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Annealing effects on the structural and transport properties of sputtered CoFeB/MgO/CoFeB
magnetic tunnel junctions deposited on SiO,/Si were investigated. At the as-deposited state, the
CoFeB was amorphous at the CoFeB/MgO interface. High-resolution transmission electron
microscope image clearly shows that after annealing at 270 °C for 1 h, crystallization of amorphous
CoFeB (three to four monolayers) with lattice matching to MgO (100) occurred locally at the
interface between MgO and CoFeB, producing a magnetoresistance (MR) around 35%-40%. After
annealing at 360 °C for 40 min, the MR increased to 102%. The increase in the MR with annealing
is attributed to the complete formation of (100) crystalline structure of CoFeB well lattice matched
with the (100)-oriented MgO barrier. The bias voltage dependence of the MR shows a consistent

correlation with each CoFeB/MgO interface. © 2006 American Institute of Physics.

[DOL: 10.1063/1.2165141]

Magnetic tunnel junctions (MTJs), in which spin-
dependent tunneling occurs, have shown a high magnetore-
sistance (MR) effect (i.e., the resistance change due to the
applied magnetic field) and have become the most promising
structure for the application of magnetoresistive devices such
as magnetic random access memory (MRAM), magnetic
read heads, and magnetic sensors.! In order to obtain better
performance for these devices, it is important that the MR
effect is large, because this will enable the devices to be
operated at higher speeds with a greater signal-to-noise
ratio.”

Based on first-principle electronic structure calculations,
MTJs with the structure of Co, CoFe, or Fe (100)/MgO
(100)/Co, CoFe, or Fe (100) were predicted to produce much
higher MR than conventional MTJs with an amorphous AlO,
tunnel barrier.*™ Parkin ef al. and Yuasa e al.®’ have ob-
tained high MR experimentally using a MgO tunnel barrier,
confirming the prediction. Recently, MTJs consisting of
CoFeB/MgO/CoFeB have been fabricated and have also
shown large MR at room tempelrature.g’9 They showed that
high MR in CoFeB/MgO/CoFeB MTIJs could be obtained
only after an annealing treatment. However, annealing ef-
fects on the microstructure of these MTJs are not clear yet,
even though speculation on the effect of annealing has been
suggested.

In this paper, we present the experimental results of our
investigation of annealing effects on the structural and trans-
port properties of sputtered CoFeB/MgO/CoFeB magnetic
tunnel junctions.

Single-layer thin films of MgO and layered stacks of Ta
10 nm/Pt;gMng, 30 nm/CogoFe;, 1.5 nm/CogFe,0Byg
2.5 nm/MgO 2-3 nm/CogyFe B,y 5 nm/Ta 5 nm were de-
posited on 7059 glass and oxidized silicon substrates by us-
ing a rf/dc sputtering system. All of the junctions were pat-
terned by photolithography and ion-beam etching. The
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junction sizes varied from 1X 1 to 8 X8 um?. The tunnel
barrier layer was formed by rf sputtering from MgO target.
For the annealing at 360 °C, the samples were annealed for
40 min using rapid thermal annealing (RTA) without the ap-
plication of magnetic field and subsequently annealed at
270 °C for 60 min in a vacuum under a magnetic field of
1000 Oe to induce a unidirectional exchange field (H,,) of
PtMn/CoFe/CoFeB-pinned layer. The phase identity of the
films was investigated by x-ray diffraction (XRD). The inter-
face of the films was investigated by high-resolution trans-
mission electron microscopy (HRTEM), and the magnetic
properties were measured at room temperature using a
vibrating-sample magnetometer (VSM). The MR transfer
curve was measured using a four-point probe measurement
system with fields up to 3000 Oe.

To obtain a MgO barrier with appropriate texture, the
crystallinity of the single-layer MgO films was investigated
by varying deposition pressure. The XRD patterns for the
single-layer MgO films deposited at different pressures on
7059 glasses are shown in Fig. 1. The thicknesses of all the
films were estimated to be 30 nm. The intensities of the XRD
patterns of the films are different depending on the deposi-
tion pressure. The MgO film deposited at 5 mT produced a
strong XRD intensity, suggesting a relatively large grain size.
It turned out that the grain size of the film deposited at 5 mT
was about 25 nm, as measured by TEM. The XRD patterns
revealed only the (200) peak, suggesting that highly (100)-
oriented films were formed. The degree of film orientation in
the [200] was investigated by rocking curve measurement, as
shown in the inset. A rocking curve full width at half maxi-
mum (FWHM) value of 7.7° was observed for (200) MgO
films deposited at the pressure of 5 mT, indicating a good
textured MgO film. Annealing treatments up to 380 °C did
not produce a significant change in (200) peak intensity.
Therefore, the crystallinity of the MgO film depends criti-
cally on the deposition condition. For the rest of the results,
all MgO films were deposited at 5 mT.

© 2006 American Institute of Physics
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FIG. 1. XRD patterns of the films deposited at different deposition pres-
sures. Rocking curve of the film deposited at 5 mT was shown in the inset
located in the upper corner of the figure.

Figure 2 shows the measured MR curves and corre-
sponding magnetic hysteresis (MH) loops of the junction
structures of Ta 10 nm/PtMn 30 nm/CoFe 1.5 nm/CoFeB
2.5 nm/MgO 2.2 nm/CoFeB 5 nm/Ta 5 nm film stacks, (a)
as-deposited, (b) annealed at 270 °C for 60 min, and (c) an-
nealed at 360 °C for 40 min. The insertion of 1.5 nm CoFe
film between PtMn and bottom CoFeB layer was used to
enhance the exchange coupling because the coupling be-
tween PtMn and CoFeB did not produce a strong exchange
bias. The MR curve of the as-deposited MTJ shows a rela-
tively small MR (~20%) and a typical MR curve of a
trilayer structure due to the fact that no exchange bias was
induced. The exchange bias field increased with increases in
the annealing temperature. The MR was also increased dras-
tically by the annealing and a MR ratio of 102% was ob-
tained, even though a perfect antiparallel state was not
achieved during field sweeping, as indicated in Figs. 2(b) and
2(c). The MH loops contain two subloops for top CoFeB and
bottom CoFeB coupled with CoFe. The MH loop of bottom
CoFeB coupled with CoFe continuously changed when the
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FIG. 2. Magnetoresistance transfer curves and MH loops of the junction
structures of Ta 10 nm/PtMn 30 nm/CoFe 1.5 nm/CoFeB 2.5 nm/MgO
2.2 nm/CoFeB 5 nm/Ta 5 nm film stacks, (a) as-deposited, (b) annealed at
270 °C for 60 min, and (c) annealed at 360 °C for 40 min.
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FIG. 3. High-resolution cross-sectional transmission electron micrographs
of Ta 10 nm/PtMn 30 nm/CoFe 1.5 nm/CoFeB 2.5 nm/MgO 3 nm/
CoFeB 5 nm/Ta 5 nm film stacks, (a) as-deposited, (b) annealed at 270 °C
for 60 min, and (c) annealed at 360 °C for 40 min.

field swept from positive to negative, while that of top
CoFeB changed sharply. Therefore, the parallel state could
be achieved easily at a high field; however, the perfect anti-
parallel state could not be achieved due to the continuous
change of magnetization in bottom CoFeB/CoFe especially
when the external field swept from positive to negative. Note
that the coercivity of the free layer increased with annealing
(from ~3 to ~40 Oe), which can be seen as an indication of
the crystallization of the CoFeB layer. The resistance of MTJ
annealed at 360 °C (~100 kQ um?) is little higher than that
of the as-deposited MTJ (~80 k) um?), indicating a small
change of crystallinity in MgO barrier. The MR of the MTJ
annealed at 360 °C is much higher than that of the MTJs
as-deposited and annealed at 270 °C. In order to see the
annealing effect on MgO barrier itself, we did annealing ex-
periments on single-layer MgO films and analyzed them with
XRD and TEM. It turned out that MgO films became dense
(reduced in lattice constant) after annealing below 400 °C,
but with no obvious change in microstructure. This suggests
that there is little annealing effect on MgO barrier itself, thus
the reason for the increase in the MR, we believe, is caused
by the change of the CoFeB structure at the CoFeB/MgO
interface before and after annealing. The increase of MR
with annealing temperature is partly due to the better mag-
netic alignment brought about by the increase in magnetic
coupling between PtMn and bottom CoFeB/CoFe after high-
temperature annealing.

To investigate the interface in MTJs, (HRTEM) was
used. The HRTEM images in Fig. 3 show the CoFeB/
MgO/CoFeB interfaces for MTJs (a) as-deposited, (b) an-
nealed at 270 °C, and (c) annealed at 360 °C. To identify the
phases, we measured not only the d spacings from the fast
Fourier transformation (FFT) of the high-resolution image
but also we performed XRD measurements for single-layer
CoFeB film annealed at 360 °C for 1 h. It was found that
after annealing, the amorphous CoFeB transformed into
crystalline CoFeB having a body-centered-cubic (bce) crys-
talline structure with a lattice constant of 2.86 A. In as-
deposited MTJs, top CoFeB electrode has amorphous struc-
tures [Fig. 3(a)], but bottom CoFeB has regions containing
crystalline structure. The crystalline structure in bottom
CoFeB layer is probably due to the crystalline structure of
CoFe, which was used to enhance the magnetic coupling
between bottom CoFeB/CoFe and PtMn. Crystallization of
amorphous CoFeB (three to four monolayers) with lattice
matching to MgO (100) occurred locally at the interface be-
tween MgO and CoFeB after annealing at 270 °C [Fig.
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FIG. 4. Bias voltage dependence of normalized MR ratio for the MTJs
annealed at 270 and 360 °C.

3(b)]. This can be easily explained by considering that the
free-energy barrier is expected to be lower for nucleation
occurring at the interface rather than in the bulk.'® The top
CoFeB has two interfaces, which are adjacent to amorphous
Ta and crystalline MgO, respectively. After annealing at
360 °C for 40 min [Fig. 3(c)], crystallization occurred to-
ward the CoFeB/Ta interface, which can be supported by the
remaining amorphous phase in top CoFeB near the
CoFeB/Ta interface. This means that crystalline MgO will
further lower the energy barrier for the nucleation, resulting
in crystallization starting at the interface between CoFeB and
MgO. In particular, the (100) plane of MgO makes an angle
of 45° with (110) plane of CoFeB, suggesting that the fol-
lowing orientation relation exists on MgO/CoFeB interface:
MgO (100)[001]lICoFeB (100)[110]. Therefore, the anneal-
ing changes the interface structure from amorphous CoFeB/
crystalline (100) MgO to crystalline (100) CoFeB/crystalline
(100) MgO, producing high MR. It is found that other orien-
tation relationship between MgO (100) and CoFeB except
for MgO (100)lICoFeB (100) produced a low MR, even
though both the top and bottom CoFeB layers were crystal-
lized completely (these results are not shown here). These
results are consistent with the theory where Zhang and
Butler’ predicted a high MR with bee FeCo (100)/MgO
(100)/bee FeCo (100). It is important to point out that our
results (obtained MR) are smaller than those reported in
other works.®? The reason is, we believe, as follows: (i) We
did not obtain a good antiparallel alignment due to a low
pinning field, as shown in Fig. 2. (ii) Bottom CoFeB was not
well lattice matched with the (100)-oriented MgO barrier be-
cause the inserted CoFe layer induced the crystallization of
CoFeB.

Figure 4 shows the bias voltage dependence of the nor-
malized MR for MTJs annealed at 270 and 360 °C. As bias
voltage increased, the MR decreased. Here at positive bias
voltage, electrons flow from the top CoFeB electrode to the
bottom CoFeB/CoFe electrode. For the MTJ annealed at
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360 °C, the MR dropped to half at bias voltages of 740 and
720 mV for negative and positive voltages, respectively.
However, the MR of the MTJ annealed at 270 °C dropped to
half at the bias voltages of 740 and 380 mV for negative and
positive voltages, respectively. This asymmetry in the bias
voltage dependence of the MR of the MTJ annealed at
270 °C is due to the different structure of CoFeB at the top
and bottom CoFeB/MgO interfaces, which is shown in Fig.
3(b). It is reported that the bias voltage dependence of the
MR is related to the quality of the tunnel barrier and the
interface structure.'""'> As mentioned previously, the quality
of the MgO barrier did not change much with annealing (
~400 °C). Therefore, the interface structure is the most im-
portant feature for the bias voltage dependence of the MR of
MgO MT]Js. Since there is not much change in the bias volt-
age dependence of the MR at negative bias voltage in our
case, it can be concluded that annealing does affect the in-
terface at the top CoFeB/MgO barrier. As seen in Fig. 3,
only the top electrode changes its structure because the
bottom electrode already has a crystalline structure. This
HRTEM analysis is consistent with the bias voltage depen-
dence of the MR. The crystalline/crystalline interface shows
much higher V},; than the amorphous/crystalline interface.
In conclusion, we report herein on the dependence of MgO-
based MTJs prepared using conventional sputtering on the
annealing temperature. By annealing at 270 °C, the top
amorphous CoFeB electrode began to crystallize locally at
the interface between CoFeB and crystalline MgO barrier.
The (100) plane of CoFeB at the MgO/CoFeB interface
which is matched with MgO (100) lattice grows into amor-
phous CoFeB region. The increase in the MR ratio with an-
nealing can be attributed to the formation of (100) crystalline
structure of CoFeB well lattice matched with the (100)-
oriented MgO barrier.
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