can be modeled by a resistance
which connects the main cell internal node (T0) to the power
(VDD) or ground (GND) terminals as highlighted by dashed
line box in Fig. 1(a). This figure shows a general resistive
model (RVDD and RGND) for the STT-MRAM cell to cap-
ture the behavior of realistic short defects. Both intra-cell and
inter-cell defects may be very well modeled by the proposed
resistive models utilized in this work. As examples, intra-
cell short defects, such as WL0 to BL0 (i.e., short circuit
between WL0 and BL0 terminals of the main cell in Fig. 1(b)),
WL0 to T0, or WL0 to SL0 behave as RVDD because WL0
becomes VDD during the read operation. Similarly, inter-cell
short defects can be modeled by setting the terminals of other
cells to VDD or GND. For example, when the BL1 terminal is
set to VDD, a short defect occurs between BL0 and BL1 (the
BL terminal of the adjacent cell).

III. MOTIVATIONAL STUDY AND PROPOSED

DFT APPROACH

In the first two sections, we show the impact of the short
defects on the read and write operations and address the limi-
tations of the conventional test approaches. While, in the last

Fig. 2. Vcell in the (a) P-state and (b) AP-state during the read operation.

two subsections, the principles behind the operation of the
proposed DFT approach will be discussed.

The impact of the short defects on STT-MRAM opera-
tions has been studied by implementing the MTJ component
with a perpendicular magnetic anisotropy MTJ (PMA-MTJ)
model from [20]. The PMA-MTJ has a lower switching cur-
rent and a better scalability compared to the earlier in-plane
MTJ [21]. The design parameters of MTJ were set using
the parameters of [20] when considering the dimensions of
20 nm × 20 nm × 1.4 nm for width (W), length (L), and free
layer thickness (Tm) of the MTJ, respectively. We also utilized
the FinFET parameters of the PTM 20nm model [22] for the
access transistor and peripheral circuits including the read and
write circuits. The study was performed using HSPICE as the
circuit simulator. The reference cell (Rref ) which resistance is
the average of P- and AP- state resistances (i.e., (RP+ RAP)/2)
was determined as 10 K� [18]. All circuit simulations were
performed under the nominal supply voltage of 0.9V and the
temperature of 25◦C.

To consider process variations besides the short defects, we
assumed a Gaussian distribution with the 3σ variation of 10%
for the MTJ dimensions (W × L × Tm), 30% 3σ variation for
the threshold voltage (Vth) and 10% 3σ variation for the length
(L), fin thickness (TFIN), and fin height (HFIN) of the FinFET
transistors. Note that variations of these parameters have the
highest impact on read and write failure probabilities [2], [7].

A. Short Defects Impact on Read Operation

The STT-MRAM cell voltages (Vcell) for defect-
free (healthy) and defective cells during the read operation
at P- and AP- states, respectively, are shown in Figs. 2(a)
and 2(b). The black dashed line in Fig. 2(a), (2(b)) refers to
the defect-free cell voltage at the P- (AP-) state which is about
0.38V (0.51V). In the considered cell, the reference voltage
for the read operation (Vref ) was 0.48V which is shown by
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the red dotted line. According to the reading mechanism of
STT-MRAM cell described in Section II-B, the read error
occurs when Vcell > Vref in the P-state and Vcell < Vref in
the AP-state. In case of the defective cell, the Vcell values in
the P- /AP- states under the short defect modeled by RVDD

(RGND) are shown by large, dashed green (solid blue) lines.
During the read operation, the read current flows from the

BL to SL in order to sense the resistive state of MTJ (P- or AP-
state) according to the explanation given in Section II-B. In the
presence of short defects modeled by RVDD, increasing the cur-
rent injected to the internal node T0 results in increased Vcell

through a decrease in RVDD [Fig. 1(a)]. As Fig. 2(a) indicates,
in the P-state, when RVDD < 32K�, fault errors (Vcell > Vref )
may be observed using the conventional logic tests whereas in
the AP-state, shown by Fig. 2(b), no read error (Vcell < Vref )
is detected for the defects modeled by RVDD.

Furthermore, in the case of short defects modeled by RGND,
Fig. 1(a) shows that in the read state, RGND and the access
transistor behave as two resistors connected in parallel. If the
impact of the defects is modeled by a large RGND resistance,
no read error will occur. On the other hand, if it is modeled
by a small RGND resistance, their equivalent resistance and, in
turn, Vcell will decrease. As shown in Fig. 2(a), in the P-state,
RGND does not have any adverse effects on the read accu-
racy (no read errors of Vcell > Vref is observed by RGND). In
the AP-state, however, Fig. 2(b) indicates that RGND values
smaller than 7K� cause read errors (Vcell < Vref ). The above
discussion shows the difficulty of the conventional read test in
detecting resistive short defects.

To consider the impact of the process variations on the read
operation, we performed 1,000 Monte Carlo (MC) simula-
tions and obtained the Vcell distribution. The histograms of
Vcell for defect-free and defective cells at P-/AP-state read
operations are depicted in Fig. 3. For this study, the worst
case RGND and RVDD values of 7K� and 32K�, respectively,
were considered. These values were chosen as the detec-
tion threshold resistances to distinguish fresh (Defect Free)
cells from the faulty ones (see Fig. 2). More specifically, if
there is no process variation, in the P-state (AP-state), we
should have 100% detectability for the defects associated with
RVDD < 32K� (RGND < 7K�). In Fig. 3, the threshold line
(black dashed line) refers to Vcell = 0.48V such that the read
error occurs when Vcell > Vref in the P-state and Vcell < Vref

in the AP-state. As shown in Fig. 3(a), in the P-state, RGND

does not lead to incorrect read implying inability to detect the
corresponding defects while RVDD has a weak detectability
(∼24%). For the AP-state shown in Fig. 3(b), defective cells
related to RVDD and 15% of defective cells associated with
RGND may not cause incorrect reads, and hence, may escape
the logic test. This study again shows that the detection capa-
bility of the conventional read operation is weakened further
in the presence of the process variation.

B. Write Operation Under Short Defects

The write operations of STT-MRAM during P → AP and
AP → P state transitions are asymmetric. More specifically,
the write operation in the state transition of P → AP takes
longer time than that of state transition AP → P. Furthermore,

Fig. 3. Histograms of Vcell in the (a) P-state and (b) AP-state read operation.

Fig. 4. The cell write time of P → AP transition.

the write operation for P → AP suffers from a larger switch-
ing time deviation (i.e., larger variation in the nominal required
time for changing from P to AP) [23]. As mentioned in [23],
the error rate (defined as the probability that the MTJ transi-
tion time is larger than the write pulse width) of the P → AP
write operation is considerably larger than that of the AP → P
operation due to a wider distribution of the MTJ switching
time in the former operation for a given switching current.
Thus, the limiting transition, in the STT-MRAM write oper-
ation, is the P → AP transition. The cell write time for the
P → AP transition is plotted in Fig. 4, which shows that the
write current (time) of a defect free cell is 51 µA (2.8 ns).
For the P → AP state transition, the short defects modeled
by RVDD decrease the write time to 1.9 ns by supplying more
current (i.e., 66 µA) to the MTJ. On the other hand, the short
defects modeled by RGND result in an increase in the MTJ
write time to 3.7 ns due to a reduction in current flow (down
to 39 µA) through the MTJ. In this case, the access transistor
has to drive both the resistive defects and the MTJ cell. We
considered a 10K� resistance for RVDD and RGND to perform
the simulation of the write operation. This value is equal to
Rref (the average value of RP and RAP) to maintain the same
distance from the P- and AP-state resistance values.
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Fig. 5. Write time histograms for fresh and faulty cells in P → AP transition.

To detect an incorrect write operation due to a short defect,
we define a threshold time which corresponds to the longest
write time that a defect-free cell needs for the write operation
to be completed under process variations. When the write time
of a cell becomes larger than this threshold, we can conclude
that the cell suffers from a defect. As mentioned in [23], the
P → AP transition determines the timing threshold of the STT-
MRAM write operation. In this work, this value is determined
as 4 ns for the P → AP transition, which is slower than the
AP → P write time margin (1.5 ns). Hence, a write fault
occurs if the write time > 4 ns.

In the case of AP → P state transition, RVDD (RGND)
increases (reduces) the write time of the cell. It should be
noted that none of the short defects can be detected using the
AP → P write transition due to the fact that the write time
alteration due to both RVDD and RGND defects are considerably
smaller than the defined write time margin (< 4 ns), which is
calculated based on the limiting transition of the STT-MRAM
write operation (i.e., the write time of the P → AP transition).
As mentioned before, the write time and the error rate of the
P → AP write transition is considerably larger than that of
the AP → P transition [23].

Now, let us illustrate the write time histograms for the
defect-free and defective cells under the process variations.
Fig. 5 shows the write time distribution for P → AP as
the worst case using 1,000 MC simulations. In this study, as
explained previously for Fig. 4, we considered RVDD and RGND

as 10K� resistances and the write time threshold as 4 ns. As
the figure reveals, the short defects modeled by RVDD cannot
be detected using a write logic test. Moreover, only 8% of the
cells with short defects modeled by RGND are detectable (the
cells with the write time of larger than 4ns).

C. The Proposed Test Technique

In this section, we describe the principles of our proposed
test technique. When there are no short defects, the currents
flowing into BL (Iin) and out of SL (Iout) in a cell are the same.
We used this property for our test technique. When there are
any short defects, the currents are not the same [see Fig. 6(a)].
Let us denote this current difference by Idiff .

The currents Iin, Iout, and Idiff versus a range of RVDD and
RGND defect sizes are plotted in Figs. 7(a) and 7(b). The results
reveal that using Idiff is more effective in terms of short defect
detection than considering either one of the other two cur-
rents (Iout or Iin). This current requires monitoring the values
of Iin and Iout to distinguish the defect-free cells from the
faulty ones. Fig. 7 shows that the detection of short defects
with lower resistance values is easier than that of short defects

Fig. 6. (a) Idiff induced by short defects, (b) The modified read circuit,
and (c) The proposed DFT circuit.

Fig. 7. Iin, Iout , and Idiff versus (a) RVDD, (b) RGND.

with larger resistance values due to higher Idiff . As exam-
ples, Idiff is 95μA (55μA) for the case of RVDD = 5k�
(RGND = 5k�) whereas it approaches zero when the resis-
tance value is 100K�. These figures also suggest that the short
defects modeled by RVDD are more detectable compared to the
other ones owing to higher Idiff for the same resistance values.
Finally, it should be noted that the technique provides wider
defect detection ranges compared to the conventional tests (as
will be inducted from the results of Section IV). For the con-
sidered STT-MRAM cell, we determine the feasible range of
RVDD and RGND for the proposed DFT.

Finally, we study the robustness of testing based on Idiff in
the presence of the process variations using 1,000 MC runs.
Table I reports the variation of Iin, Iout, and Idiff for the short
defects modeled by RVDD and RGND in the presence of the
process variation. Simulation results in the table show that
there are considerable variations for Iin and Iout. This implies
that the conventional logic testing circuits which rely on mon-
itoring a single current parameter (Iout or Iin) may not be very
effective in determining the existence of the defects (especially
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TABLE I
VARIATION OF THE Iin , Iout , AND Idiff UNDER SHORT DEFECTS

for some weak defects) due to the larger current variation in
the presence of process variations. The variation in the current
difference value (Idiff ) is much lower than Iout and Iin cur-
rent values, offering more robustness against process variation
when used as a parameter for the test. It should be mentioned
that our results in Table I also show that 1,000 MC runs is
large enough for the sample standard deviation to converge
reasonably with an error of less than 2% (σ /

√
N) [24].

D. The Proposed DFT Circuit

The modified read circuit for a STT-MRAM array com-
prising n-bit cells is drawn in Fig. 6(b). This figure includes
a conventional SA-based read circuit and the proposed DFT
(shown by the dashed line box) which is designed based on
the idea of monitoring Idiff . As shown in Fig. 6(c), we added
12 transistors to the conventional read circuit for implementing
our proposed DFT. The proposed circuit has three operation
modes:

1. Nominal mode (En_RVDD/En_RGND = 0,
En-Nom = 1),

2. Short defect detection mode under RVDD

(En_RVDD = 1),
3. Short defect detection mode under RGND

(En_RGND = 1).
In the nominal (Defect Free) mode, which is activated by En-

Nom signal, we utilize the normal operation of the conventional
read circuit as explained in the Section II-B. In the two defect
detection modes, one of the two signals En_RVDD or En_RGND
becomes one so as to activate the DFT circuit shown in Fig. 6(c).
The circuit measures one of the current differences of (Iout−Iin)

or (Iin − Iout) to observe the effects of short defects on the
array operation. For example, to detect short defects modeled
by RVDD, a differential current amplifier consisting of the right
six transistors of M1-M6, enabled by En_RVDD signal, is
employed to measure (Iout − Iin). In this case which Iout is
larger than Iin, Iin (which is almost equal to Iref ) flows through
the transistors M1 and M2 and then the value of Iin is copied
to transistor M4 using the first current mirror circuit. On the
other hand, Iout passes through M3 which generates the current
difference of (Iout − Iin) for the transistor M5. The second
current mirror copies the difference as the output current of
the amplifier to M6. Similarly, the left 6 transistors of M7-
M12 detect the short defects modeled by RGND by measuring
(Iin − Iout), where a similar explanation applies.

IV. RESULTS AND DISCUSSION

In deeply scaled technology nodes, the process variation
greatly impacts the proper operation of circuits including the
memories [15]. In this section, we investigate the effect of the
process variations on the proposed DFT scheme. For this pur-
pose, we performed 1,000 MC simulations and obtained the

Fig. 8. The current difference histograms under the short defect to (a) VDD
and (b) GND terminals.

histograms of the current difference measured by the proposed
DFT for the resistance values of 0, 20K�, 60K�, and 100K�

as potential feasible values for RVDD and RGND (see Fig. 7).
In the proposed DFT, the maximum Idiff value of the defect
free cell, shown by the MAX lines in Fig. 8, is defined
as the threshold to distinguish the fresh cells from defec-
tive ones. The results, which are plotted in Fig. 8, indicate
that the proposed DFT circuit can detect short defects when
the current difference is higher than this threshold which is
8.5 µA. These figures also show that the current difference
makes the detection of the short defects easier (which means
higher defect detectability) compared to the conventional tests
(see Figs. 2, 3, and 5), especially, for smaller resistance values.
For instance, in the case of 20 K� and also smaller resistance
values, the defects modeled by both RVDD and RGND may be
fully detected by the proposed technique. As can be observed
from Figs. 2, 3, and 5, however, the conventional tests may
not detect some short defects (see Sections III-A and III-B).

Figs. 8(a) and 8(b) demonstrate that detecting the short
defects modeled by RGND is more difficult than detecting
defects associated with RVDD. As an example, in the case
of RGND = 100 K� (see Fig. 8(b)), there is a considerable
overlap between the current distributions of the defect-free
and defective cells which results in lower detection capability
compared to the case of RVDD. Nevertheless, the ability of the
proposed DFT in detecting the short defects modeled by RGND

is significantly higher than that of the conventional tests (see
Table II).

To have a better comparison, we have calculated the detec-
tion probability (PDetect) of short defects by again performing
1,000 MC simulations for the conventional and the proposed
DFT techniques under a wide range of RVDD and RGND

resistance values. Table II shows the range of resistance val-
ues that can be detected fully (PDetect = 1) or partially
(0 < PDetect < 1) by the proposed DFT compared to the con-
ventional logic tests using the read and write operations in the
presence of the process variation.

In the conventional test techniques, when the write time is
greater than the largest write time (P → AP) which is 4 ns,
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TABLE II
DEFECT DETECTION RANGE FOR THE PROPOSED AND CONVENTIONAL

LOGIC TEST TECHNIQUES

a write fault is considered. Also, a read fault occurs when Vcell

is higher (lower) than Vref = 0.48 V for the P-state (AP-state).
In the proposed DFT, a defect is detected when the current dif-
ference is higher than the maximum Idiff value (i.e., 8.5 µA).
Table II indicates that for the defects modeled by RVDD, the
conventional technique, the read operation in the AP-state and
also the write operation may not detect any defects. This type
of defects is detectable in the range of 0-50K� using a con-
ventional read operation when the cell is in the P state. Our
proposed testing scheme can increase this detection range to
10M�. Furthermore, the conventional P-state read test cannot
detect any defective cells modeled by RGND whereas the detec-
tion range in the AP-state for the same test is for the defects
causing resistance values of up to 50K�. The conventional
write test can detect defects leading up to 20K� of RGND.
The proposed technique has the full (partial) detection range
of 0-50K� (50K-4M�) which is at least 10 times larger than
the maximum range of the conventional tests.

Finally, it should be mentioned that although the conven-
tional test circuits do not need any additional transistors,
the proposed DFT technique requires 12 extra for a column
of STT-MRAM array [see Fig. 6(c)]. This is, however, not
a major setback because as the memory size get larger, the
percentage of area overhead of the DFT circuit decreases.
For instance, it become ∼1% for a column of 2Kb STT-
MRAM cells.

V. CONCLUSION

In this paper, we proposed a defect-oriented testing scheme
to detect the short defects present in STT-MRAM cells. The
scheme had the ability to detect some of the defective cells
which escaped the conventional logic tests. The short defects
of STT-MRAM were modeled as RVDD and RGND which
connect the internal node of the memory cell to the power
terminals. The proposed DFT circuit worked based on the
current difference observed between input current to and
output current from the cell. The proposed test circuit had
better robustness under process variations. To compare the
detection probabilities under process variations, we performed
1,000 Monte Carlo simulations using HSPICE. The results
showed that the proposed testing scheme improved the detec-
tion range of short defects modeled by the resistance to the
ground (supply voltage) terminals by at least ten (five) orders
of magnitude when compared to the maximum detectable
defect sizes using conventional logic-based tests. Also, the
area overhead was negligible for larger memory arrays (∼1%
for a 2Kb array). The proposed DFT enjoys from a single

read operation compared to the several read/write sequences
required for conventional approaches such as March tests.
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