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Abstract—In this paper, we propose to develop a full TCAD 
simulation, using a commercial tool (Sentaurus), of an STT-
MRAM device to better understand its electrical behavior. To 
our knowledge, it is the first time that a simulated I-V hysteresis 
loop is calibrated on experimental data. The impact of several 
key parameters is presented, and the obtained values are in good 
agreement with the ones found in literature. This calibrated 
TCAD simulation can then be used to study the variability of the 
switching voltages, the temperature dependence, or the impact 
of process variations. 

Keywords— STT-MRAM, Magnetic Tunnel Junction MTJ, 
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I. INTRODUCTION 
A promising non-volatile memory known as Spin-Transfer 

Torque Magnetic Random-Access Memory (STT-MRAM) 
combines a fast writing operation with a high density and 
significant endurance (up to 1013 cycles) [1, 2]. Magnetization 
direction is the form in which the data in Magnetic Tunnel 
Junctions (MTJ) is coded and its read/write latency is 
controlled by the stochastic nature of the reversal, device size, 
and current flowing through the layers [2]. 

The MTJs are composed of a CoFeB/MgO/CoFeB stack, 
where the MgO insulator layer serves as a tunnel barrier layer. 
Programming the cell from the Anti-Parallel (AP) to the 
Parallel (P) state and vice-versa is performed by forcing a 
spin-polarized current through the device as illustrated in Fig. 
1. An important characteristic of the MTJ is the Tunnel 
Magnetoresistance Ratio (TMR) defined as (RAP–RP)/RP, 

where RAP and RP are the resistances of AP and P states 
respectively [3]. To perform the quasi-static current versus 
voltage (I-V) loop, as shown in Fig. 1, the bias voltage is 
applied to the top electrode of the MTJ, with a resistance-area 
product R.A~12Ω·μm2, a TMR~100%, and a 
diameter~100nm, while grounding the bottom electrode and 
measuring the top electrode current. A voltage ramp is applied 
to write the cell with a positive bias to switch the cell to the P 
state and a negative bias to switch it to the AP state. The 
reading voltage (VR=+100mV) is chosen to determine the cell 
state, without modifications, and to extract the corresponding 
resistance value. 

 
Fig. 1. Quasi-static experimental I-V hysteresis loop of state transitions of 
the Magnetic Tunnel Junction. 
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In previous studies, we experimentally demonstrated the 
stochastic behavior of the switching phenomenon in STT-
MRAM [4] and the impact of an infrared laser attack on the 
MTJ [5,6]. A nuanced understanding of the functioning of 
such a device is necessary to explain the observed phenomena 
and improve the nanofabrication process of the whole stack 
for better performance and/or robustness. To this goal, a 
Technology Computer Aided-Design (TCAD) approach, 
especially using Sentaurus from Synopsis®, can be very 
useful but only a few previous studies have focused on this 
subject. Indeed, a first study was proposed by F.O. Heinz et 
al. [7] implementing the Landau–Lifshitz–Gilbert (LLG) 
equations [8] in Sentaurus, showing the capacity to reverse 
the magnetization in the Free Layer. Some studies have used 
other tools [9, 10, 11] but, to our knowledge, none of them 
proposed the simulation of the whole MTJ stack and/or the 
electrical simulation of the I-V hysteresis loop. In this work 
we propose to develop the main calibration steps of the 
electrical simulation to achieve the full I-V hysteresis loop 
and the variability estimation of the switching voltages of our 
device. This work also sets the path for a thermal analysis of 
the MTJ. 

II. TCAD SIMULATION OF THE MTJ STACK 

A. Bi-dimensional definition of the MTJ stack 
The first step for the TCAD simulation is to reproduce in 

2D the whole MTJ stack (with a width of 100nm) using 
Sentaurus Structure Editor. Fig. 2 shows the simulated 
structure (left) and a High-Resolution Transmission Electron 
Microscopy (HRTEM) of the whole stack used in our study 
(right). For improved accuracy, a specific meshing is 
performed in the 3 main layers (CoFeB/MgO/CoFeB) of the 
structure.  

 
Fig. 2. Simulated (left) and HRTEM picture (right) of the p-MTJ [12].  

Note that some materials such as CoFeB, MgO and Ru do 
not exist natively in Sentaurus, so specific parameters files 
have been created to define their main constants (permittivity, 
conductivity, thermal conductivity, ...). 

B. Electrical simulation of the MTJ at 298K 
We have then implemented in Sentaurus Device the 

required magnetic and tunneling models (Thermal 
Fluctuations, Macro Spin, Direct Tunneling) as described in 
[13]. At 298K, we used the default values for: the Stoner–
Wohlfarth switching field Hk, the effective magnetization Meff, 
the effective mass in ferromagnet mFM, the density-of-states 
mass parallel to the interface mdos, the Fermi energy in 
ferromagnet relative to conduction band EF, the energy barrier 
between the ferromagnet and the barrier UB, and the Gilbert 
damping coefficient a, according to [13]. For the three 
remaining parameters: the effective mass in barrier mox and the 
energy splitting between spin-up and spin-down electrons in 
ferromagnet Dspin, both related to the RAP and RP values, and 
the saturation magnetization of the ferromagnetic material MS 
related to the switching voltages, several values can be found 
in literature [11, 13, 14]. Fig. 3 presents the impact of mox and 
Dspin on the resistance values extracted at VR=100mV, 
showing a weak effect on RP but a large variation of RAP. The 
experimental resistance targets are fixed by the values 
extracted from Fig. 1.  

 
Fig. 3. Impact of mox and Dspin parameters on the RP and RAP values. 

We fixed mox=0.16m0 which is coherent with [13] and 
Dspin=2.06 eV in the range [1.98 eV; 2.15 eV] from [11] and 
[13]. In the LLG equation, thermal fluctuations create 
stochastic fields, impacting magnetization dynamics under the 
Macrospin approximation. Despite consistent saturation 
magnetization (MS), switching voltages vary across 
realizations. Fig. 4 depicts this variability, showing minimum, 
mean, and maximum switching voltages from 30 simulations 
per MS value, with MS varying from 0.8x106A/m (from [13]) 
to 1.3 x106A/m (from [14]).  

The simulations are then carried out with MS=1.2x106A/m, 
which is coherent with values from [9, 14]. Fig. 5 shows the 
comparison between an experimental I-V hysteresis loop 
(solid black line) and 100 realizations in simulation (dotted 
grey lines) with a very good agreement as well for RAP and RP 
values as for switching voltages. 
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Fig. 4. Impact of MS parameter on the switching voltages. 

 
Fig. 5. Comparison between an experimental I-V hysteresis loop and 100 
realizations in simulation at 298K. 

III. SIMULATION OF THE THERMAL EFFECTS 
After calibrating the electrical simulation at room 

temperature (T=298K), we want to reproduce the electrical 
behavior of our device at higher temperatures, using previous 
experimental data from [6] showing a decrease in the RAP 
value and a slight increase in the RP value, between T=298K 
and T=378K. We will focus on the thermal simulation of 
these resistance values and the associated TMR value. 

A. Impact of temperature on the model parameters 
The first step to consider temperature in simulation is to 

implement the thermal conductivity of the different materials 
of the MTJ stack (Co, CoFeB, MgO, ...) [15]. Concerning the 
electrical model by itself, among all the parameters presented 
in section II.B, most are almost independent on temperature 
and will remain constant over the considered temperature 
range, such as Meff, mFM, mdos, EF, Dspin, a [16], Hk (only 
varying in √𝑇 [17]). According to the Bloch law (Equation 1) 
[18, 19, 20, 21], the MS parameter varies with temperature T 
as): 

 𝑀!(𝑇) = 𝑀!(0). )1 −
"
"!
,
#
$%
 (1) 

where 𝑇&  is the Curie temperature of CoFeB (1150K in 
[21]) 

The change in MS can also lead to more fluctuations of the 
magnetization direction, i.e. larger variability from the 
equilibrium direction, resulting in a decrease of spin 
polarization. Perhaps we can just summarize this by saying 
that in a first approach changes in MS were not considered due 
to the limited temperature range studied. We have chosen to 
consider the two remaining parameters, UB and mox, which 
have the larger thermal variation [22, 23, 24] and impact on 
the resistance values. We first manually modified these two 
parameters to fit our experimental data between 298K and 
378K each 20K. Resulting parameters values (marks) are 
presented in Fig. 6. Fitting equations (dotted lines) have then 
been established to match these values and predict the 
behavior at any temperature. According to [18, 23, 25], the 
energy barrier UB can be modeled using Equation (2): 

 𝑈'(𝑇) = 𝑈'(0). )1 −
"
"!
,
(

 (2) 

The fit was obtained using 𝑈'(0) = 3.619𝑒𝑉, 𝑇& =
1150𝐾  as in [21] and 𝑛 = 1.57, coherent with values from 
[25]. According to [24], the effective mass in barrier mox can 
be approximated using a quadratic polynomial although a 
linear dependence might be enough within the limited 
temperature range considered, as presented in Equation (3): 

 𝑚)*(𝑇) = 𝑎 + 𝑏. 𝑇 + 𝑐. 𝑇$ (3) 

The fit was obtained using 𝑎 = 4 × 10+$. 𝑚,, 𝑏 =
−7.3 × 10+-. 𝑚,. 𝐾+., 𝑎𝑛𝑑	𝑐 = 1.6 × 10+/. 𝑚,. 𝐾+$. 

 
Fig. 6. Impact of temperature on UB and mox parameters. Manually fitted 
values correspond to marks and fitting equations correspond to dotted lines. 

B. Simulation results including temperature: Resistance 
values and TMR 
We next used the 2 fitting equations for UB and mox to 

simulate the RP and RAP values (crosses), presented in Fig. 7 
and compared to experimental values (marks) from [6]. As 
previously mentioned in section II.B, the thermal fluctuations 
in the LLG equation implemented in our tool imply 
variability in the simulated values. Each resistance value 
represents the average from 10 simulations.  We can notice a 
very good agreement between measurements and 
simulations, validating our approach. The TMR ratio is also 
plotted in Fig. 8, demonstrating excellent agreement between 
experimental values from [6] (marks) and simulations 
(crosses). 
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Fig. 7. Comparison between simulated (crosses) and experimental, from [6] 
(marks), RP and RAP values, between 298K and 378K. 

 
Fig. 8. Comparison between simulated (crosses) and experimental, from [6] 
(marks), TMR ratios, between 298K and 378K. 

IV. CONCLUSION 
The TCAD simulation of a full STT-MRAM stack has 

been developed, using the Sentaurus commercial tool from 
Synopsis®. We have detailed the impact of the key parameters 
(the effective mass in barrier mox, the spin-splitting energy 
Dspin and the saturation magnetization MS) in the Landau-
Lifshitz-Gilbert equation on the simulated electrical I-V 
hysteresis loop at room temperature. The simulated 
realizations, including variability of the resistance values and 
of the switching voltages, are in very good agreement with 
experimental data. The thermal behavior of the two resistance 
values (RP and RAP) as well as the TMR ratio have also been 
simulated using the Sentaurus commercial tool. The 
simulation of the switching voltage dependence should still be 
performed, using the variation of the saturation magnetization 
of the ferromagnetic material MS, using the Bloch law. 
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