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Abstract

®

CrossMark

In this paper we present the development and characterization of FM/MgO/FM

(FM = CoggFe g, FeyoNigp) heterostructures. The magnetic order of the structures,

magnetic anisotropy and interlayer exchange coupling were characterized by magnetization
measurements. The influence of the substrate temperature during growth on the magnetic
properties and topographical features of the bottom electrode was also explored. Higher values
of the coercive field were achieved increasing the substrate temperature during deposition

of the bottom electrode. Patterned magnetic tunnel junctions were grown on Si(1 0 0) and
MgO(1 0 0). The junctions consist of square pillars with different areas (1600, 625, 100 and
25 um?) fabricated by optical lithography. I(V) curves obtained with conducting atomic force
microscopy of the patterned junctions were performed at room temperature in order to explore
the reproducibility of the transport properties of the insulating barrier. The results show a more
insulating behavior of the junctions grown on Si(1 0 0), with very good control and a high
reproducibility of the transport properties of the MgO insulating barrier.

Keywords: magnetic tunnel junctions, microfabrication, interlayer exchange coupling,

conductive atomic force microscopy

(Some figures may appear in colour only in the online journal)

1. Introduction

In recent years MgO-based tunnel junctions (MTJ) with
metallic electrodes (Fe or CoFe) have been widely studied
due to their potential high tunneling magnetoresistance
(TMR) values. The high values of TMR make them ideal for
the development of magnetic devices such as magnetic field
sensors, spin torque oscillator devices [1], radio frequency
amplification [2], etc. High values of TMR were predicted for
these systems by Mathon et al [3] and Butler et al [4] in 2001.
The origin of this effect is the coherent tunneling of electrons
in epitaxial MT]J. First evidence of the tunneling through epi-
taxial MgO barriers was obtained by Yuasa et al [5] and Parkin
et al [6] achieving significant MR ratios at room temperature.

0022-3727/16/205303+8$33.00

Early experiments in MgO-based tunnel junctions involving
amorphous MgO barriers have also shown promising results
for technological applications showing high values of TMR
at room temperature [7, 8] and it has been the foundations for
the understanding of the coherent tunneling. Magnetic tunnel
junctions used as reading heads of MRAM memories consists
of several layers of thin films in order to artificially obtain a
‘free’ top electrode and a ‘pinned’ bottom electrode with dif-
ferent coercive fields. This structure assures two states of rela-
tive magnetization: parallel and antiparallel configurations.
One of the main difficulties for the fabrication of MTJ is to
choose the appropriate electrodes in order to achieve the two
different states of relative magnetization between the layers.
It is also important to obtain a good reproducibility of the

© 2016 IOP Publishing Ltd  Printed in the UK


mailto:lavilesf@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1088/0022-3727/49/20/205303&domain=pdf&date_stamp=2016-04-19
publisher-id
doi
http://dx.doi.org/10.1088/0022-3727/49/20/205303

J. Phys. D: Appl. Phys. 49 (2016) 205303

L Avilés-Félix et al

transport properties of the insulating barrier, in order to assure
a high reproducibility of the fabrication process. The two
states of relative magnetization are usually influenced by the
interlayer magnetic coupling between the layers of the magn-
etic tunnel junctions. Usually magnetostatic couplings are the
more important types of interactions that could influence the
coupling between the layers in multilayered structures. In this
type of system, the dipolar or magnetostatic coupling strongly
influence the switching behavior of the ferromagnetic elec-
trodes and it is going to be discussed in the present work.

The optimization of the fabrication process of insulating
barriers in MTJ is extremely important. The quality of the bar-
rier helps to determine high number of parameters involved
for the correct behavior of the junction [9, 10] (i.e. the attenu-
ation length, the density of pinholes, the energy barrier, etc).
Some effort to address this issue has been done in previous
works [11, 12]. However, topographical and magnetic features
of the electrodes also plays an important role on the electronic
tunneling of the charge carriers through the barrier, therefore a
good selection of the electrodes should also be made.

In this work we propose an alternative method for choosing
two different materials as top and bottom electrodes in a MTJ,
modifying the coercive field of one of the electrodes during
its growth. Co;_,Fe, alloys are commonly used both as part
of the artificial antiferromagnetic layer in the pinned layer
[13, 14] or as a ferromagnetic electrode of the junction [15]
due to its high degree of spin polarization [6] (~85 %).
CogoFejg was selected as top and bottom electrode of this
work. FeyoNigg thin films were also used as top electrodes in
order to study the interlayer magnetic coupling in magnetic
junctions with different electrodes. Magnetic properties and
topographical features of the electrodes will be discussed as
well as the influence of the substrate on the transport proper-
ties of C090F610/MgO/C090Fe10 and C090Fe10/MgO/FezoNi30
patterned magnetic tunnel junction.

The first part of the work involves the optimization and
characterization of the CoFe electrodes. Topographical and
magnetic measurements of single layers of CoFe were studied
with atomic force microscopy (AFM) and vibrating sample
magnetometry (VSM). Interlayer exchange coupling between
CogoFejg (CoFe) and FeyoNigy (FeNi) layers will also be
discussed. The second part of the work is focused in the fabri-
cation of the patterned magnetic tunnel junctions and the use
of conductive atomic force microscopy (CAFM) for the vali-
dation of the microfabrication process.

2. Experimental details

The different samples were grown on single crystal Si (1 0 0)
and MgO (1 0 0) substrates by DC magnetron sputtering
(CoFe and FeNi) and RF sputtering (MgO) from stoichio-
metric targets. Si and MgO substrates were cleaned for 15 min
in acetone (5min), isopropyl alcohol (5 min) and ultra-clean
water (Smin) in an ultrasound cleaning machine. CogoFe;q
and Fe ¢Nig; electrodes were grown using an argon pres-
sure of 3 mTorr and S0W of DC magnetron sputtering. The
MgO barriers were grown at room temperature using an Ar

pressure of 10 mTorr with a power of 30W for the radiofre-
quency sputtering. The crystalline structure of the ferromagn-
etic films were studied by standard 6 — 26 x-ray diffraction.
Topography and conductivity measurements were performed
at room temperature on a Veeco Dimension 3100 scanning
probe microscopy AFM with a CAFM module using a boron-
doped diamond conductive tip with a spring constant between
20-80 N m~!. The minimum detectable current in the CAFM
is 50 pA and the maximum current limit is 480 nA, under a
bias voltage ranging from 0.01 to 12V. All CAFM measure-
ments were performed at room temperature and maintaining
the same value of deflection setpoint (force exerted on the
sample surface of 0.5V ~ 5 uN). I(V) curves were obtained
with the CAFM in ‘ramp’ mode. This CAFM mode holds the
conducting tip steadily on an untouched area of the sample’s
surface, then the applied voltage is ranged in the desired range
while CAFM measures the current for the different values of
the polarization voltage. The measurements have to be done
in ‘virgin’ areas of the sample’s surface (non-scanned areas)
to reduce the chemical modifications due to the tip polariza-
tion voltage and to avoid damaging the barrier after several
measurements. /(V) curves were measured several times and
on different areas in order to reduce the electrical noise and
obtain representative data. The magnetic characterization was
performed on a Lake Shore vibrating sample magnetometer
model 73018 for hysteresis loops measured at room temper-
ature. Micro-sized MTJ were obtained using optical lithog-
raphy process in a UV mask aligner machine SUSS Microtec
model MJB4 with a resolution printing down to 2 pm.

3. Results and discussion

3.1. Optimization of the top and bottom electrodes

In the first part of the work, the behavior of the coercive
field (H.) of 10nm CoggFej( films as a function of the sub-
strate temperature during the deposition was explored.
Magnetization measurements of CoFe films grown on Si
(1 0 0) at room temperature shows a saturation value of ~1000
emu cm > and a coercive field of approximately 28 Oe. Angular
variations for different orientations between the magnetic field
and an arbitrary axis defined on the film indicates an uniaxial
magnetic anisotropy behavior. Figure 1 shows the measured
hysteresis loops along the easy and hard axis of a 10nm CoFe
film grown at room temperature on a silicon substrate. the
remanence of the hysteresis loops as a function of the orienta-
tion between an arbitrary axis defined on the sample and the
in-plane magnetic field is presented in the inset of figure 1 and
is well fitted with a function of the form A sin? o with a separa-
tion between maximum and minimum of 90° which confirms
the presence of the uniaxial anisotropy.

As mentioned before, ferromagnetic electrodes in a MTJ
should present different coercive fields. Therefore, the magn-
etic properties of 10nm films as a function of the Si(1 0 0)
substrate temperature during growth were studied. Samples
were grown varying the substrate temperature from 250 °C to
550 °C. Figure 2 shows the 8 — 20 x-ray diffraction profile for
the films grown at different temperatures. The samples present
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Figure 1. (a) Vibrating sample magnetometer measurements of
10nm film of CoFe grown at room temperature. The magnetic field
was oriented along the easy (A) and hard (o) anisotropy axis. Inset:
behavior of the remanence as a function of the orientation between
the in-plane magnetic field and an arbitrary axis defined parallel to
the film’s surface.
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Figure 2. (a) § — 20 x-ray diffraction profiles for the Si subtrate and
CoPFe films grown at different temperatures: 25, 350 and 450 °C.

a textured growth along the [1 1 1] FCC direction perpend-
icular to the substrate. Although, there is a high concentration
of Co (hep) in CogpFeyo, the presence of Fe atoms favors the
FCC structure [16]. The [1 1 1] peak at 44.32°, corresponds to
an interplanar distance of 3.53 A.

Magnetic measurements revealed an increase of the
coercive field (H,) for temperatures above 250 °C (inset
of figure 3(a)). The dependence of the H. with the growth
temperature presents an abrupt increment for temperatures
between 250 °C and 350 °C, following by a linear increase
for temperatures above 350 °C as shown in figure 3(a). The
behavior of the coercive field could be directly related to the
topographical features of the films as shown in figures 3(b)
and (c). AFM measurements indicates an increase in the grain
size of CoFe films grown at higher temperatures. Films grown
at lower temperatures (7 < 300 °C) present a small grain size.
As the deposition temperatures increases, the grains became

wEE 7 )
400 .
PR
é 300 - -
Iu
200_ 10.0 nm
100 1 |
0 'ngm : 500 0 nm : . 0. c|I T Hl:»ghl‘ SOE .0 nm .
0 100 200 300 400 500 600
Temperature (°C)
o Id)I T ¥ T 4 T J T L T 1 T L T . T -‘"A_
900 {4 A A A
™ ‘AAFAAA-A‘A*A"A"A 1
o 870+ ---0---25°C A
,;/ x --0---250°C =
£ 720 --&---450°C
) ’D.D—D-n‘ --0--0--0._ ]
5} 690' o OB:\«O O‘~o_
c -O‘O‘O’B»’ ‘00 ‘a i
S 660 - g oo 4
S — ‘o :
$ 6304 B T
* 6000 o A
4 _-ﬁ E
570 T i T T T T T " T T T i T " T q T " T
0 20 40 60 80 100 120 140 160 180
Angle (°)

Figure 3. (a) Coercive field of 10nm films of CoFe as a function of
the substrate temperature during the growth. The line is a guide for
the eyes. Inset: normalized hysteresis loops of the films for different
substrate temperatures. AFM topographic measurements at (b) 250 °C
and (c) 350 °C. An increase in the grain size was observed with
AFM for films grown at higher temperatures. (d) Ferromagnetic
resonance measurements of CoFe films for different temperatures of
the substrate during the deposition. The applied magnetic field was
parallel to the plane of the films. Dotted lines are guides to the eyes.

bigger, with grain sizes between 20 and 40nm of radius for
deposition temperatures above 350 °C. The increase of the
grain size in CogoFejy films grown at temperatures above
300 °C suggest a different growth mechanism of the single
layers. As known, high deposition temperatures increases the
mobility of the atoms at the substrate surface and in some
cases favoring the formation of islands [17] during the first
moments of the sputtering process.

A correlation of the coercive field with the grain size for
polycrystalline films has been discussed in a previous work
[18]. The origin of this dependence is described by the
random anisotropy model [19]. This statistical model claims
an increase of the coercive field H,. with the grain size D:
H, o D, which is valid as long as D < I, where I is the
exchange length. In contrast with this model, the films grown
in the present work show a smoother increase of the coercive
field with the growth temperature, which indicate a non-linear
dependence of the grain size with the growth temperature.
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Figure 4. (a) Simulated hysteresis loop (A) as a result of the sum
of the two magnetization measurements of 10nm CoFe films grown
at 25 (o) and 300 °C (O). (b) M(H) curve (v) of a trilayer Si//
CoFe(10nm)(300°C)/MgO(20 nm)/CoFe(10nm)(25°C) and minor
loop (Q) corresponding to the magnetization of the top electrode.

Other groups achieved a similar behavior of the coercive field
with the grain size in CospFes films varying the growth rate
via the dc bias voltage during deposition [20].

For large CoggFej grains compared with the exchange
length I, the direction of the magnetization is determined
by the average of the effective anisotropies K¢ of each grain
(magnetocrystalline, shape, induced, etc) and the formation
of magnetic domains inside each grain. On the other hand,
if the magnetic film is composed by small grains (uniform
layer approximation), the magnetic moments tend to follow
the preferential axis of magnetization determined by the
competition between shape and magnetocrystalline aniso-
tropy in the film. Exchange length /. is defined as [19]

lex = \/2A/471'MS2 (CGS units), where M, is the saturation of

the magnetic film and A is known as the stiffness constant,
related to the difficulty of misalign parallel spins through
the exchange integral. Large values of A means it is more
difficult to misalign the spins, giving large exchange length
values. Using the values A =3.14 x 107 erg cm™! [18]
and M, = 1000 emu cm~3 obtained from the magnetization
measurements, the calculated value of .k is ~5nm for our
samples. The grain size of CoFe films grown at temperatures
above 300 °C was higher than 40 nm, as shown by the topo-
graphic measurements. Therefore, the magnetization for
these samples is the result of the average of the shape and
magnetocrystalline anisotropy of the individual grains in the
polycrystalline film, which induces the loss of a magnetiza-
tion preferential axis.

In addition to an increase of the coercive field, the morpho-
logical change of CoFe films grown at higher temperatures
modifies the magnetic anisotropy at room temperature. There
is no change in the remanence of the hysteresis loops for
different magnetic field direction obtained with the VSM for
the samples grown at temperatures above 400 °C, which indi-
cates the loss of the preferential axis of magnetization. This
was also verified by ferromagnetic resonance (FMR) meas-
urements with the external magnetic field applied parallel to
the surface of the 10nm films. As shown in figure 3(d) the

well-defined uniaxial anisotropy behavior observed for a
CoFe film grown at room temperature diminishes for the films
grown at higher temperatures disappearing for temperatures
around 450 °C. FMR measurements also allows to obtain an
approximation of the effective anisotropy Heg (in magnetic
field units) and its corresponding uniaxial anisotropy constant
K, in the plane of the film, according to the relation [21]:

3
HrL*HquHeff’ (1)

where Hepr = 2K,/M and H' 'rl and H ,l correspond to the value
of the resonance field (in Oe) measured with the applied
magnetic field parallel and perpendicular with respect to the
uniaxial anisotropy direction respectively. According to the
equation (1), the effective field of the 10nm CoFe Film grown
at room temperature is Heir = 83 Oe, corresponding to a uni-

axial anisotropy constant K, ~ 3.25 x 103 erg cm™,

3.2. Interlayer magnetic coupling

In order to study the interlayer magnetic coupling in FM—
MgO-FM systems, we fabricated by DC and RF sputtering
trilayers using the same (CoFe—CoFe) and different elec-
trodes (CoFe—FeNi) varying the MgO thicknesses. Bottom
electrodes of the trilayer structure were grown at 300 °C.
After the bottom electrode deposition, the single layers were
cooled down to room temperature in an Argon atmosphere of
3 mTorr. Subsequently, the MgO barrier and the CoFe top
electrode were grown at room temperature with the para-
meters previously described. The high temperature during the
growth of the bottom electrodes (300 °C) assures a different
coercive field (97 Oe) than the H, of the top electrode (28 Oe).

Considering the magnetic properties of the single films, the
hysteresis loop of the trilayer structure with 20nm thickness
of MgO could be predicted (assuming a completely decoupled
system). The magnetization of the two CoFe layers indepen-
dently follows the external magnetic field as a consequence of
the thick insulating layer between them. The hysteresis loop
of the trilayer system was simulated by summing the meas-
ured two normalized magnetization curves of the single layers
(figure 4(a)).

In contrast, figure 4(b) shows the hysteresis loop of the
Si(100)//CoFe(10nm)/MgO(20 nm)/CoFe(10nm) unpatterned
trilayer structure measured with the VSM. Figure 4(b) also
shows the minor loop of the soft layer. Although, both magn-
etic electrodes have the same thickness (10nm), the mag-
netization jump corresponding to the top electrode is slightly
larger than the corresponding to the bottom electrode, due to
the reduction of the magnetization observed in the CoFe films
grown at 300 °C, as shown in figure 3(d). The minor loop of
the soft layer was slightly shifted to negative values of the
magnetic field (=3 Oe), indicating that the two layers are still
coupled through the 20 nm MgO spacer. Angular dependence
measurements (not shown) of the trilayer system reveal that
the uniaxial anisotropy behavior remains for the soft layer.
All M(H) curves were measured along the easy axis.

Increased grain size of the bottom electrodes (CoFe films
grown at 300 °C), increases roughness o for both, the barrier
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and the upper electrode. As is known, high values of electrode-
insulator interfaces roughness could lead to magnetically
coupled systems due to an ‘orange peel’ coupling [22, 23],
increasing the strength of the dipolar interaction between the
layers separated by thinner spacers. The measured value of o
obtained from AFM measurements for single films, grown at
temperatures above 300 °C, is ~0.7nm (2 unit cells of CoFe).
The coupling energy of the system, J, is determined from the
minor loop as the product between the shift of the M(H) curve
(minor loop) and the saturation of the soft layer, according to
the equation [24]:

J = AHMSI9 (2)

where M and ¢t are the saturation and thickness of the soft
layer respectively and AH is the shift of the M(H) curve.
Considering the previous equation and the value of the shift
of the minor loop obtained experimentally, the calculated cou-
pling energy is J = 0.0028 erg cm~2. This energy obtained
from the minor loop could be compared to the coupling energy
due to the orange peel mechanism [25, 26]:

71—2 0-2 72\/57115

Nii lpoMlee I,

where £, is the spacer thickness, [ is the period of the rough-
ness o, assuming a model of correlated roughness (wave-
length model) [22] and M| and M, are the magnetization of
the layers. Using equations (2) and (3), the calculated value
for the period of the roughness was [ = 20nm. The magnitude
of the periodicity correlates with the grain size of the bottom
electrode grown at 300 °C.

Despite of the presence of two states of relative mag-
netization, that were observed for the CoFe/MgO/CoFe
system, this effect is rapidly attenuated as we decreased
the MgO thickness. In order to further study the interlayer
magnetic coupling in our system, trilayers of MgO(1 0 0)//
CoFe(10nm)/MgO(x nm)/FeNi(10nm) were grown varying
the MgO spacer thickness (x = 2, 4 and 6nm), with both
electrodes grown at room temperature. Measured satur-
ation values and coercive fields of FeyoNigg single thin films
were ~800 emu cm > and 2 Oe approximately.

Figure 5(a) shows the magnetization measurements along
the easy axis of the MgO(1 0 0)//CoFe/MgO(x nm)/FeNi
trilayers. In this figure, there is an abrupt jump of the magneti-
zation corresponding to the coercive field of both ferromagn-
etic layers. The square shape of the magnetization curves,
indicates the presence of a well defined uniaxial anisotropy
of the films grown on MgO substrates. As it was expected,

JPip —

3)

the coercive field ny of the Py layers is slightly larger for
lower MgO thicknesses which indicates a weak interlayer
coupling for a MgO spacer of x = 2nm. It is well known that
the interlayer exchange coupling influences the coercive fields
of magnetic layers separated by an insulating barrier. The
stronger the coupling, the coercive fields values would tend to
a single coercive field value of the trilayer system.

On the other hand, coercive field values corresponding to
the hard CoFe layers with 4 and 6 nm of the insulating barrier

remains near the measured value for single films (~28 QOe).

2)
A

o o anl

g

S

—A—2 nm
~—v—4nm |
—0— 6 nm
-60 45 -30 -15 0 15 30 45 60
H (Oe)

- EMgQ :IZ I.]ml R I R tMgOI 4 nn? I
T ) Bl
042 | amP | gp-o-g-0-65

2] o ' gi gei|
Ll / ;
0.5 S Vo -
5 -0 A/
= 0.4 - -
= | \
05+ Y / 1 I
- /A/A?A 9
-1.0 _ﬁﬁé%go—ﬂg
—O— Easy axis | —O0— Easy axis [
—A—Hard axis | —A— Hard axis
-100 -50 0 50 -50 0 50
H (Oe)

Figure 5. (a) Magnetization curves of the trilayer system

MgO(1 0 0)//CoFe(10nm)/MgO(x nm)/FeNi(10nm) varying the
MgO thickness. Inset: coercive field of the 10nm FeNi film grown
on Si(1 0 0) substrate with a MgO buffer of x nm. (b)—(c) M(H)
measurements of MgO//CoFe/MgO(x nm)/FeNi trilayer along the
easy (o) and hard (A) axis with a MgO thickness of (b) 2nm and (c)
4nm. Inset of figure (b): zoom of the M(H ) curve near the second
jump in the magnetization of the trilayer with 2nm of the insulating
barrier. (c) The hard axis of the FeNi and CoFe films are indicated
with solid and dotted circles respectively (see text).

Interestingly, a higher value of H SOFe was observed for a MgO
spacer of 2nm. This effect could be related to an unwanted
variation of the growth parameters of the CoFe layer. In some
cases the reproducibility of the coercive field values could be
influenced by the growth parameters or even the used substrate.
However, this increase of the coercive field is independent of
the insulating thickness does not affect the coupling with the
soft layer.

Hysteresis loop along the easy and hard axis of uniaxial
anisotropy of the trilayers with MgO thickness of 2nm
and 4nm are shown in figures 5(b) and (c) respectively. In
figure 5(b) M(H ) curve for a MgO spacer of 2nm along the
hard axis is lineal indicating the presence of a single preferen-
tial axis of magnetization for the system. A zoom of the M(H )
curve along the easy axis (inset of figure 5(b)) reveals a second
jump of the magnetization near 15 Oe. We attribute the second
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jump observed in the M(H) curve of the trilayer with MgO
thickness of 2nm, to the stepwise form of the CoFe/MgO and
FeNi/MgO interfaces originated by the presence of pinholes
in the barrier or regions where the thickness is lower than the
expected. As known, most interfaces are rough and exhibit
steps, which separate different terraces. The roughness of the
insulating barrier as well as the presence of pinholes would
directly affect the interlayer coupling through thinner MgO
barriers (2nm). The second jump was not observed for thicker
spacers. In contrast, figure 5(c) shows the M(H) loops for a
MgO spacer of 4nm. The form of M(H ) curve along the mag-
netization easy axis reveals that the two ferromagnetic layers
of CoFe and Py are magnetically decoupled. The presence of
an additional jump as in the 2nm spacer was not observed in
this sample. The form of the M(H ) curve along the hard axis
for this sample, as superposition of the M(H ) curve along the
hard axis of CoFe (dotted circle) and FeNi (solid circle) are
clearly observed, and evidences the independent rotation of
the magnetization of each magnetic layer. The results of the
interlayer coupling between CoFe and FeNi layers grown on
MgO substrates are promising for the development of magn-
etic devices.

3.3. CAFM electrical characterization

Complementary to the interlayer exchange coupling of the
trilayer system we characterized the electrical properties of
the MgO insulating barrier using conductive atomic force
microscopy (CAFM). The typical characterization of the
conductivity of the insulating barrier involves the study of the
I(V) response of the bilayer system (without an upper elec-
trode). However, due to a non-reproducible physical contact
between the tip and the barrier surface, an important varia-
tion of the I(V) response is usually observed. To significantly
reduce the fluctuation observed in the electrical characteriza-
tion of the barrier, we measured the I(V) response directly on
the upper electrode of the trilayers after its delimitation by
optical lithography as shown in the inset of figure 6.

Conducting atomic force microscopy measurements of
the fabricated MTJ were performed in order to test the repro-
ducibility of the electrical properties of the junctions. Inset
of figure 6 shows an schematics of the CAFM measure-
ments of I(V') curves for the trilayer system. We characterized
Substrate//CoFe/MgO(6 nm)/CoFe patterned tunnel junctions
grown on two different substrates: MgO (1 0 0) and Si (1 0 0).
I(V) curves shown in figure 6 for the system grown on Silicon
substrates present a very high degree of reproducibility.
In order to compare the conductivity through magnetic junc-
tions of different sizes, I(V) curves were normalized with the
junction’s area to obtain the current density through the insu-
lating barrier. Current density (J(V)) curves (figure 7) allow us
to obtain a value of J(1.5 V) = 0.192 £0.007 nA umfz. The
linear dependence of the current with the junction area (inset
of figure 7) as well as the exponential increase of the current
density as a function of the applied voltage are good indica-
tions that the tunneling seems to be the main mechanism for
the electrical transport in these systems [27].
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Figure 6. (a) /(V) curves obtained with the CAFM for five
different junctions of 25 x 25 pm in the system Si(1 0 0)//CoFe/
MgO(6nm)/CoFe. Inset: schematic of the CAFM measurements.
The conductive tip was hold on the surface of the top electrode.
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Figure 7. Current density J(V) curves as a function of the applied
voltage between the top and bottom electrodes of the system CoFe/
MgO(6nm)/CoFe grown on a Si substrate. Inset: tunneling current
dependence as a function of the junction area for junctions of three
different sizes: 10, 25 and 40 pm.

The same system, CoFe/MgO(6 nm)/CoFe, was grown on
MgO(1 0 0) substrates. Figures 8(a)-(c) evidences a more
insulating behavior for junctions grown on Si than in MgO
substrates. Due to a lower value of effective roughness and
a similar crystalline structure with the electrodes, MgO sub-
strates would favor the crystallinity of the layers improving the
conductivity through the insulating barrier. Previous studies
on the influence of the substrate roughness on the transport
properties of tunnel barriers have also shown an influence on
the attenuation length and energy barrier for systems grown
on different substrates [11, 28]. Calculated value of the cur-
rent density for the trilayer system grown on MgO substrate
was 1.29 nA pm~2 at 1.5V, One order of magnitude higher
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o MgO substrate properties of these systems. MgO (1 O 0) substrates are a
A Si substrate L better candidates for the fabrication of MTJ with MgO as an

oo g o

insulating spacer.
First results using four-probe electrical transport measure-

i ments of micro-sized (40 x 40 pm) magnetic tunnel junc-
tions of CoFe/MgO(8 nm)/FeNi indicate a good quality of the
insulating barrier. On the other hand /(V) response as a func-
tion of the temperature evidences a nonlinear dependence of
i the current with the voltage for different temperatures. The
influence of the temperature on the differential conductance
: obtained allowed to determine the height of the energy bar-
y i rier of CoFe-MgO-FeNi magnetic junctions (~3eV). A more
detailed report of these results will be publish shortly.
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Figure 8. (a)—(c) I(V) curves of the system CoFe/MgO(6 nm)/CoFe
grown on two different substrates: MgO (o) and Si (A). The sizes of
the characterized junctions were (a) 40, (b) 25 and (c) 10 pm.

than the samples grown on Si(1 0 0). This is a strong indica-
tion of the substrate influence on the conductivity through the

insulating barrier.

4. Conclusions

In the present work we have studied the magnetic and topo-
graphic properties of CogoFe ) for its use as a bottom electrode
in a FM-MgO-FM heterostructures. We observed an increase
of the coercivity of 10nm CoFe films increasing the substrate
temperature during growth. A very good control in the coer-
cive field of CoggFe( films was achieved. Substrate temper-
ature during growth of the films influences the morphology
and magnetic properties of single films of CoFe favoring grain
formation and the loss of the magnetization preferential axis.
On the other hand, the interlayer magnetic coupling in
FM-MgO-FM (FM = CoFe, FeNi) systems was discussed.
Interlayer magnetic coupling between similar ferromagnetic
layers was significantly influenced by the roughness of the
interfaces due to the morphological features induced by the
growth temperature of the bottom electrodes. The grain size of
CoFe films grown at 300 °C was estimated using the dipolar
coupling energy due to orange peel effects and it correlates
with the values obtained by AFM measurements. We obtained
ferromagnetic electrodes completely decoupled down to
2nm of the insulating barrier for the samples grown on MgO

substrates.
Micro-sized magnetic tunnel junctions of FM/MgO/FM

(FM = CoFe and FeNi) grown on two different substrates

were successfully fabricated presenting transport properties

highly reproducible. We have used the CAFM as a tool for
the electrical characterization, reproducibility and validation
of the microfabrication process. A more insulating behavior
was obtained for MTJ using Si(1 0 0) as a substrate and an
increase of the current density (~600%) was achieved for the
system CoFe/MgO/CoFe grown on MgO(1 O 0) substrates.
This indicates the importance of the substrate on the transport

Staff Exchange Scheme, Call: FP7-PEOPLE-2012-IRSES,
COEF-magNANO.
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