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The precise compact modeling of magnetic devices is pivotal for the integrated design of spin-transfer torque magnetic
tunnel junction (STT-MTJ) in conjunction with CMOS circuitry. This work presents a macro model for an STT-MTJ
which is compatible with SPICE simulation platforms. The model accurately replicates the electrical performance of the
MTJ, encompassing the resistance-voltage characteristics and the pulse-width-dependent state switching behavior, and is
validated with various experimental data. Additionally, the impact of process variations, particularly those affecting the MTJ
diameter and barrier thickness is investigated and summarized in a corner model. Monte Carlo simulations demonstrate
that our adaptable and streamlined model can be efficiently incorporated into the design of integrated circuits.

Keywords: STT-MTJ, macro model, process corner, Monte Carlo simulation

PACS: 85.70.Ay, 85.75.Dd

1. Introduction

Spin-transfer torque magnetic random access mem-
ory (STT-MRAM) is a promising technology for the next-
generation non-volatile memory, offering advantages such
as fast write speed, low power consumption, and high
density.!'""* The key element of an STT-MRAM device is a
magnetic tunnel junction (MTJ) which consists of a thin bar-
rier layer of MgO sandwiched between two ferromagnetic lay-
ers. Despite its considerable potential in STT-MRAM, the
MT]J faces performance challenges due to process variations,
including fluctuations in oxide thickness, surface roughness,
and critical diameter (CD), all of which can significantly im-
pact the device and overall circuit performance. Therefore, it
is imperative to evaluate circuit tolerance to these process vari-
ations using an MTJ device model during the design phase to
ensure the functionality of the chip.

The advent of memory designs that integrate both MTJ
and CMOS technologies necessitates the use of SPICE-based
models for simulating these hybrid circuits. Two types of
SPICE models of STT-MT]J devices have been reported. The
first type is predicated on the Landau-Lifshitz—Gilbert (LLG)
equation.>=8! These LLG-based models solve the complete
LLG equation to forecast the MTJ’s magnetic dynamics un-
der various magnetic fields and write waveforms. While they
capture the full physical details within an MTJ and can predict
its performance without relying on experimental data, their
complexity and computational intensity render them unsuit-
able for large-scale integrated circuit simulations. Conversely,

9-111 are founded on compact equations that de-

macro models|
scribe current-induced magnetic state switching and employ

circuit components to emulate the electrical attributes of MTJ
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devices. Although macro models are of high computational
efficiency, they fall short in providing detailed insights into
MT]J magnetization dynamics and stochastic behaviors. Fur-
thermore, most reported macro models overlook the parameter
variations stemming from non-uniformities in the MTJ manu-
facturing process, thus limiting their applicability in realistic
STT-MRAM chip design.

In this paper, we propose a macro model that accurately
depicts the electrical behavior of STT-MTJ!'?! with perpen-
dicular magnetic anisotropy (PMA), encompassing the influ-
ence of process variations on some of the critical parameters
of MTJ devices. To gather such variations, corner bias split
experiments are dedicatedly designed to observe the effects of
MT]J diameter and barrier thickness on performance. A cor-
ner model is subsequently constructed based on experimental
measurements and corroborated through Monte Carlo simula-
tions. The fitting results demonstrate a high degree of concor-
dance with in-line data, affirming the proposed macro model
and its methodology hold substantial promise for the design of
STT-MRAM chips.

2. Device model
2.1. MT] structure

The MTJ exhibits a multilayer structure, which is com-
posed of a free magnetic layer (FL) and a reference layer
(RL), separated by an ultra-thin insulating layer. Figure 1 pro-
vides a schematic representation of an MTJ with PMA (pMTJ)
and its equivalent circuit. In this configuration, the magnetic
moments of both the RL and FL are oriented perpendicular
to the plane of the layers. Compared to MTJs that feature

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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in-plane magnetic anisotropy, pMTJs benefit from enhanced
thermal stability and a reduced form factor.!'?! The equivalent
circuit of an MTJ is characterized by a two-terminal voltage-
controlled resistor, denoted as Ryty. The read and write oper-
ations are facilitated by the application of an appropriate volt-
age across the MTJ, inducing the switching of the magnetic
state within the FL.

(a) l+ ®) oy s

Free layer

Barrier MTJ

\
-
N

Reference layer

Fig. 1. (a) Structure of the pMTJ device, (b) equivalent circuit indicat-
ing the device resistance Ryty.

2.2. Tunneling magnetoresistance ratio

The MTJ is in a low resistive state (logically defined as 0)
when the magnetic moments of the two ferromagnetic layers
are parallel (P), while it is in a high resistive state (logically
defined as 1) when these magnetic moments are anti-parallel
(AP). The distinction in resistance between these two states is
quantified by the tunnel magnetoresistance ratio (TMR),!1314]

™R = Rap —Re (1)
P
where Rp is the resistance of the P state, and Rap is the resis-
tance of the AP state.

The device resistance of the AP state decreases with an
increment in bias voltage, which can be approximated by the
Gaussian function,!'3! or derived from the MTJ conductance
physical model.[3! Its temperature dependence can be ex-
plained by Julliere-based model!'®-'8! or phonon-assisted tun-
neling model.!"%?°1 Our resistance model for STT-MTJ is phe-
nomenological, as depicted in equation set

Rmry = Rp, MTIJ at “P” state, (20)

Rwmry = Rap, MTJ at “AP” state, a

Re (V,T) = Rpo, (2b)
Rp(V,T

Rap(V,T) = eV, ) o)

a(T) Vg +b(T) - Vary +¢(T)’

where Ry represents the MTJ resistance, Rpy is the constant
resistance, Vg is the applied MTJ voltage, and T is the am-
bient temperature in degrees Celsius. The parameters a, b, and
c are temperature-dependent, as detailed in the following:

a(T) = arysla; (T —25) + 1], (3a)
b(T) = bras[be (T —25) + 1], (3b)
c(T) = crasler (T —25) +1], (3c)

where coefficients arys, bras, and crps represent their values
at room temperature, with a,, by, and ¢, being the respective
temperature coefficients. The current flowing through the de-
vice is given by Ohm’s law, I = Vit /Rmr-

In this model, the thickness and area dependence of the
MT]J resistance are not considered. This implies that the MTJ
device integrated into the circuit design possesses a fixed CD
and a constant resistance-area product (RA), given by the de-
sign rules of any mainstream manufacturing platform. The
CD is the diameter of the MTJ pillar at the MgO barrier level,
while the RA parameter is exponentially related to the oxide
thickness.!'*! Both parameters significantly influence the MTJ
resistance and the write voltage.

2.3. Switching voltage

For an STT-MT]J, the device resistive state can be altered
by applying an appropriate write voltage (or current), termed
as critical voltage VF~°=AP and VAP=10=P for writing 1 and
0, respectively. However, factors such as thermal fluctuation
and the initial angle of the magnetic moments in the FL induce
randomness during state switching.!?->?l The critical voltage
here corresponds to the write voltage with a switching proba-
bility of 50%, which is determined by statistical measurements
across multiple MTJ devices. Notably, the critical switching
voltages for the two states may differ.['?]

The commonly referenced physical model that illus-
trates the pulse width dependence of V; was proposed by

(23] and Sun,®* and has been incorporated into

Slonczewski
previous compact models. Our switching model, however, ar-
ticulates this dependence through Eq. (4), where 7 is the du-
ration of a square pulse, and a¢y, ary, br1, and by are fitting
parameters for pulse width dependence. Additionally, ay; and
ay are fitting parameters for temperature dependence. In this
model, the relationship between critical voltage and operating
temperature is linearly defined, although it can be expanded to

a quadratic or higher-order function to achieve a better fit.

VCAP—to—P (1,T) = (ar1InT+bgy) X [ayy (T —25)+ 1], (4a)
VCPftofAP (T,T) — (a‘EZ 11’1T+br2) X [avz (T — 25) + 1} (4b)

Akin to other macro models, our model supports only
constant pulse voltage or current input. The fitting parame-
ters are derived from pulsed /-V measurements, which employ
a series of square pulses with escalating pulse levels across
various pulse durations. Consequently, the switching voltage
model may exhibit reduced accuracy under different waveform

types.

2.4. Model validation

The proposed macro model is implemented in the
Verilog-A language and validated against experimental data.
An initial assessment involves examining the R—V characteris-
tics at various temperatures and comparing the TMR with ex-
perimental results. Figure 2 shows this comparison, with the
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data obtained from DC measurements. In our device model,
Rp is assumed to be constant when varying the applied voltage
Vmtr and temperature,[zs’zﬂ which simplifies the R-V char-
acteristic expression and performs adequately under low volt-
age conditions. Rap decreases as V\ry increases, and the R—
V curve shrinks with rising operating temperature, a behavior
that is accurately captured by the model. Figure 3 demon-
strates the temperature dependence of TMR at Vyry = 50 mV.
A more pronounced discrepancy between the simulation and
empirical outcomes is noticeable at temperatures below 0 °C,
which may be attributed to the different experimental appara-
tus employed for low-temperature and high-temperature mea-

surements.
10 . -
-<-- —40 *C_Exp —— —40 °C_Sim
--+- 25 *C_Exp ——25 °C_Sim
85 *C_Exp 85 °C_Sim
8 r--a--125 °C_Expg ——125 °*C_Sim

Rty (k)
o

Vars (V)

Fig. 2. Validation of the proposed model through the R-V curve at
different temperatures. The dashed lines with symbols represent the
experimental results, while the solid lines depict the model results.

200

180
q

160

TMR (%)

140

120

1 1 1 1
00—40 0 40 80 120

Temperature (°C)
Fig. 3. Temperature dependence of TMR at Viyry = —50 mV. The sym-
bols denote the experimental data, and the fitting line shows good agree-
ment with the experiment around room temperature.

In the next, performance of the model under various write
pulse widths is examined. It is common that P-to-AP and
AP-to-P critical switching voltages differ, and the switching
speed increases with pulse level. Figure 4 displays the rela-
tionship between pulse-width-dependent critical voltage and
experimental data. The worst fit is observed at the shortest
pulse width of 20 ns. For most cases, our model aligns well
with the measurements at different temperatures. Taking AP-
to-P switching as an example, the temperature dependence of
critical voltage with varied pulse durations is also delineated

in Fig. 5, exhibiting a linear correlation between V. and tem-
perature. All simulated results exhibit a consistency of over
90%, reinforcing the validity and robustness of our model.

o 25 *C_Exp x 55 ‘C_Exp 85 °‘C_Exp
— 25 °C_Sim —— 55 °C_Sim 85 °C_Sim
A 115 °C_Exp o 145 °C_Exp
——115 *C_Sim  —— 145 °C_Sim
—-0.4 0.9
) )
Z ,(QODQD/—_(& S o8k
R P
i A £ 07
3 1
| —0.6 _/()909(’/—_——— A o
&, ;{“"DW <>U 0.6 -%
_o0.7 . . . L 0.5 L . . .
0 100 200 300 400 500 0 100 200 300 400 500

Pulse width (ns) Pulse width (ns)

Fig. 4. Validation of pulse-width-dependent critical voltage VX ~°~AP (a) and
VAP=0=P (by 4t different temperatures. The symbols are the experimental
data, while the lines show the model results, revealing a logarithmic function
relationship between critical voltage and pulse width.

0.8¢ — 50 ns—Sim
— 100 ns-Sim
200 ns—-Sim
—~ — 500 ns-Sim
2 0.7
n,
|
8
[
=
<L)
~" 0.6 - 050 ns_Exp b
<100 ns_Exp
200 ns_Exp &
A 500 ns_Exp
0.5 1 1 1
25 55 85 115 145

Temperature (°C)
Fig. 5. Dependence of critical voltage VAP~~P on temperature at dif-
ferent pulse widths. The symbols are the experimental data, and the
lines indicate the model results.

Finally, transient simulations are conducted by applying
square pulse waves with different pulse widths to verify the
write operation. As shown in Fig. 6, P-to-AP and AP-to-P
switching occurs once the applied voltage level reaches suf-
ficient time. An abrupt change in current is detected, cor-
responding to the state switching between P and AP states.
A higher voltage level leads to faster switching speed, and
yP-to=AP and VAP=10=P can be different, as described by

Eq. (4).

0.9 400
0.6 300
200
g\ 0.3 100 <‘11
z 0 0 &
203 {—100 =
' 1—200
—0.67 {-300
—0.9 . . - - —400
0 100 200 300 400 500
Time (ns)

Fig. 6. State transition under pulse of two different voltage level conditions.
A higher pulse level (solid line) indicates more rapid switching for both AP-
to-P and P-to-AP state transitions.
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3. Process corner and Monte Carlo model

Like standard CMOS processes, MTJs are fabricated by
following a sort of techniques. The key steps include the sput-
tering of the MTJ stack, photolithography, and film etching,
which determine the CD and RA of the MTJ. Owing to un-
avoidable process fluctuations, the properties of MTJ nanopil-
lars vary from wafer to wafer, also from die to die. Such fluc-
tuations exert a significant influence on the electrical switch-
ing behavior and must be meticulously evaluated prior to IC
design.[11:27:28]

Our compact model does not facilitate the study of tech-
nology scaling since it lacks the incorporation of CD and bar-
rier thickness. To optimize the design of a bitcell, it is imper-
ative that the variation sources be embedded into the model.
Therefore, the statistical distribution of electrical parameters
including Rp, Rap, TMR, VP~10=AP "and VAP=0=P should be
provided. The variability of these parameters is investigated
through corner bias split experiments. Consequently, the elec-
trical switching behavior of the MTJ device can be compre-
hensively characterized using Monte Carlo simulations.

3.1. Process corner experiment

To investigate the influence of process variation on MTJ
devices, corner bias split experiments are performed using five
pieces of wafers. Table 1 presents the detailed process condi-
tions for each wafer, where RA and CD are varied systemat-
ically. The RA is controlled and evaluated based on the de-

position time of the barrier layer, while the CD is adjusted by
the exposure condition during lithography. These two technol-
ogy parameters are persistently monitored in-line, employing
statistical process control (SPC) to ensure their values remain
within the specified upper and lower thresholds. We expect
to characterize process corners using these two variants and
develop an MTJ corner model.

More specifically, wafer #1 is under baseline (BSL) con-
dition, whereas the RA for wafers #2 and #4 is increased by
05 Q- umz, and for wafers #3 and #5, it is decreased by
0.5 Q- um?. With the exception of the BSL wafer #1, the
surface of each wafer is divided into two distinct areas: the
MT]J CD in the left semicircle is either BSL +2 nm (for wafers
#2,3) or BSL +4 nm (for wafers #4, 5), and the MTJ CD in
the right semicircle is either BSL —2 nm (for wafers #2, 3) or
BSL —4 nm (for wafers #4, 5), as depicted in Fig. 7. The bias
of RA and CD is in accordance with the process fluctuation
monitored inline to ensure that the extracted parameters can
be effectively utilized in our MTJ model.

Wafer #1 Wafer #2 ‘Wafer #3 ‘Wafer #4 Wafer #5
Typical RA+0.5 RA-0.5 RA+0.5 RA-0.5

Fig. 7. Process corner bias split across five wafers. Unlike the BSL wafer, the
surface of each wafer is segregated into two regions to accommodate asym-
metric CD biases. The RA is split into three conditions, reflecting variations
in barrier thickness.

Table 1. Corner bias split table.

Process Parameter Condition 1 2 3 4 5
MT]J deposition RA BSL vV
+0.5 Q- pm? V4 4
—0.5 Q- um? v v
MT] lithography CD BSL V4
dual-quadrant CD +/ —2 nm Vv Vv
dual-quadrant CD +/ — 4 nm 4 V4
mapping diagram. For instance, the mapping of average Rp
4 24972529253 2763220 . . - .
T for each die on wafer #4 in Fig. 8 reveals a smaller Rp in the
8 PAOLRS03PO12 611833333 1455210 left semicircle and a larger Rp in the right semicircle. Given
2 EE0RoTIRT45PT36263632343336337283013213 that Rp < RA/ CD?, a larger CD results in a smaller Rp for the
1|/ 259525302625271026852638333133573420332033183469 same RA, which consists with our expectations.
0| 12545247426052700266312731340633203387347132963458
—1 |\ 2699247305422766273126453405344253449344933063627 3.2. Experiment results
-2 27212564258326202746339232093 15732943479 3627 TMR and Rp data are collected from a wafer access test
-3 28462724257225553151316531903453 S with a sampling of over 350 devices, while the V, data are
—4 28073530 & collected over 60 samples from pulsed /-V experiments. The
dependencies of ARp, ATMR, AVFP~10=AP Ay AP—t0=P 5 RA

2473

—-5—-4-3-2-10 1 2 3 4 5 6
Fig. 8. The Rp mapping of wafer #4. MTJs in the left part have a larger
CD and thus exhibit a smaller measured Rp.

To verify the CD bias in each wafer, we check the Rp

and CD are illustrated in Fig. 9. Theoretically, the dependence
of MTJ parameters on RA and CD is governed by a complex
set of expressions.!”) However, within the narrow split range
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here, we approximate these relationships linearly, considering
only first-order functions.

ORA—-0.5 e BSL ARA+40.5

900( )% 10 o
a
=T
o r ©
O,

p [ }
4 0 E[J ¢ i § 2 +

—300} 3 <4 =57

TS0 2 a6 im0 2 1o

ACD (nm) ACD (nm)

~ 80 — 100
> o = @
E 40! E sof
A A
< |
Je 07 + A‘g 07 +
| A
S —40} To —50¢
q

780 L L L L L 4_100

—-6—-4-20 2 4 6
ACD (nm)

-6 —-4-20 2 4 6
ACD (nm)

Fig. 9. CD and RA dependence of (a) ARp, (b) ATMR, (c) AVCP*“”AP, and
(d) AVCAP""’P for the MT]J electrical behavior.

The outcomes of the linear fitting are summarized in Ta-
ble 2. The variations in CD have little effect on TMR and
V., but an increasing trend in CD correlates with a decrease
in RA. The tight distribution of Rp demonstrates excellent de-
vice uniformity, suggesting that within-wafer-level variations
have been minimized. This is likely due to the mitigation of
edge damage during the MTJ etching through our optimized
process. An increment in RA by 0.5 © - um? results in an ap-
proximate deviation of 200 Q in Rp and 20-mV deviation in V.
Given the significant impact of RA on both read and write op-
erations, there is a need to enhance the process control of RA
to avoid limiting the performance of the memory array when
integrated with CMOS technology.

Table 2. Fitting matrix of process corner experiment.

Parameter Unit ACD factor, a ARA factor, b
ARp Q —84 384
ATMR % 0 3
AVFP-to—AP mV 1.8 34
AVAP—to—P mV 1.7 48

A[Parameter] = a x ACD+ b x ARA

Combining the influence of CD and RA fluctuations ob-
tained above, a total deviation range of ARp = 550 Q can be
obtained, which agrees with the global corner data monitored
from the in-line database. Leveraging the results from the pro-
cess corner bias split experiments, an MTJ SPICE-based cor-
ner model can be constructed. We also embed the local mis-
match into the macro model derived from the macro test in a
chip.

3.3. Monte Carlo simulation results

In reference to CMOS process corners, our MTJ model,
embedded with which incorporates sources of process varia-
tion, defines three corners: TG, LG, and HG. The “TG” corner

represents the typical global corner, which describes the aver-
age behavior of most devices, characterized by a mean value
of resistance and switching voltage. The “LG” and “HG” cor-
ners represent the global process corners arising from man-
ufacturing variations. Specifically, the “LLG” corner devices
exhibit lower R,, whereas the “HG” corner corresponds to
devices with higher R,. These global corners support local
variation function, which are validated through Monte Carlo
simulations, as shown in Fig. 10. For each global corner, ten
thousand simulations are performed, taking in account mis-
match variations, which exhibits the distributions of Rp and
Rap. The Rap distribution exhibits greater variability than the
Rp distribution. MTJs at the designed LG corner have smaller
resistance, whereas those at the FG corner demonstrate larger
resistance compared to the TG corner for both high and low
resistive states. By integrating our model with the standard
CMOS model, further exploration of MRAM bitcells and large
memory arrays can be pursued, incorporating such variations.

2000
= HG corner

® TG corner
15001

= LG corner

i
£ 1000}
5
O
500¢f
0 3000 4500 6000 7500 9000
Ryrs ()

Fig. 10. Resistance distributions at different global corners, including
local variation effects, using Monte Carlo simulations. Three sets of
data on the left correspond to Rp distributions, while the other three sets
on the right represent Rap distributions.

We also run Monte Carlo simulations to verify the P-to-
AP state switching with our corner model. Figure 11 shows
the influence of device variation on the write functionality at
the TG corner. An overdrive is recommended to definitely re-
alize the data writing, based on the standard deviation of V; or
write error rate test.

6000
5000 F
S
~ 4000}
=
s
~
3000
2000 . .
—0.3 —0.5 —0.7 —0.9
Varry (V)

Fig. 11. Monte Carlo simulations demonstrating the P-to-AP transitions
at different write voltages.

Finally, we demonstrate the capability to optimize an
MRAM bitcell using our model. A typical MRAM bitcell is
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based on the one transistor one junction (1T-1MTJ) configu-
ration as illustrated in Fig. 12. The NMOS transistor is used
for accessing the MTJ via the bit line (BL) when the gate node
(WL) voltage is high. By using the 14-nm CMOS technol-
ogy design kit and our MTJ macro model, 1T-1IMTJ Monte
Carlo simulations are performed at the SS corner for NMOS
and the LG corner for MTJ. The minimum bit line voltage VgL
required to achieve AP-to-P switching is plotted against vari-
ous word line voltage Vyy for transistors with either two fins
or four fins at one finger, a length of 16 nm, and at room tem-
perature. As anticipated, transistors with more fins and higher
VavL offer an increased current supply capability. MTJ device
variation significantly impacts the selection of power supply
components and transistor type.

(a) >
a
BL 1.8

1.6

1.4t

Vi (V)

1.2¢

- 1.0

WL—]| 0.8}

SL 0.6 1 1 1 1 1 1
0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4
VL (V)

Fig. 12. Bitcell simulation results: (a) circuit diagram composed of one
transistor and one MTJ; (b) Monte Carlo simulations with twenty attempts
displaying the required Vg1, versus Vi, for AP-to-P switching at 2 fins (red)
and 4 fins (blue), one finger, 16-nm length, and room temperature. The
source line is grounded. The transistor operates at the SS corner and the
MT]J is positioned at the LG corner. Vg, values exceeding 2 V are not in-
cluded in the graph.

4. Conclusion

The macro model of STT-MTJ presented here is imple-
mented in the Verilog-A language, enabling its efficient inte-
gration with popular circuit simulators to design MRAM cir-
cuits in conjunction with CMOS devices and other compo-
nents. Our compact model accurately captures the electrical
behavior of the MTJ by phenomenological equations. Pro-
cess variations affecting the RA and CD are thoroughly in-
vestigated utilizing corner bias split experiments. These in-
vestigations are embedded into our model, providing a clear
illustration of resistance distributions and variations in critical
voltage. To elucidate the impact of device variation on circuit
design, we have designed and simulated a simple 1T-1MTJ
bitcell.

One limitation of our model is its lack of consideration
for the technological scaling of the MTJ, such as the shrinking
of radius and the optimization of barrier thickness. Notwith-
standing this limitation, the model is flexible and can be up-
dated to accommodate the evolving electrical characteristics
of STT-MTlJs, thereby supporting the advancement of non-
volatile, MTJ-based very large-scale integrated circuit designs.
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