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Abstract –This paper proposes a novel methodology to design high reliable STT-MRAM, with self-activated built-in-self-test 

(BIST) against aging/temperature-induced degradation. During sensing operation, Tunnelling magnetoresistance (TMR) is 

monitored, and real-time BIST is activated prior to permanent damage in Magnetic tunnel junction (MTJ) stack. To evaluate the 

feasibility of the test scheme, the proposed technique was involved in MRAM array implementation using 28-nm CMOS and 40-

nm MTJ. HSPICE MOS Reliability Analysis (MOSRA) is used to evaluate the amount of electrical stress to the actual device 

aging degradation. Compared with previous periodical BIST method, the proposed self-triggered BIST saves ~31.1% cumulative 

power consumption over 12 years. And the proposed technique can improve reliability in the wear-out failure period.  

1. Introduction

Spin Transfer Torque Magnetic Random Access Memory 

(STT-MRAM) is a prospective candidate in terms of access 

efficiency, scalability, data retention and endurance [1, 2]. 

Non-volatile data stored in magnetic tunnel junction (MTJ) is 

represented as bi-stable magnetization states with asymmetry 

switching property [3].  The 1T-1MTJ bit-cell design is the 

most widely-adopted bit-cell structure [2-6], comprising an 

MTJ device serially connected with an access NMOS transistor 

(see Fig. 1). Two ferromagnetic layers constitute MTJ, the pin 

layer (PL) and the free layer (FL), which are isolated by a thin 

oxide layer. The direction of the FL magnetization determines 

the MTJ state, as parallel (P) or anti-parallel (AP) to the PL 

magnetization. The middle layer as tunnel barrier serves as an 

insulating non-magnetic spacer between the FL and PL. During 

“P” state writing operation, WL and BL are pulled up to supply 

voltage and SL is grounded, thus leading to a current flowing 

from BL to SL. In contrast, an AP state writing operation 

requires the opposite current through the MTJ device.  

STT-MRAMs in MCU [7], last level cache [8], Internet of 

things [9] and space applications [10] show strict requirements 

for reliability. Unfortunately, MRAM bit-cell is vulnerable to 

aging mechanisms and temperature fluctuations due to iterative 

access with high currents [11-13]. The perpendicular magnetic 

anisotropy (PMA) of the MTJ device is obtained from the 

hybridization of atoms near the pin, fixed and barrier layers. 

However, the defects and corresponding fault models of STT-

MRAM are not as extensively explored as in SRAM [14, 15], 

there is a growing need for defect and fault analysis [16]. Built-

in-self-test (BIST) technique provides the capability for high 

fault coverage testing, simultaneously relaxes the reliance on 

external testing equipment [17], BIST generally combines with 

built-in self-repair (BISR) to improve chip yield.  

Several BIST studies were proposed to aim at defects after 

manufacturing [12, 16]. Subtle failures often grow over time, 

and a substantial fraction of their population can escape the 

initial test and screening process, e.g., aging and temperature-

drift defects. These defects formation over time need to be 

temperature-drift test, but it will bring unnecessary power 

consumption and performance loss. Due to process variation, 

manufacturing defects and different using frequencies, the 

MRAM bit-cells on a same chip may not have uniform aging 

degree and same response to temperature drift. It is necessary 

to propose a monitoring mechanism to find the random faults 

during the chip working, and activate the BIST circuit to 

analyse and repair the faults. The main highlights of this work 

are summarized as follows:  

● A real-time BIST triggered scheme with aging and

temperature-drift monitoring, and cross sensing amplifier

(SA) are used to detect error bit-cell and overcome

tunnelling magnetoresistance (TMR) degradation.

● Aging and temperature drift induced degradation/failure

are estimated. Aging behavior of 1T-1M MRAM bit-cell

is simulated based on experimental results. The detection

of TMR degradation utilizes SA is analysised by 105

Monte Carlo simulations to evaluate flag trigger function.

2. Preliminaries

Random/permanent failure of MRAM caused by aging and 

temperature effect imposes a large burden in testing circuit [12, 

13, 18]. When a large driving current flows into bit-cell, the 

temperature of the corresponding NMOS transistor and MTJ 

tend to raise up, and the Joule heating due to the flowing 

current will impact the device performance.  

MRAM sensing margin can be significantly limited by 

aging and temperature fluctuations. Fig. 2 illustrates the 

distribution of RP and RAP under different conditions. As the 

resistance difference between the two states is about twice of 

RP, the non-overlapping region is quite narrow. When the 

temperature increases, RP almost keeps the same, while the 

degraded RAP leads to resistance distributions even closer [2, 

19, 20]. Furthermore, resistance distributions of RP and RAP can 
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Fig. 1.  Write and read operations of 1T-1MTJ cell.
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be shifted due to process variation, resulting in the occurrence 

of error bits, demonstrated as the overlap between the 

distribution of RAP and reference. The limited sensing margin 

caused by aging is similar with that caused by temperature 

variations, challenging STT-MRAM reliability.  

 

2.1. Aging effects on STT-MRAM 

 

During reading and writing operations, STT-MRAM bit-

cells experience aging caused by the applied high current [21, 

22, 23], leading to a decrease of reliability. Bit-cells with large 

conductance generate large currents during writing operation, 

which change their internal and ambient temperature and thus 

incur thermal issues. These thermal issues not only aggravate 

aging of these STT-MRAM bit-cells further but also result in 

an accuracy discrepancy between bit-cell source and reference 

source. Bit-cell aging defect formation can impact both the 

access transistor and the MTJ device.  

Aging effects in CMOS have been extensively reported, 

such as wear-out failures due to oxide wear-out, hot-electrons 

or bias temperature instability. The access transistors are 

susceptible to aging because of high write voltage and repeated 

operations. The common mechanism observed in transistors is 

the gate-oxide breakdown, which causes a short connection at 

the gate-source or gate-drain interfaces. This leads to decreased 

impedance between the bit-line and ground, which affects all 

the bit-cells sharing the bit-line. 

The main aging mechanisms of MTJ are the TMR 

degradation and soft/hard breakdown phenomenon. At each 

write/read operation the tunnel barrier is exposed to an 

electrical stress which might cause a TMR decreasing 

gradually until breakdown, which is one of the most prominent 

failure mechanisms in MTJ devices [24, 25]. The behavior of 

the MTJ after breakdown is with ultra-low resistance and fixed 

state, leading to permanent functional failure. Scaling with 

constant write energy demands to decrease in the MgO barrier 

thickness and this would lead to reliability issues due to thin 

dielectric material. Two types of dielectric breakdown 

mechanisms occur in the MTJ stacks [26]: hard and soft 

breakdown. Hard breakdown in the dielectric material is 

induced by the high electric field across the dielectric. The 

lifetime of ideal dielectric barrier undergoing hard breakdown 

can be predicted based on the time-dependent dielectric 

breakdown equation [21, 23, 27]:  
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where TF is the time-to-failure, ΔH0 is the activation energy, 

EOX is the electric field across the oxide barrier, and Γ is the 

field acceleration parameter. kB is the Boltzmann constant and 

T is temperature.  

Soft breakdown occurs due to the formation of pin-holes 

during the dielectric deposition process. These pinholes can 

form conductive paths across the dielectric layer, which act as 

resistors in parallel to the MTJ. The defects affect the PMA 

interfacial region and degrade the MTJ stack resistance and 

TMR. The pinhole growth mechanism is explained in detail in 

[28, 29]. It occurs in 3 phases to result in the eventual barrier 

breakdown in MTJ. Firstly, there is no degradation at the 

junction with applied bias voltage/current. Secondly, the pin-

hole area keeps increasing, the MTJ junction area decreasing 

with the increase in the applied current, and TMR is decreased. 

Finally, the pin-hole occupies most of the junction area, 

making the MTJ device behave like a resistor. The pin-holes 

grow in size due to the Joule heating of the conductive path 

formed across dielectric over time. During the early stages, 

MTJ device parameter deviations can be observed as TMR 

degradation, RP variation, TMR bias dependant slope at AP 

state, switching voltage, and switching time. Symptoms of pin-

hole formed in the MTJ are exhibited in the electrical 

characteristics [29], where the degraded Resistance-Area (RA) 

and TMR due to pin-hole formed can be described by [29, 30] 
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Here Aph is the normalized pinhole area with respect to the 

cross-sectional area A of the MTJ device; RAeff and TMReff are 

the effective RA and TMR parameters of the MTJ stack, 

respectively. RAbd is the resultant RA after breakdown of the 

MTJ device. Aph correspond to the area of the pinhole formed. 

TMRdf and A0 correspond to the initial TMR and area of the 

junction. 

 

2.2. Thermal effects on STT-MRAM 

 

Joule heating caused by the current passing through the 

STT-MRAM bit-cell leads to temperature fluctuations, thereby 

affecting the drivability of the NMOS transistor and the 

characteristics of the MTJ, including its resistance value, 

magnetic stability, the required switching current and the 

switching time. The temperature dependence of NMOS access 

transistor drivability can be expressed as [31]: 

 

2( )
2

1
1

gs th ds ds

ds

sat

a
V V V V

I

V
v L


 

 



 (4) 

  

 
 

0

01

k

ox

r

r gs th

CT W
T

T LU V V



 



 
  

  
 (5) 

 

C
o
u
n
t

low temp./ fresh RAP

Margin degradition

RP RAP 

low temp./fresh RP

 high temp./ aging RAP high temp./aging RP

Ref

Reference

Error bits

aging
temp.

 
Fig. 2.  Resistance distributions change with aging and 

temperature variations, narrowing sensing margin. 



U0 is the vertical filed mobility reduction coefficient, Cox is the 

gate oxide capacitance per unit area, a is the body-effect 

coefficient, vsat is carrier velocity saturation, Tr is room 

temperature and μ0(Tr)(T/Tr)-kμ is the electron mobility at 

absolute temperature. Since mobility is reduced with increased 

temperature, the drivability of the MOS transistor is degraded 

at high temperature. That is, the generated current becomes 

small under the same biasing condition.  

Secondly, the temperature dependence of MTJ resistance 

shows a linear rule, when increasing the temperature from the 

low temperature to high temperature, the junction resistance at 

antiparallel state of an MTJ with MgO barrier decreases [32]. 

This phenomenon can be evaluated with the model provided by 

[20]. The conductance of the junction can be calculated by: 

 

 1 2( ) 1 cos( )T SIG G P P G     (6) 

 

Where  =0 °  or 180 °  for parallel or antiparallel state, 

respectively. GT is the prefactor for direct elastic tunneling and 

can be given by GT=G0CT/sin(CT). Here G0 is a constant and 

C=1.387×10-4d/(√ϕ), with barrier width (d) in A, and barrier 

height (ϕ) in eV. P1 and P2 are the effective tunneling electron 

spin polarizations of P1 the P2 two ferromagnetic layers. The 

temperature dependence of and can be expressed as P(T)=P0(1-

βTα), where β is a constant and 1<α<2 . GSI is a smaller second 

conductance due to assisted, spin-independent tunneling which 

is proportional to T1.35±0.15. In contrast, the MTJ resistance at 

the parallel state (RP) has a much weaker temperature 

dependence, because the majority spin channel tunneling 

dominates the overall conductance. 

In general, the temperature and aging can shift the MTJ 

resistance distribution. As shown in Fig. 2, when the 

temperature increases or aging occurs, RP almost keeps the 

same, while RAP degrades, making the resistance distributions 

even closer [2, 20-23, 32].  

 

3. Proposed self-activated BIST by monitoring Scheme 
  

The failure rate of storage follows the bathtub curve as 

shown in Fig. 3 [33]. The curve can be divided into infant 

mortality, constant failure, and wear-out failure period. 

Specifically, According to the discussion of thermal effects on 

STT-MRAM, the higher the working voltage is, the more Joule 

heating the circuit accumulates under the same memory access 

times, and the greater the probability of failure. Conventional 

BIST studies can detect the defects that occur in the earlier 

infant mortality. Since then, aging failure shows randomness 

and unpredictability.  

Due to the unpredictability of aging failure, conventional 

tests for aging detection were periodically performed. In low 

voltage applications, BIST is activated less frequently than in 

high voltage implementation. Activating BIST too frequently 

causes a large number of unnecessary chip accesses, which 

results in large energy consumption. Fig.4 (a) shows the 

flowchart for conventional aging test, it starts with testing all 

the bit-cells in the array. Then, the test results are checked 

whether there is error bits in the array. If yes, BISR is started to 

repair the error bits; if not, the chip keeps on working until the 

BIST is activated again after a period of operation time. In 

order to promptly detect faults and avoid unnecessary test, we 

propose self-activated BIST flow as shown in Fig.4 (b). During 

the read operation, TMR is detected. Once TMR is decreased, 

BIST unit is activated in real time. Fig.5 illustrates the block 

diagram of proposed design, the BIST is enabled by external 

signal and error bit flag. The redundant columns are used for 

fault replacement by BISR.  

When the MTJ is at P/AP state, the voltage difference is 

generated on bit-line. Then the data stored in the memory cell 

can be detected by comparing the bit-line voltage to a reference 

voltage, which is usually preset to VREF = 0.5(VP+VAP) using 

SA. The voltage difference of SA (denoted as sense margin) is 

normally used to evaluate read performance. Sense margin can 

be expressed as SM=min(VAP-VREF, VREF-VP). The temperature 

fluctuation induced variations of the MTJ resistance and 

NMOS transistor driving current can make the generated VP or 

VAP deviated from the designed values and hence affect the 

sense margin. 
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Fig. 3. The classical bathtub curve, λ(t) indicates failures rate, T 

indicates STT-MRAM working time.  

 
Fig. 4.  Comparison on detecting aging/temperature drift between 

conventional BIST and the proposed self-activated BIST (a) Flow 

chart for conventional aging test by BIST. (b) Flow chart for 

proposed Self-activated BIST by Monitoring Scheme. 
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Fig. 5.  Design Overview of proposed Self-activated BIST by 

Aging/Temperature Monitoring Scheme.  



In order to detect the TMR degradation, a monitoring 

sense amplifier (MSA) is proposed as shown in Fig.6 (a). Our 

previous work reported that weak MRAM bit-cells can be 

detected using cross sensing SA [34]. A switch-controlled 

multiplexer (SW1/SW2) at the input of the typical voltage SA 

to flip input offset, and successive sensing enable signal (SAE) 

are implemented. If the results (output1/output2) of adjacent 

sensing operations are different, it indicates that both sensing 

results are correct and the flag is activated by XOR. Fig.6 (c) 

shows the degradation of input voltage difference with TMR 

decreasing. It should be noticed that if the flag is not activated 

in the reading cycle, the error bit is located and BIST starts. In 

order to distinguish whether the fault is caused by temperature 

drift or aging, the traditional March algorithm is improved.  

 

4. Simulation Results 
 

The proposed scheme is realized in a 256×32 STT-MRAM 

array and simulated with a 28 nm CMOS process. Table I lists 

the parameters of the MTJ compact model [21]. To simulate 

the aged performance of bit-cells, the aging TMR is set to 75%. 

The simulation waveform is shown in Fig. 7. Access 

controllers firstly write data into the addresses from ‘80b0000’ 

to ‘80b0011’, then read the data from these addresses. When 

the system accesses the date in the ‘80b0001’, the error signal 

is triggered and BIST starts. The change trends of MSA 

detecting bit-error rate (BER) relying on different temperature 

and TMR are shown in Fig. 8, with the temperature increasing 

and the TMR decreasing, the detecting BER is improved.  

The detection of TMR degradation utilizing MSA is 

analysised by Monte Carlo transient simulations to evaluate 

Flag trigger function as shown in Fig. 9. Notice that TMR is set 

to 150%. The response time of Flag is varied due to different 

BL swing. The probability of Flag triggered at the third period 

is 12.2%. The late triggered tail bits indicates the low-TMR bit-

cells, which are sensitive to aging effects.  

The TSMC 28nm standard cell was applied to perform 

reliability and performance analysis using the built-in aging 

MTJ/CMOS models integrated into Synopsys HSPICE [35]. 

MOSFET Model Reliability Analysis (MOSRA) was used to 

predict the longterm reliability and performance of the device 

[36]. BTI induced MRAM performance degradation are 

simulated based on the conventional periodical BIST and the 

proposed self-activated BIST. The comparisions of energy 

consumption are demonstrated in Fig. 10. Here, we setup the 

periodical BIST method using the March-C algorithm. Each 

test needs about 1×106 pJ energy consumption, and 10 periodic 

tests are performed each year. The cumulative energy 

consumption of periodical BIST increases linearly over time. 

For the proposed self-activated BIST, there is no error bit 

occurrance and BIST is not avtivated in the infant mortality 

period. During the constant failure period, the bit error rate and 

cumulative power consumption increase gradually. Finally, 

when entering into the wear-out failure period, BER is 

siginicantly increased, and the traditional periodical BIST 

cannot guarantee the reliability of the STT-MRAM. Compared 

with the conventional periodical BIST method, the proposed 

self-triggered BIST saves ~31.1% cumulative power 

consumption over 12 years.  

Table II compares the proposed method with other counter 

aging/thermal reliability works. Time based reliability 
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Fig. 7. Simulation waveform showing error bit detection.  

Table I - Parameters of the used STT-MTJ compact model 

Parameters Description Default Value 

ΔH0 Activation energy 0.8eV 

 
Field acceleration 

parameter 
1.7 cm/MV 

β Shape parameter 1.5 

kB Boltzmann constant 8.625 ·10-5 eV/K 

T0 Ambient temperature 300 K 

tOX Thickness of oxide barrier 0.85nm 

TMR 
Tunnel magnetoresistance 

ratio 
150% 

Area MTJ surface 40nm·40nm·/4 

tsl Thickness of free layer 1.3nm 

Vsl Volume of free barrier Area·tsl 
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Fig. 6. (a) Proposed MSA Structure, a multiplexer consisting of 

SW1 and SW2 is used to flip the inputs. (b) Simulated transient 

behavior where SA outputs the correct data at the third sensing 

cycle, at the same time, the reading operation is completed. 

Control signal SW1 is reverse to SW2. (c) Under the influence of 

aging and temperature drift, the degradation of input voltage 

difference with TMR decreasing 



degradation of solid state devices leads to inevitable 

degradation mechanism, which effects logic circuit [37, 38, 40], 

volatile memory [39] and nonvolatile memory [12, 13, 41], 

reduces carrier mobility and translates into performance 

degradation. Periodically testing chip can prevent the challenge 

of aging to chip reliability. However, due to the randomness of 

aging, it is impossible to define the test cycle reasonably, 

which limits design space exploration between test cost and 

reliability issues. The proposed scheme not only ensures the 

reliability, but also saves the cost. 

The typical STT-MRAM bit-cell size is 6.3×10-2 μm2. In 

our design a 4-1 column MUX is used so that one monitoring 

sense amplifier is shared by 4 columns. Compared with the 

conventional scheme with voltage-mode sense amplifier, when 

the number of bit-cells per BL is 512, and 512 columns in the 

array, the layout area overhead of the proposed technique is 

2.9%. 

  

5. Conclusion 
  

The scheme to periodically enable BIST to alleviate aging 

and temperature drift leads to power dissipations and chip 

damage. In this work, we demonstrate the self-activated BIST 

methodology along with the error bit detection technique to 

provide a reliability enhancement design in STT-MRAM. The 

technique can be used for alerting the system regarding the 

fault formation, allowing time for repairing operation before 

permanent damage of the MTJ stack. A real-time monitoring 

method is used to involve a detection phase in the sensing 

operation, which not only ensures the reliability but also saves 

the cost.  
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Fig. 9.  The 104 times Monte Carlo simulation results of Flag-

trigger of the AP state read in the SS corner, 25℃. 
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Fig. 10.  Comparison of cumulative energy consumption between 

self-activated BIST and periodical BIST over 12 years based on 

HSPICE MOSRA simulation model. 
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