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Abstract Fe/TaOx /Co trilayers were grown on Si(100)/SiO2

substrates and on tantalum buffer layers by a high vac-
uum magnetron sputtering system. The effects of both Ta
buffer layer and tantalum-oxide barrier layer thickness on
the structural and magnetic properties and the coupling of
the ferromagnetic layers have been studied. It was observed
that Ta improves the structural properties of the Fe layer
resulting in an increased coercive field. For a barrier thick-
ness of 4 nm a weak decoupling starts to appear between the
ferromagnetic layers and a clear step formation is observed
with increasing thickness. The minor hysteresis loops pre-
dict an interlayer coupling for thin barriers. The annealing of
trilayers up to 250°C shows an increased coercivity for only
the Fe layer. Annealing further at 400°C has the opposite
effect of decreasing the coercivity, indicating intermixing at
the interfaces of the Fe. The refractive index of the insulator
barrier shows that the barrier layer is not totally in the form
of tantalum-pentoxide.

PACS 75.30.Gw · 75.60.Jk · 75.70.Ak · 75.70.Cn

1 Introduction

Magnetic tunnel junctions (MTJs) have a great potential for
applications as magnetic recording heads and nonvolatile
magnetic random access memories (MRAM) [1–3]. The
growth of MTJs in general focused on using Al2O3 [4, 5]
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and MgO [6–8] extensively as insulator barrier layers. Bar-
riers such as HfO2 [9], SrTiO3 [10], ZrO [11], LaAlO3 [12]
and TaOx [13] have been reported in the literature. TaOx ,
with the band gap of ∼3.5 eV, results in a low barrier height
of ∼0.4 eV for ferromagnetic (FM)/TaOx structures com-
pared to other insulators. This allows for having relatively
thicker barrier layers as well as a small resistance area (RA)
product [14]. In addition, from the growth point of view, it
is easier to grow thicker barriers with better uniformity and
quality. The thicker barrier layers also decrease the orange
peel coupling between the ferromagnetic layers. Moreover
the interface morphology can affect the magnetic and trans-
port properties of the MTJ. Magnetic properties such as co-
ercivity, remanence and anisotropy of ferromagnetic materi-
als are strongly influenced by their surface roughness [15],
film thickness [16] and crystallinity [17]. TaOx has been
used as a barrier layer in the cobalt (Co) trilayers system [13]
and a 1.5–2.5% magnetoresistance (MR) ratio was achieved
at room temperature for thicknesses of 2.5–3 nm. Also, a
10% MR ratio was reported at room temperature by another
group [18]. Therefore it is important to understand the prop-
erties of TaOx as a barrier layer in MTJ structures.

In this study we report the growth of Fe/TaOx /Co trilay-
ers, as a simple spin valve structure, on SiO2 and on Ta layer
using a Ta2O5 target. The effects of Ta and TaOx barrier
thickness, as well as annealing effect on the structural and
magnetic properties of the trilayers have been studied.

2 Experimental details

All the layers were grown in a high vacuum (HV) chamber
with the base pressure of about 1×10−7 Torr equipped with
five magnetron guns, and a quartz crystal thickness mon-
itor. The growth process is computer controlled; hence a
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high degree of reproducibility is easily achievable. Fe, Ta
and Co targets with 99.95% purity and Si(100)/SiO2 (1 µm
thermally grown) substrates were used. The substrate was
rotated during the deposition to assure thickness uniformity.
All the films were grown at ambient temperatures. Argon
gas flow of 12 sccm assured 3 mTorr of deposition pressure.
The targets were pre-sputtered in order to remove any con-
tamination and oxidation of the surface prior to each layer
deposition for 2 minutes. Various thicknesses of Ta, Fe and
Co layers ranging from 4 to 70 nm were grown as a single
layer and multilayers by DC sputtering. TaOx barrier layers
were grown by RF sputtering from a 2 inch Ta2O5 target
with 99.9% purity. The growth rates were 0.2 Å/s for Fe
and Ta, 0.1 Å/s for Co. Fe layers of 12 nm were used as
the bottom and Co layers of 8 nm were used as the top FM
electrode.

The structural properties of the films have been studied
by X-ray diffraction (XRD) using the CuKα line. The thick-
nesses of the layers were calibrated with a thickness mon-
itor and compared with the thicknesses found from X-ray
reflectivity (XRR) measurements. The thickness of TaOx

was measured with XRR as well as with ellipsometry. The
surface roughness of the Ta layer was investigated with an
atomic force microscope (AFM), and the magnetic hystere-
sis loops were recorded by a vibrating sample magnetome-
ter (VSM), at room temperatures. Also the refractive index
of the insulator barrier was measured by spectroscopic ellip-
sometry.

3 Results and discussion

The structure of single and multilayers were studied with
XRD by θ–2θ scans. Figure 1 shows the XRD patterns of
various thicknesses of Fe layers deposited on SiO2. The
peak at 44.96◦ for the 12 nm pattern belongs to the bcc Fe
(110) planes. The FWHM of this Fe peak is 0.85 and the cor-
responding grain size calculated using the Scherer formula
is 10.1 nm. As the thickness of the Fe film increases, the
intensity of the peak increases. This increase is due to the
fact that Fe continues growing in the preferred (110) orien-
tation. The grain sizes also increase gradually and is found
to be 16.1 nm for 72 nm of Fe. This indicates that the texture
structure of the Fe layer is improving with thickness.

We also deposited Fe on SiO2/Ta to study the effect of
a Ta buffer layer on the structural and magnetic properties
of the Fe layer. Figure 2 shows the patterns of 12 nm Fe
grown on SiO2 and on SiO2/Ta (24 nm). As is seen clearly,
the intensity of the Fe peak in the pattern (b) increases dra-
matically, compared to that of the Fe on SiO2 for the same
thickness shown in pattern (a). The Fe (110) peak is present
at 44.42o with FWHM and grain size 0.72◦ and 11.9 nm,
respectively. Although there is a large intensity increase, the

Fig. 1 The XRD patterns of various Fe layers grown on SiO2

Fig. 2 The XRD patterns of (a) SiO2/Fe(12 nm), (b) SiO2/

Ta(24 nm)/Fe(12 nm)

grain size is not improving significantly compared to that of
Fe on SiO2 for the same thickness. Therefore we can asso-
ciate the increase in the intensity with the better textured
structure in the (110) direction of the Fe film. The peak
at 33.31◦ belongs to the tetragonal-tantalum (β-Ta) (200)
planes. A Ta film shows a strong texture in the (200) direc-
tion. It is well known that Ta has two structural phases, bcc
cubic and β-Ta [19, 20]. The FWHM of this peak is 0.55◦
and the calculated grain size is 14.9 nm.

Co and Ta2O5 layers of thicknesses of 10 nm were grown
on SiO2. No diffraction peaks were observed for both lay-
ers. It is known that Ta2O5 shows a crystalline phase of the
orthorhombic structure at about 500◦C [21]. Although we
do not see any signal in the XRD pattern for 10 nm of Co,
it may be ordered (nanocrystals) to some extent. The fact
that there is no observed diffraction peak may be due to the
sensitivity of the X-ray detector. In fact, 10 nm of CoFe or
even thinner has been shown to be crystalline [22]. Co layers
show a texture phase at thicknesses above 40 nm, according
to the XRD data. However, annealing of 25 nm Co at 450◦C
for one hour shows crystalline order. For this work we used
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Fig. 3 Plot of rms roughnesses vs. thickness of Ta and Fe layers grown
on SiO2

8 nm of Co as the top FM electrode grown on the Ta2O5 bar-
rier layer. Annealing the multilayer structure at 250◦C does
not affect the structure of the Co layer; however, it changes
the structure of the Fe layer, affecting its magnetic prop-
erties. This is confirmed with magnetic measurements (see
Fig. 9).

The surface of various thicknesses of thin Ta and Fe films
grown on SiO2 were studied by AFM with a scan area of
10 × 10 µm. Figure 3 shows the plot of the rms roughnesses
of Ta and Fe layers vs. thickness. The rms roughness for Ta
is between 1–3 Å and that of Fe is between 2–5 Å. The rms
roughness of Fe(12 nm) grown on Ta(24 nm), which has the
smoothest surface, was found to be 1.5 Å. This means that
a Ta buffer layer not only improves the texture structure of
the Fe layer but also results in smoother Fe surfaces. Rough-
nesses at the interfaces are crucial, which affects the rough-
ness dependent magnetic coupling between the FM layers
for thin barriers. The surface roughness also affects the mag-
netic properties to some extent.

Magnetic hysteresis loops (M-H) of single layers and
multilayers were recorded by VSM. Figure 4 shows the M-H
loops of various thicknesses of Fe layer grown on SiO2 sub-
strates. The applied magnetic field (Hex) is in plane in the
[110] direction with respect to the Si wafer. As the thickness
of the Fe layer increases, the Hc increases. The increase in
Hc is associated to the improvement of the texture of the
thicker Fe layers as well as the roughness of the Fe surface,
which increases slightly with the thickness causing pinning
of the domain walls. For the Fe thickness of 6 and 36 nm, the
Hc is 30 and 109 Oe, respectively. The shape of the hystere-
sis loops for all thicknesses is square-like. This indicates that
the Hc of Fe is dominated by the domain wall motion [23].
The magnetization reversal for the Fe thickness of 76 nm is
not falling sharply as seen in the other thicknesses. There
may be contribution from a rotation of the domains to the
Hc. Hex was also applied in various angles in plane and no
magnetic anisotropy has been detected for any thickness of

Fig. 4 Magnetic hysteresis loops of various thicknesses of Fe films
grown on SiO2. The magnetic field is applied in plane of the film in the
[110] direction with respect to the Si substrate

the Fe layers. This also confirms that the Hc is dominated
by the domain wall motion [24].

In order to investigate the effect of Ta buffer layer on the
magnetic properties of a Fe film, 24 nm of Ta was deposited
prior to Fe deposition. The Hc of Fe on the Ta film is almost
three times larger than that of Fe on SiO2, as is seen from
the comparison of Figs. 5(a and c). This large change in Hc

is mainly due to the improvement of the texture of the Fe
layer deposited on Ta films as shown by the XRD pattern in
Fig. 2. It is also possible that the Ta underlayer film might
cause isolated grains within the Fe film by grain boundary
segregation [25]. Therefore, the intrinsic Hc of these isolated
grains causes the increase of Hc of Fe thin film, because do-
mains do not interact with each other and rotate indepen-
dently.

Metal Ta and insulator TaOx layers were grown on
SiO2/Ta(24 nm)/Fe(12 nm) layer to determine the effect
of oxidation on the magnetic properties of the Fe electrode
independent of the completed trilayer structure. As seen in
Figs. 5(c and d), capping the Fe layer with Ta increases the
Hc from 185 to 224 Oe. The low Hc of Fe without Ta cap
is associated to the oxidation of the top Fe layers after tak-
ing it to the atmosphere. The M-H loops of SiO2/Ta/Fe/Ta,
SiO2/Ta/Fe/TaOx are given in Figs. 5(d and e) for com-
parison. The Hc of SiO2/Ta/Fe/Ta is 224 Oe and that of
SiO2/Ta/Fe/TaOx is 165 Oe. The low Hc of the latter is
again due to the oxidation at the interface of Fe/TaOx ; how-
ever, in this case the decrease in Hc is larger. The smallest
coercivity of the Fe/TaOx layer, ∼53 Oe, (see Fig. 5b) with
respect to the other layers also confirms the oxidation effect.
We think that one of the reasons for these fluctuations in
Hc is to some extent the oxidation of the top few layers of
Fe films forming FeOx , which is paramagnetic above 198 K
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Fig. 5 Magnetic hysteresis loops of single layers and multilayers
grown on SiO2 substrates. In all loops Ta is 24 and Fe is 12 nm. (a) Fe,
(b) Fe/TaOx (8 nm), (c) Ta/Fe, (d) Ta/Fe/Ta and (e) Ta/Fe/TaOx (8 nm)

[26]. Therefore the thickness of the ferromagnetic Fe layer
decreases, resulting in a decrease in the Hc, because, as we
see from Fig. 4, the Hc of the Fe films increases with the Fe
thickness. These oxidized Fe layers might create dead mag-
netic layers, which diminishes the spin polarized transport
of electrons.

We also investigated the effect of the Ta thickness on the
magnetic properties of the Fe layer. Figure 6 shows the M-H
loops of SiO2/Ta(d)/Fe(12 nm)/TaOx (4 nm) where d is the
thickness. The Hc of Fe increases with increasing Ta thick-
ness up to 12 nm and decreases afterwards. For thicknesses
above 24 nm there is no significant change in Hc of Fe. We
can associate this change in Hc to the structural changes of
the Ta layer affecting the overlayer growth of the Fe film as
its thickness increases. The trend in Hc change is possibly
due to the stress build in the Fe film. It is well known that
the structure of the ferromagnetic films strongly affects the
magnetic properties [15–17]. The Hc is low for 6 nm Ta be-
cause at this thickness the Ta film might have not gained a
crystalline order to induce a stress in the Fe film, whereas
at 12 nm of Ta, which is likely to have a better crystalline
order, it creates more stress in the Fe film due to the large
lattice mismatch and hence the largest Hc is observed. After
some critical thickness in thin films the stress is relaxed by
the introduction of defects. The Hc is decreasing and staying
almost the same for further thicknesses of Ta indicating that
the Ta film is stress free; hence the structure of Fe grown
after about 24 nm does not change significantly. It is also
possible that the surface roughness of the Ta film, which
changes to some extent, might contribute to the magnetic
properties of the Fe film.

Fig. 6 Magnetic hysteresis loops of SiO2/Ta(d)/Fe(12 nm)/TaOx

After determining the Hc of the bottom Fe contact lay-
ers the multilayer stack using Co as the top electrode was
grown. From the magnetic characterization of the Co films
of various thicknesses grown on Si we observed that the
Hc of Co decreases from 75 to 25 Oe for 4 and 15 nm,
respectively, and increases gradually after 25 nm of thick-
ness. The Hc and Ms of ferromagnetic films depend strongly
on the film thickness [27]. The initial decrease in Hc of
the thin Co layer may be associated with the formation of
CoO on top of the Co film, because the magnetic effects
of antioferromagnetic layers are inversely proportional with
the magnetic film thickness. The presence of the CoO on
top of the Co films has no effect for thick layers. The ef-
fect of CoO on the properties of the Co thin film has been
studied in the literature [28]. Another possible explanation
is the presence of stress in thin Co layers. Above 40 nm
of thickness, where Co has textured structure according to
XRD, Hc starts increasing linearly because of an increase
in grain size. Large grains cause a large Hc [29]. A similar
behavior is also seen for Co films grown by the evapora-
tion technique [30]. The thickness of the TaOx is changed
to see the evolution of the decoupling between the top and
bottom FM electrodes. Figure 7 shows the M-H loops of
the SiO2/Ta(24 nm)/Fe(12 nm)/TaOx(d)/Co(8 nm) struc-
ture, where d is the thickness. There is a strong coupling
between Fe and Co layers for the 4 nm of TaOx barrier. Ac-
tually for this thickness a decoupling would be expected.
One of the reasons for this coupling might be the possibility
that TaOx is not yet a uniform continuous film. A second
reason may be the roughness of TaOx interfaces, which may
cause orange peel coupling. It is also possible that there is
an indirect exchange coupling through the TaOx layer, since
according to the ellipsometry data the barrier layer is not to-
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Fig. 7 Magnetic hysteresis loops of SiO2/Ta(24 nm)/Fe(12 nm)/
TaOx(d)/Co(8 nm) MTJ where d is the thickness of the TaOx barrier
layer

tally in the form of Ta2O5 and suboxides exists. At this point
we cannot say much about the phase of the barrier layer and
which mechanism for the coupling is likely. For 8 nm TaOx

barrier thickness there is a kink at the loop indicating that
the coupling is getting weaker. As the thickness of the TaOx

increases, a clear step representing two different coercivity
values is observed with Hc of Co ∼50 Oe and Hc of the Fe
layer ∼130 Oe. For the 18 nm TaOx there is a total decou-
pling between the FM layers.

To identify the coupling mechanism and strength of the
coupling field, minor loops of the Co layers were mea-
sured for each MTJ stack, while the magnetization of the
hard layer remains in the remanent state. Figure 8 shows
the corresponding minor loops of the Co layer. There is
a strong shift in the minor loop of TaOx (4 nm), which
may be an indication of a magnetostatic Néel coupling field
[31] (HN = 24 Oe) due to the correlated interface rough-
ness of the two ferromagnetic electrodes at the barrier in-
terfaces. However, at this point we cannot be certain about
the mechanism of coupling. Further work, especially trans-
mission electron microscopy (TEM) cross section revealing
the roughness of the interfaces, could help to determine the
dominant coupling mechanism. The further increase of the
barrier thickcess causes a reduction in the HN with values of
16, 8 and 5 Oe for 8, 13 and 18 nm, respectively. A larger
coupling field is expected for a small barrier because the
Néel coupling field increases exponentially with decreasing
barrier thickness. For small barrier thicknesses, it is hard to
determine the contribution of each layer to the total magne-
tization because not all of the Co moments had reversed be-
fore the moments of Fe switched. The Hc of Co was about
44 Oe (at the inflection point) for a MTJ stack layer with
TaOx (4 nm) and it decreases to the 41, 38 and 35 Oe for

Fig. 8 M-H minor loops of Co layer in the Ta(24 nm)/Fe(12 nm)/
TaOx(d)/Co(10 nm) structure

barrier thicknesses of 8, 13 and 18 nm, respectively, and
also a sharper switching behavior is observed with increas-
ing thickness. Another reason for a larger Hc for a small
spacer might be coming from the lock-in of stray fields, gen-
erated by domain walls and a magnetization ripple in the Co
layer, by the hard layer stray fields associated with domain
walls and magnetization ripples in the hard layer [32].

In order to study the effect of the annealing on the cou-
pling mechanism the SiO2/Ta(24)/Fe(12)/TaOx(d)/Co(8)
multilayers were annealed at different temperatures. The M-
H loops of annealed multilayers with 18 nm TaOx barrier
thickness along with as-deposited ones is shown in Fig. 9.
This sample was annealed at 100, 250 and 400◦C. Hc of
the as-deposited Fe layer is 125 Oe and it increases with
an increasing annealing temperature and reaches 225 Oe for
250◦C. There is a slight change in the Hc of the top Co layer.
The increase in Hc of the Fe layer results from the improve-
ment of the structure of the Fe layer with annealing. Also
the roughness of the Fe/TaOx interface is likely to decrease
with annealing resulting in a decrease in magnetostatic cou-
pling. This decrease in coupling may be due to the oxygen
redistribution and homogenization in the TaOx barrier dur-
ing the annealing process [33]. However, the Hc of the Fe
layer annealed at 400◦C decreases to 150 Oe. This decrease
in Hc is believed to result from intermixing at the Fe/TaOx

interfaces by interdiffusion of Fe, oxygen or Ta. It is known
that at about 200◦C Fe starts diffusing. Similar behaviors
have been observed from M-H loops of the MTJ with bar-
rier layer thicknesses of 4, 8, and 13 nm grown and annealed
at the same conditions as well.

The stoichiometry of the TaOx films grown on Si was
measured by ellipsometry. The refractive index (n) for
Ta2O5 is 2.2; however, the n for our films sputtered from
a Ta2O5 target was found to be 2.59, indicating that our in-
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Fig. 9 Magnetic hysteresis loops of annealed SiO2/Ta(24 nm)/
Fe(12 nm)/TaOx (18 nm)/Co(8 nm) at different temperatures

sulator layers are likely to have suboxides in the form of
Ta-oxide [34].

4 Conclusions

Ta buffer layer improves the structure of the Fe layer sig-
nificantly. The Hc of the Fe layers on Ta were found to be
almost three times larger than that of Fe on SiO2. The TaOx

barrier layer thickness dependence of the Ta/Fe/TaOx /Co
structure indicates that the coupling may be due to magneto-
static coupling. M-H minor loops, especially for thin layers
of TaOx , support this result to some extent. However, for
4 nm of TaOx indirect exchange coupling might also con-
tribute to the coupling mechanism. Annealing of the mul-
tilayers up to 250◦C resulted in an increase of the Hc of
the bottom Fe layer. Sputtered insulator thin films from a
Ta2O5 target result in suboxide formation indicating lack of
oxygen. Hence suboxides in the form of TaxOy along with
stoichiometric Ta2O5 might exist.
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