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Abstract - This paper reports on the study of ferromagnetic
tunneling junctions produced by magnetron sputtering technique
and deposited under oxidation conditions that lead to low potential
barrier height, low asymmetrical barrier and quantum tunneling as
the charge transport mechanism. The exponential growth of the
effective area-resistance product with the effective barrier
thickness, and the concentration of the tunnel current in small
areas of the junctions, were identified by fitting room temperature
I-V curves, for each individual sample, with either Simmons’ [J.
Appl. Phys. 34, 1793 (1963), 35, 2655 (1964), 34, 2581 (1963)] or
Chow's [J. Appl. Phys. 36, 559 (1965)] model. This result suggests
the presence of effective tunneling areas or hot spots, leading to a
non-uniform current distribution and showing quantum tunneling
as the charge transport mechanism. This mechanism, is also,
verified through I-T curves.

Keywords = Electronic transport, junction, magnetization,
tunneling.

Resumen - Este articulo reporta sobre el estudio de la juntura
tunel ferromagnética producida por la técnica de erosion ionica y
depositada bajo condiciones de oxidacion que llevan a baja altura
de la barrera de potencial, baja asimetria de la barrera y el
tunelamiento cudntico como mecanismo de transporte electronico.
EI crecimiento exponencial del producto de la resistencia por el
area efectiva detunelamiento en funcion del espesor efectivo de la
barrera y la concentracion de la corriente detunelamiento
enpequerias dreas de la juntura tinel fueronidentificados a través
delajuste de las curvas I-V medidas a temperatura ambiente, para
cada muestra individual, usando ya sea el modelo de Simmons [J.
Appl. Phys. 34, 1793 (1963); 35, 2655 (1964); 34, 2581 (1963)]
como el de Chow [J. Appl. Phys. 36, 559 (1965)]. Este resultado
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sugiere la presencia de dreas efectivas para tunelamiento o focos
caliente que nos lleva a una distribucion no uniforme de la
corriente y muestra el tunelamiento cudantico como mecanismo de
transporte electronico. Este mecanismo, también es verificado a
través de las curvas I-T.

Palabras Claves - Juntura, magnetizacién, Transporte
electronico, tunelamiento.
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1. INTRODUCTION

The field of research in spin engineered materi-
als is very active on account of its richness in physi-
cal phenomena and technological applications.
Among the spin device arrangements, the magnetic
tunneling junction (MTJ) is the simplest structure
which consist basically of two magnetic layers
(electrodes) separated by a thin insulating layer
(barrier). Electrodes can be deposited from partially
spin polarized materials (3d ferromagnetic metals
such as Fe, Co, Ni or its alloys) or completely spin
polarized materials such as half metals (Bi and
Lal-xSrxMnO3). The insulating layer can be
obtained by plasma oxidation of metallic Al. More
recently, MgO has been widely reported. MTJs are
incorporated in non-volatile magnetic random
access memories (MRAM), racetrack memories,
sensor heads and biomedicine applications.

The study of transport phenomena in MTJs, on
account of the many possible mechanisms, entails a
systematic analysis of experimental data. The most
exploited phenomenon in MTJs has been the
tunneling conductivity behavior with applied mag-
netic field. This phenomenon is called tunnel mag-
netoresistance (TMR) and is very attractive for spin
engineered materials. In spite of the tremendous
number of works in this particular field, the TMR
bias dependence and the tunneling resistance
behavior with barrier thickness still remains not
well understood.

At the beginning, experiments on quantum
tunneling were used to reveal the electronic struc-
ture of superconductor materials. Later, by applying
a strong magnetic field these experiments were used
to study the density of states (DOS) of these materi-
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als through measurements of conductivity as a func-
tion of the applied bias.

The exponential growth of resistance with
increasing barrier thickness is an important criterion
to verify quantum tunneling in the junction’s elec-
tronic transport. This comes among many other
criteria, such as tunnel current behavior as a func-
tion of temperature (I-T), breakdown voltages and
[-V curve shapes [1]. Although the exponential
growth of resistance is a necessary condition for
quantum tunneling, it is not a sufficient one [2]. It is,
also, the most fundamental and difficult to be deter-
mined.

This difficulty may be ascribed to the imprecise
determination of the actual insulating barrier thick-
ness involved in the tunneling process, which
defines the actual current density. Electronic trans-
port measurements, [-V curves in our case, are
sensitive to small fractions of the barrier thickness
and tunneling area due to the thickness fluctuations
occurring during the growth of the films.

Transmission electron microscopy (TEM) and
grazing incidence x-ray reflectivity (GIXR) are
powerful tools for thin films thickness determina-
tion, but the visualized area for TEM may some-
times not be representative of the effective junction
area as a whole [3]-[4]. On the other hand, GIXR
determines an average thickness over relatively
large areas. As a matter of fact, thickness values
determined from TEM and GIXR are usually higher
than those deduced from electronic transport [5].
Buchanan et al. [6], using GIXR, showed that the
insulating barrier thickness is, in all cases, much
larger than the thickness of the initial Al metallic
layer before oxygen incorporation and twice the
value determined from the I-V curves fitting. As a
matter of fact, results for insulating thickness
extracted from GIXR, TEM and I-V curves should
converge only in small and strictly perfect junctions.
In this context, fitting of the I-V from model curves
is helpful because the current will intrinsically
probe the relevant part of the junction.

These differences in thickness suggest that the
tunneling current is concentrated in small regions,
or hot spots, of the total junction area [7]-[8]. It is
therefore reasonable to leave not only the barrier
thickness and potential height as free parameters for
the fitting procedure of I-V curves, but also the junc-
tion area. Dorneles et al. [5] showed a consistent
result for the exponential growth of the effective
area resistance product (RAeff) as a function of the
effective barrier thickness for non-magnetic

tunneling junctions, Al/AlOx/Al, using intrinsic
barrier parameters extracted from I-V curves with
Simmons’s model for symmetric tunnel barrier
[9]-[10]. The physical meaning of Aeff for hot spots
would be the effective area covered by the thinnest
barrier, where the tunnel current is supposed to be
concentrated.

In this work we take advantage of the fact that
the intrinsic barrier parameters (thickness and
potential height) are correlated, and that we cannot
precisely control the effective area of hot spots. We
leave, therefore, the junction area as a free param-
eter, with barrier thickness and potential barrier
height to fit room temperature [-V curves with either
Simmons’ [9]-[11] or Chow’s [12] models for MTJs.
An exponential growth of the normalized resistance
(R.Aeft) with the effective barrier thickness is found
for MTJs with low potential barrier height and low
asymmetrical barrier showing quantum tunneling as
the charge transport mechanism. This mechanism, is
also, verified through I-T curves.

2. EXPERIMENTAL

Samples were deposited from pure (99.99%)
bulk targets by magnetron sputtering with typical
base pressure of 10-7 mbar (or lower), using masks
to define 200 pum electrodes in the crossed stripe
geometry with a 4 x 10-4cm2 junction area. Mate-
rial stack was deposited on glass substrate and
consist of: Ta(98)/Py(474)/Al(20)Ox(Y)/Co(420)/
/Cu(100), where Y=30s, 45s and 60s stand for the
oxidation time process (Tox), and all the nominal
thickness are in A. The insulating barrier was depos-
ited by glow discharge assisted oxidation of a thin
Al (20A) film in a 100 mbar O2 atmosphere.

I-V curves were measured using the four point
probe method in a DC low noise system. This
system allows noise rejection and has input imped-
ance greater than 10 GQ. A standard resistor in
series with the sample is used to detect the sample’s
current flow. A homemade differential instrumenta-
tion amplifier then amplifies the measured voltage.
2.1 Fitting Procedures

The fitting procedure for the I-V curves was
done using Simmons’ [9]-[11] and Chow’s models
[12]. Both models evaluate the tunnel current
density using the Wentzel-Kramers-Brillouin
(WKB) approximation for tunneling probability,
differing on the approach to solve the integrals.
While the first approximates the arbitrary potential
barrier ¢(x, V) to a mean barrier height [ ], the
second approximates any arbitrary potential barrier
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by an equivalent rectangular barrier whose height is
determined by the root mean square value of the
arbitrary potential barrier. This leads to a depend-
ence of bias polarity for asymmetrical tunnel barri-
ers. In order to compare the tunnel current density
with the exper'imental data, an explicit potential
barrier shape must be assumed. Also, while fitting
the experimental curves with the models, the junc-
tion area was left as an additional free parameter to
contemplate the presence of hot spots [13]-[15].

For similar electrodes and nonzero temperatures
both models assume a rectangular potential barrier,
so the tunnel current density is given in practical
units for Simmons’ and Chow’s models by:
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respectively. In the expressions, T stands for
temperature and the free parameters are the rectan-
gular potential barrier po(V), the insulating barrier
thickness t (A), and the junction area A (cm2) which
is related to the measured tunnel current (I) through
JWT)=1/4.

Also, oris the equivalent rectangular barrier
height given by:

: €)

For dissimilar electrodes and nonzero tempera-
tures, both models assume a trapezoidal potential
barrier. In this work we assume the tunnel current

density in the reverse direction, that is, electrode 2
(Py) is positively biased with respect to electrode 1
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(Co). In practical units for Simmons’ and Chow’s
models the tunnel current is given by:
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respectively. The parameter ¢rl2 is the effective
barrier height and is given by:

B
x - +V
7]

. (6)

andel, and @2 (free parameters) are the potential
barrier heights at the interfaces between the insulat-
ing barrier and electrodes 1 and 2, respectively.

It should be noted that all equations are in the
intermediate voltage range, that is, 0< V< ¢o for
similar electrodes and 0< V< ¢2 for dissimilar ones.
Also, the potential barrier height has a bias depend-
ence, and when ¢l= @2, all equations reduce to
similar electrode equations.

3. RESULTS AND DISCUSSION

Figure 1 shows [I-V curves for a
Py/A1(20A)Ox(30s)/Co sample with a linear shape
for V— 0 and a non ohmic behavior above 150 mV.
The moderate increases of the low voltage electrical
resistance when the temperature decreases, together
with the I-V curve shape indicate quantum tunneling
as the charge transport mechanism [16]. For V— 0
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the first exponential factor on the right hand side of
equation 5, corresponding to the first quadrant of
figure 1, has a small contribution, leaving only the
linear contribution for the I-V characteristic.

— 1zun l' T 'I T ] T T 'l T 'I T 'I
:5, 4ol i 300 K
45_ = -
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B 400 |- =
0
-400 -
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Figure 1. Experimental room temperature /-V curve fitted
using Chow’s model for asymmetrical tunnel barrier showing
experimental curve (points) and simulated one (line). The
ferromagnetic electrodes are in the parallel state of magneti-
zation. Some experimental points have been left out intention-
ally to show the quality of the fit. I-V curve for 95 K shows a
resistance increase with a decrease in temperature [17].

For V < ¢2 the exponential factor has a larger
contribution than the linear one, approximately one
order of magnitude higher than the normalized
value for V— 0, leading to a nonlinear behavior, as
can also be seen on figurel. The low-voltage ohmic
and the non ohmic behavior of the I-V curves
appear at both low and room temperatures, with or
without an applied magnetic field [17].

Physically this means that the bias shifts the
Fermi level of one electrode with respect to the
other, and the effective barrier height decreases, so
more electrons can tunnel because there are more
empty states available on the second electrode,
increasing the transmission coefficient. As a conse-
quence, the barrier resistance decreases. Figure 2
shows a schematic energy diagram illustrating this
idea for both regions.

Also, figure 1 shows the room temperature fit
using Chow’s model for asymmetric tunnel barrier,
where the experimental curve can hardly be differ-
entiated from the fitted one. This I-V curve behav-
ior can be reasonably well described also by Sim-
mons’ model, on account of the small potential
asymmetry. The values obtained by the fitting
procedures, for a group of samples, are shown in
Table 1. Several aspects of these parameters merit
to be addressed.

(b)

T TGy,
(P1 0, (P1 - Af

l lFermi Level 2 Femi LeveIL}_ 9,
MLl

|

Electrode 2 Elecirode 1

Figure 2.(a) Schematic energy diagram for low voltage region
V— 0 and (b) for intermediate voltage region 0< V< 2. The
electrode 2 is positively biased with respect to the electrode 1
[17].

First, under our experimental conditions,
neither the barrier height nor its thickness is
strongly affected by the oxidation time. We inter-
pret this as a signature of the presence of hot spots.
The mean oxide thickness, measured with low
angle RX diffraction, increases almost linearly with
oxidation time, but this will not be relevant for the
tunneling when the current concentrates in small
portions of the sample. As can be seen on Table 1,
the effective tunneling areas extracted from the
fittings represent less than 1% of the junction’s
geometrical area, a percentage that is near those
found by scanning tunneling microscopy (STM).
The extracted values for barrier thickness are
around 10 A, smaller than the values usually
reported for similar junctions but close to those
extracted by fitting of I-V curves measured using
STM tips [18].

It should be mentioned here that consider-

ing the effective tunneling area in the fitting proce-
dure limits the errors induced by interface rough-
ness, as has been proved by modeling and simula-
tions [14]. If the values obtained for all the samples
are put together they compose a consistent picture,
showing the expected exponential growth of the
normalized resistance (RA.y) versus effective
barrier thickness (t,,,,) as depicted in figure 3 for
data taken from Table 1 corresponding to Chow’s
model for symmetric tunnel barrier[17].
Figure 3 suggest that quantum tunneling is indeed
the charge transport mechanism. A slight increase
of 3 A in barrier effective thickness is in agreement
with two orders of magnitude change for RAeff
.This is a robust result and leaves no doubt about
quantum tunneling for MTJs, but also suggest the
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Tablel. Barrier’s intrinsic parameters extracted from fittings of I-V curves using Simmons’ [22]-[24] and Chow’s models

[25]. Barrier effective thickness (t4i0x), barrier potential height (@), effective tunneling area (Ae¢) and oxidation time (Tox).

I-V curves measured at 300 K and ferromagnetic electrodes in the antiparallel state of magnetization [17].

Symmetric Barrier

Asymmetric Barrier

Simmons Chow Chow
Tox(5) 9o (eV) Laiox (A) 9o (eV) Aegrem’) 91 (eV) 92 (eV)
30 0.726+ 0.014 8.98+0.08 0.778 £0.017 2.9+ 0.4)E-9 1.221 +0.018 0.985+0.014
30 0.743 + 0.004 939+ 0.08 0.827 = 0.006 (1.9x 0.3)E-9 1.239+0.015 1.032%0.019
30 0.807+ 0.023 9.96+0.18 0.914 £ 0.035 (1.2+ 0.4)E-8 1.231 £0.025 0.990 +£0.011
45 0.819+ 0.021 10.14 £ 0.20 0.926 +0.032 (2.1 0.3)E-8 1.236 £ 0.024 1.002 + 0.023
45 0.793 + 0.006 10.53 £0.07 0.945 +0.013 (1.1 0.1)E-8 1.251+0.013 1.018 £ 0.022
60 0.836+ 0.024 10.98+0.11 0.990 +0.017 3.9+ 0.4)E-8 1.269 +0.011 1.034 £ 0.017
60 0.845 + 9E-4 11.71+0.20 1.039 = 0.007 (3.5 0.7)E-8 1.308 = 0.029 1.075 = 0.025
— — T — T electrodes will remain closer (hot spots).
g C ] The last two columns on the right hand side
< I ] of Table 1 show the potential barrier heights ¢1 and
p o @2 for asymmetric tunnel barrier, as shown in figure
a3 2 3 2, where @1 and @2 are the potential barrier height at
- ] the first and second metal/insulator/metal interfaces,
I ] respectively. The asymmetry (Ag) is roughly 0.2 eV,
meaning that the MTJs have an almost rectangular
10° 3 3 potential barrier (¢p1= ¢2). The low asymmetry is
] usually correlated to properly oxidized tunnel barri-
9 10 1 12 . :
Thickness (A) ers with a strong glow discharge [19] but also

Figure 3.Room temperature effective area resistance product
(R.A_) as a function of the tunneling effective barrier thick-
ness (tyj0y)- Low voltage electrical resistance determined in
the linear range of I-V curves between —40mV and +40mV.

The continuous line has been calculated according to the
; 2t —
eXpression  p exp |Z-AOx [ where P =7.4x10-12
Xp [ A mae,

Q cm2 and @o = 1;}4 eV. For this expression the potential
barrier height (o) is an independent function of the t, oy, and
the effective mass of the tunneling electron within the barrier is
neglected [17].

presence of hot spots. In this particularly case Aeff
scales from 10 to 10”cm?, as can be seen on table
1. If compared with the physical junction area of
about 4 x 10*cm?, we conclude that there must be an
effective tunneling area, indicating the presence of
hot spots. During the bottom electrode thin film
deposition there will always be thickness fluctua-
tions. These fluctuations define regions where both
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reflects the similar work function values for both
electrodes. On the other hand, this result also justi-
fies why simulations for symmetric tunnel barrier
show good agreement with experimental I-V curves
for both models.

As can be seen on Table 1, for Simmons’ and
Chow’s models simulations we have values of ¢ <
1.0 eV, meaning that we have deposited samples
with low potential barrier height values, if compared
to values reported in the literature for the same
system (¢ > 1.9 eV) [20]-[21]. We can argue about
the physical reasons for this low potential barrier. It
could be due to deviation from Al203 stoichiometry
in the regions relevant for the tunneling transport.
Up to now, we do not have an experimental method
to follow locally the composition of the oxide.
Another possibility is that a build-up process of the
tunnel barrier is present indicating that for very thin
oxide layers the insulator gap has not yet been com-
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pletely established.

Finally, the other accepted criterion to verify
quantum tunneling as the charge transport mecha-
nism is presented in figure 4, showing the tunnel
current behavior as a function of temperature for a
constant applied bias of 300 mV and 40 mV. This
result is in accordance with Stratton’s model (1962)
[22]. This model takes on account thermal energy
contribution for the tunnel current and is given by:

(T)=10)[1+CT?*+..], (7
wherel(0) represents tunnel current for zero
temperature and C is a constant which depends on
barrier’s intrinsic parameters (t e @).

As predicted by Stratton, tunnel current is
proportional to T %in the whole temperature range
for a constant applied bias of 300 mV and 40 mV.

380 ' = 56
ER VN ER <)
g 3601 18 ]
g g 52
O @}
340, i
481
3201
44
3004
40/
280

0 200004000060000 80000
TemperaturdK)

0 20000400006000080000
Temperaturé(K)2
Figure 4. Experimental curves of tunnel current as a function

of temperature for a Py/Al(17 A)Ox(45 s)/Co MTI. Curve (A)
for a constant applied bias of 300 mV and (B) for 40 mV.

4. CONCLUSIONS

Electronic transport measurements, [-V curves,
are sensitive to small fractions of the barrier thick-
ness and tunneling area. This is helpful because the
current will intrinsically probe the relevant part of
the junction. It means that leaving the junction area
as free parameter, together with barrier thickness
and potential barrier height, lead us to coherent
results for fitting I-V curves. Following this idea, an
expected exponential growth of the effective area-
resistance product with the effective barrier thick-
ness for MTJs with low potential barrier height and
low asymmetrical barrier, was found. Therefore we
can conclude that tunnel current concentrates in

small areas of the junctions (less than 1% of the
junction’s geometrical area).

This result composes a consistent picture show-
ing that quantum tunneling is indeed the charge
transport mechanism for our MTJs. I-T curves, are
also consistent with this picture.
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