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We investigate the barrier imperfection and interfacial scattering effects on resistance-area product
(RA) and tunneling magnetoresistance (TMR) of magnesium oxide (MgO) based magnetic
tunneling junction (MTJ). We assume that barrier imperfection reduces the band gap of MgO; thus,
it affects both TMR and RA values. The lattice mismatch between MgO and magnetic electrodes
leads to interface scattering which reduces TMR. As an application, the MTJ two-state resistance
variations due to the process variations are also discussed in the paper. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4862310]

. INTRODUCTION

The magnetic tunneling junction (MT]J) is the fundamental
building element of the spin-torque transfer magnetic random
access memory (STT-MRAM) which is a promising candidate
for future memory applications due to its non-volatility, unlim-
ited endurance, high speed, low power, and high scalability.'™®
An MT]J consists of two ferromagnetic layers (a free layer and
a reference layer) separated by a thin tunneling dielectric film.
The magnesium oxide (MgO) is currently being used as the
tunneling barrier due to its capability of achieving high tunnel-
ing magnetoresistance (TMR) for the MTJ.”~'*

Achieving a high TMR ratio in MgO-based MTIJs
requires epitaxial growth of the MgO layer with a correct
crystalline orientation on ferromagnetic electrodes. Lattice
mismatch at the interface and imperfections in the MgO bar-
rier induced during the deposition of MTJs are important fac-
tors affecting the resistance-area product (RA) values and
TMR ratios. The properties of the thin MgO insulator layers
are crucial to the performance of the STT-MRAM.
Experimental studies® show that barrier imperfections, such
as, disorder, defect, and lattice mismatch, alter the band gap
of MgO and the tunneling mechanisms (e.g., coherent tun-
neling and incoherent tunneling), hence affect the TMR and
RA values of MT]J.

For MgO-based crystalline MTJ system, the symmetry
of the tunneling states at the interfaces is crucial for generat-
ing spin current. The Bloch-wave function needs to be con-
sidered to reflect the periodicity of the lattice and the
matching at the interfaces. The Bloch waves can be calcu-
lated by using the layer Korringa-Kohn-Rostoka (LKKR)
method based on the density functional theory (DFT).'*!7
The tunneling current can then be computed using the
Landauer theory.'®'® The ab initio calculation is extremely
useful for the interpretation of experimental results; how-
ever, it is very time-consuming.
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Eames and Inkson® proposed a simplified model which
incorporates the effect of interface scattering on TMR for the
Fe(001)/MgO(001)/Fe(001) junctions. The interface scatters
electron into various channels, linking electron transport to
the complex band structure of the MgO. We found that this
model is particularly suitable for a simple adaption to
account for more realistic interfacial and barrier effects.

In this paper, we first present an expanded version of
Eames’ model to calculate the voltage dependent tunneling
conductance and TMR of the MgO-based MTJ by introduc-
ing phenomenological parameters to the Eames’s model to
include the effects of interface scattering and barrier imper-
fection; then, we examine the effects of barrier imperfection
and interface condition on RA and TMR of MgO based MTJ
by various parameters combinations. Finally, the MTJ resist-
ance variations due to the process variations are discussed
for a specific MT1J.

Il. TUNNELING MODEL FOR MGO(001) BASED MTJ
SYSTEMS

Figure 1 is the schematic of an MTJ device with applied
bias V and barrier thickness d. The carrier in the left electrode
with bandwidth Er; can tunnel into the right electrode with
bandwidth Erz under an applied biasV. The transmission
coefficient T in this case can be determined by solving the
Schrodinger equation in the three regions of the MTJ. The
results can be expressed as?’

d
16m3/mik% y(k,V,0)y(k,v,d)exp l—ZJ y(k, V,x)dx]
0

= i+ VO + Vo]
(1)
where
7 (k,V,x) = ki +ma/my (k(z) — kit — k7 — ;_Ck‘z/) @)
and
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FIG. 1. Schematic of an MTJ with the relevant potential parameters and
bandwidths.
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In the above equations, k (k* = k‘2 + k%) is the wave vector

of the incident electron,V is the applied voltage,d is the
thickness of the MgO barrier; m;, m,, and mj are the effec-
tive masses in the left electrode, the barrier, and the right
electrode, respectively. k; (k) is the component of the
effective wave vector of the electron perpendicular (parallel)
to the barrier in the left electrode. ¢, is the component of the
effective wave vector of the electron perpendicular to the
barrier in the right electrode. ky and ko are the effective
wave vectors due to the applied voltage and the barrier
height, respectively, i.e.,

_ZmlU

k(z] _ - 2mieV

2 "2

; “4)

where U = U, + Ep; is the potential of the barrier.

The tunneling current density J corresponding to the tun-
neling channel at zero temperature as a function of the
applied voltageV, can be computed by using quantum
mechanics theory?'

J(V) = %i(\vvw* VYY), (5)

which leads to

eh V& Vi
J(V)=—— ki dky q.|T dk,
4 ms 2 22
T
ke NCE
+J kHdkHJ qu|Tdk, |. (6)
V22 0
Here, k% = 2’”;# The conductance is calculated

from G = dJ/d\l/, and the RA value is RA = dV /dJ.
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For the Fe(001)/MgO(001)/Fe(001) junctions, at the
Fermi level, the majority spin electrons are associated with
the A;, Ay, and As bands in the electrode, while the minority
spin electrons are associated with the A,, Ay, and As bands.
In the MgO barrier, the energy bands are of Aj, A;, and As
symmetry. However, only the A; band forms the tunneling
channel since the decay rate within the barrier is much less
for the other two bands.'*'*

The ab initio calculation indicates that for parallel mag-
netic alignment, the conductance G'! is significant. It is
related to the majority spin electrons in the A; band of the
left electrode. These electrons match onto the MgO(001) A
complex band and tunnel directly into the A; band in the
right electrode. However; contribution from the minority spins
(G'") can be neglected since the minority spins arise primary
from the As band in the electrode, which decays much faster
within the MgO barrier. For anti-parallel magnetic alignment,
the conductance G'! is small since there is no A, state in the
left electrode. The conductance G'! is also small because the
majority spin from the left electrode cannot propagate in the
minority spin channel in the right electrode. The device acts
like a spin filter where current in the parallel configuration is
much greater than current in the anti-parallel configuration,
resulting in a very large TMR. However, experimental studies
always show much lower TMR due to the interface imperfec-
tion of the MT]J in the real experiment.

We introduce the following transmission coefficient ma-
trix, to describe the tunneling probability between various
bands through the MT1J:

| Tn cTs
Ts - |: CT51 C2T55 :| ) (7)

where T;(i,j=1,5) is the transmission coefficient when
electrons tunnel from A; in the left electrode to A; in the
right electrode. The parameter ¢ is the probability of the mi-
nority spin Fe(As) tunneling into MgO(A ), which is given by

c= SokH, (8)

where Sy is a function of the complex wave vector band gap
and effective masses of the conduction and lighthole bands.*”

In order to include the effects from both the strength of
interface scattering and the barrier imperfection, we intro-
duce two additional parameters to the Eames’s model. First,
the transfer probability in Eq. (8) is modified to

C = C_YSOk[], (9)

where the parameter ¢, is introduced to account for the dif-
ferent scattering strengths due to interface imperfection.
Hence, smaller ¢, indicates better interface, resulting in
larger TMR. Second, the barrier height is assumed to be

E
Uy, =Cb7g, (10)

where the parameter ¢, is introduced to reflect the barrier
height reduction due to the defects in MgO.?* Here, E o 18 the
band gap of the ideal bulk MgO.
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lll. FITTING PARAMETERS WITH EXPERIMENTAL
RESULTS

We use this model to fit the parameters ¢; and Uj, with
the experimental results conducted by Yuasa et al. for the
Fe(001)/MgO(001)/Fe(001) MTJ systems.*

In the experiment, RA value is about 8800 Q,um2 and
TMR ratios are 180% at 293K and 247% at 20K
for d =2.3nm at a bias voltage of 10mV. To compare it
with our theoretical model, we need the experimental results
for T=0K. To do this, we make use of a temperature de-
pendent model*~>* which is described by

Gp(T) = Go[1 + P2(1 — o), (a1
Gap(T) = Go[l — P3(1 — aT")?), (12)

where « is a material-dependent constant, P is the full effec-
tive spin polarization at T = 0K, and Gy is assumed to be con-
stant. The fitted parameters are ¢;=1.35and U, =1.30eV.
It should be noted that, the fitted potential barrier height
with our modified model (1.30eV) is much higher than that
achieved using Simmons’ model (0.4 eV).26 The value from
our model is lower than the ideal bulk MgO barrier height
3.75eV.”” This could be due to the presence of oxygen
vacancies defect in the realistic MgO used in the experiment.

IV. EFFECTS OF BARRIER IMPERFECTION AND
INTERFACE CONDITION ON RA AND TMR

We use this model to study how the barrier imperfection
and the interface affect the RA and TMR of
Fe(001)/MgO(001)/Fe(001) MTJ systems. In the simula-
tions, the Fermi width of the A; Fe(001) band is 1 eV and the
effective mass is 1 m.; the Fermi width of the As Fe(001)
band is 0.45 eV and the effective mass is 2.3 m,; the effective
mass of the MgO is 0.35m,..”*® The barrier height U, is
assumed to be varied with MgO thickness d according to Eq.
(13), wherec, is a parameter to be fitted with experiment
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FIG. 2. Dependence of TMR on MgO thickness for different fitting parame-
ters ¢, (cy =1.5).
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FIG. 3. Dependence of TMR on MgO thickness for different fitting parame-

ters ¢; (¢, = 1.0).

results. The Fermi level of the system is assumed to be in the
middle of the band gap of the barrier.

d
d+c,’

E
Uy zf (13)

By using Eq. (13), we assume that the barrier height of the
realistic MgO increases with increasing barrier thickness and
approach E, /2 for thick barrier. This is consistent with the
experimental evidence,8 where the author attributes the
decrease in barrier height with thinner MgO thickness as
arising from an increase in disorder and defect density due to
the strong compressive stress at the interface.

Figure 2 shows that TMR increases with increasing
MgO thickness at ¢, = 1.5 for all different c,s. Smaller
¢p indicates higher U, which improves TMR. Figure 3
shows that ¢, has significant effect on the TMR behaviors.
For weak interface scattering (smaller cy), the symmetry
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FIG. 4. Dependence of RA on MgO thickness for different fitting parameters
cp (cg=1.5).
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FIG. 5. Dependence of RA on MgO thickness for different fitting parameters
cs (cp = 1.0).

effect at the interface takes into effect, the spin filtering effi-
ciency increases with increasing barrier thickness, resulting
in TMR increasing with increasing MgO thickness.
However, TMR decreases with increasing MgO thickness
for strong interface scattering (larger cy). This is because the
symmetry at the interface breaks, resulting in TMR perform-
ance similar to the amorphous barrier. The dependence of
RA values on the MgO thickness for different ¢, and c;, are
depicted in Figures 4 and 5.

V. THE MTJ RESISTANCE VARIATIONS DUE
TO PROCESS VARIATIONS

The process variations of MTJ, such as barrier thickness
and cross-section area, result in MTJ resistance variations,
and cause read error. Figures 6-8 show 1¢ variation of two-
state resistances and TMR, respectively, as a function of
¢, or ¢, for an MTJ with nominated MgO thickness of 1 nm
and cross-section area of 0.001 um>. The variations of the

28 T T T T T T T T T T

27 4 -
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25_: /

24 o
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23 —=—o(R)

22 e

21 T T T T T T T T T T T
14 1.6 1.8 2.0 22 24 26
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FIG. 6. Standard deviation of two-state resistances as functions of fitting pa-
rameter ¢, (dy = 1nm, Ay = 0.001 um?, 64 = 2%, 64 = 5%, and ¢}, = 1.0).
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FIG. 7. Standard deviation of two-state resistances as functions of fitting pa-
rameter ¢, (dy = 1 nm, Ay = 0.001 um?, 6, = 2%, 04 = 5%, and ¢, = 1.5).
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FIG. 8. Standard deviation of TMR as functions of fitting parameters
(do = 1nm, Ay =0.001um?, ¢;=2%,and o4 = 5%).

MgO thickness and MTJ cross-section area are 2% and 5%,
respectively. Here, the variations are plotted as the percent-
age to their mean values. The variations of the MTJ low state
resistance (Rp) increase with increasing ¢, However, ¢, does
not affect the variation of the MTJ high state resistance (Ry).
Both g(R) and o(Ry) decrease with increasing cp. Figure 8
shows that the deviation of TMR decreases with
decreasing c,. It first increases then decreases with
decreasing c,. Since TMR value also favorites small ¢, and
small c;, small ¢, and small ¢; help to enhance TMR and
reduce its distribution. However, small ¢, will increase RA
value significantly.

VI. CONCLUSIONS

In summary, we have studied the barrier imperfection
and interface conditions on TMR and RA values of MgO-
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based MTJ. We have shown that both barrier imperfection
and interface conditions affect the RA and TMR signifi-
cantly. Barrier imperfection reduced band gap of MgO,
resulting in reduced RA and TMR. For weak interface scat-
tering, TMR increases with increasing MgO thickness.
However; TMR decreases with increasing MgO thickness
for strong interface scattering. We have also shown that
interface scattering increases the MTJ low resistance (Rp)
variations; however, it does not affect the MTJ high resist-
ance (Ry) variations. On the other hand, barrier imperfection
reduces both the R; and Ry variations. In addition, smaller
cp and smaller c¢; help to enhance TMR value and reduce
its distribution for better performance of TMR device.
However, small ¢, will increase RA value significantly.
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