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Crystallization must occur in order to obtain lattice matching between CoFeB and MgO in amorphous CoFeB/MgO/amorphous CoFeB
magnetic tunnel junction (MTJ). However, the interface layer effect on the crystallization behavior is not yet clear. An aim of our exper-
iments was to investigate the effects of various layers including Ta, MgO, Ru, and NiFe on the crystallization and transport properties
in CoFeB/MgO/CoFeB MTJs deposited on SiO-/Si and glass. It was found that the onset of crystallization of CoFeB and its specific
orientation were dependent on the layer adjacent to CoFeB. The effects of crystallization on transport properties are also discussed.

Index Terms—CoFeB, crystallization, MgO barrier.

1. INTRODUCTION

gO based magnetic tunnel junctions (MTJs) show a

high magnetoresistance (MR) effect and are currently

the most promising ones for the application in magnetoresistive
devices such as magnetic random access memory (MRAM),
magnetic read heads and magnetic sensors [1], [2]. For MTJs
with crystalline MgO barrier, the tunneling probabilities of the
electrons depend on the symmetries of the Bloch states at the
Fermi level and symmetry dependent decay of the evanescent
states in the MgO barrier [3], [4]. That is, only electrons having
an s angular momentum character can easily tunnel through
the MgO tunnel barrier, while electrons without s angular
momentum are difficult to tunnel through. In particular, in
the [100] direction of crystalline CoFe/crystalline MgO/crys-
talline CoFe structure, only those majority spin electrons that
contribute to tunneling have s angular momentum; minority
spin electrons, in contrast, do not have s angular momentum,
therefore resulting in high MR [4]. Thus, to obtain high MR in
amorphous CoFeB/crystalline MgO/amorphous CoFeB MTJs,
an annealing step is necessary in order to produce crystallized
bee CoFeB (100)/MgO (100)/crystallized beec CoFeB (100) [S].
It is well known that crystallization behavior can be affected
by the interface [6]. Since the MTJ structure consists of several
layers, the layers adjacent to the CoFeB layer can affect the
orientation of the CoFeB layer during crystallization. How-
ever, the annealing effects of adjacent layers of CoFeB on the
microstructure of these MTJs have not been clarified. In this
paper, we present the experimental results of our investigation
of the annealing effects of those layers adjacent to the CoFeB
layer on the structural and transport properties of sputtered
CoFeB/MgO/CoFeB magnetic tunnel junctions. Since the
crystallization of the amorphous CoFeB layer can occur from
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both the interfaces of the CoFeB layer, we focused on these
two interfaces.

II. EXPERIMENTAL PROCEDURES

Layered stacks of MgO/CoFeB/MgO, Ta 10/PtMn 30/CoFe
1.5/C060 F€20B20 3/Mg0 2/C060F620B20 5/Ta 5 (111 nm)
(Sample A), Ta 10/PtMn 30/CoFe 3/Ru 0.8/CogpFesoB2g
3/MgO 2/CoggFesBsg 5/Ru 5 (in nm) (Sample B), and Ta
20/C060F620B20 S/MgO Z/COGOFCQQBQO 5/NiFe 3/IrMn 25/Ta
5 (in nm) (Sample C) were deposited on glass and oxidized
silicon substrates using an RF/DC sputtering system. The
tunnel barrier layer was formed by RF sputtering from MgO
target. All of the junctions were patterned by photolithography
and ion beam etching. The junction size was 6 x 2 um?. All the
samples were annealed using rapid thermal annealing (RTA).
The identity of the phase in the films was determined by con-
ventional # — 26 x-ray diffraction (XRD) and in-plane XRD.
The interface of the films was investigated by high resolution
transmission electron microscopy (HRTEM), and the magnetic
properties were measured at room temperature using a vi-
brating sample magnetometer (VSM). The magnetoresistance
(MR) transfer curve was measured using a four-point probe
measurement system.

III. RESULTS AND DISCUSSION

To investigate whether an MgO barrier would induce the ori-
entation (100) in CoFeB during annealing—the required orien-
tation in CoFeB/MgO/CoFeB MTIJs for high MR—bilayers of
MgO/CoFeB were deposited on glass substrates and annealed at
380°C and 400°C for 30 min. To increase the signal for the XRD
measurement, the stack included 7 bilayers of MgO/CoFeB. The
XRD patterns for the stacks of [MgO 1.2-2 nm/CoFeB 4 nm],
are shown in Fig. 1. The 2 nm MgO multilayer clearly induced
a (100) bec texture in CoFeB during annealing at 380°C for
30 min, indicating the epitaxial relationship between MgO and
CoFeB. When MgO thickness was reduced from 2 to 1.2 nm,
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Fig. 1. Conventional §-26 XRD patterns for as deposited and annealed (a)
[MgO 2/CoFeB 4] and (b) [MgO 1.2/CoFeB 4] films in nm. In-plane XRD
patterns at a 2° grazing incident angle for as deposited and annealed (c) [MgO
2/CoFeB 4]; and (d) [MgO 1.2/CoFeB 4] films in nm.

there were no peaks in the XRD pattern after annealing at 380°C
for 30 min, indicating the amount of crystallization is negligible
in the CoFeB layers. A (110) peak appeared only after annealing
at 400°C for 30 min, suggesting that the 1.2 nm MgO layer,
which as seen in Fig. 1(b) has a poor texture, did not induce a
strong (100) texture in CoFeB layers. Since either face centered
cubic or body centered cubic structure can exist in the compo-
sition of CoggFes(B2g depending on the preparation condition
[7], in-plane XRD measurements were used to identify the crys-
tallized phase of CoFeB. Note that the peak around 65° only ap-
pears for the bee (200) plane. From Fig. 1(c) and (d), the struc-
ture of the crystallized CoFeB is bcc. In bee structure, {110}
planes, which have the lowest energy, can easily develop during
annealing. With a strong (100) textured MgO layer, which can
be seen in Fig. 1(a) and (c), (200) orientation in CoFeB was also
induced. However, with a weak (100) textured MgO layer (1.2
nm) in Fig. 1(b) and (d), (110) orientation in CoFeB was mostly
induced and the onset temperature of the crystallization was in-
creased to 400°C, suggesting that the MgO seed layer effect on
the crystallization of CoFeB was reduced. Note that from Fig.
1(d), the stacks of [MgO 1.2 nm/CoFeB 4 nm]; produced (110)
and (200) peaks after annealing. These results suggest that the
part of the reason why MR reduces with decreasing MgO thick-
ness is related to the mixed orientations in CoFeB due to the
poor texture in the thinner MgO barrier. It is important to point
out that from the XRD and TEM results, the structure of the
crystallized CoFeB turned out to be BCC with lattice constant
a = 0.286 nm. Therefore, the epitaxial relationship between
MgO and CoFeB is similar to the relationship between MgO
and Fe [3].

Fig. 2 presents the XRD patterns of Sample B and C. All the
samples in Fig. 2 were annealed at 380°C for 30 min. As seen in
Fig. 2(a), when the layers adjacent to CoFeB were Ru, a peak ap-
peared at45.5° after annealing, which is the CoFeB (110) reflec-
tion. This was confirmed by HRTEM. Similarly, when NiFe was
adjacent to the amorphous CoFeB layer, (110) orientation (peak
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Fig. 2. XRD patterns of (a) Si sub/Ta 10/PtMn 30/CoFe 3/Ru 0.8/CoFeB
3/MgO 2/CoFeB 5/Ru 5, and (b) Si sub/Ta 20 nm/CoFeB 5/MgO 2/CoFeB
5/NiFe 3/ItMn 25/Ta 5 films in nm prior to and post annealing at 380°C.
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Fig. 3. (a) XRD patterns of the stack of Ta 20 nm/CoFeB 5 nm/MgO 2

nm/CoFeB 5 nm/NiFe 3 nm/IrMn 25 nm/Ta 5 nm as a function of annealing
temperature (as-deposited, annealed at 330°C for 20 min, annealed at 400°C
for 30 min.) (b) Cross-sectional TEM and (c) HRTEM images of the stacks
annealed at 330°C for 20 min. The inset box in (b) indicates the position at
which the high resolution image is taken.

at 44.3°) was induced in the CoFeB layer after annealing, as
seen in Fig. 2(b). Based on the phase diagram [8], bcc is a stable
crystal at room temperature for the bulk alloy of Co7sFess. In
the case of thin films, the interface effect is significant; thus the
onset of crystallization, its specific orientation and its crystal
structure are closely associated with interfacial energies con-
sisting of chemical (bonding) and structural (lattice distortion)
components [6]. We believe the reason that amorphous CoFeB
(Co7sFeqs) crystallizes in a bee structure with mostly (110) ori-
entation is due to the close structural match with the strongly
(111) textured NiFe and (001) textured Ru. Note that in our case,
the structure of the crystallized CoFeB was mostly bcc, which
is different from other’s report [7].

Fig. 3 shows the XRD patterns and HRTEM images of the
stack of Sample C. Initially, our purpose in having this top
pinned structure was to obtain a smooth interface between
MgO and CoFeB by using an atomically smooth surface of
oxidized Si sub/Ta 20 nm/CoFeB 5 nm. This was expected to
produce both better crystallinity of the MgO barrier as well as
better transport properties in the MTJs. As seen in Fig. 3(b),
an almost perfect interface was obtained between MgO and
CoFeB. However, after annealing at 330°C for 20 min, CoFeB
(110) peak appeared clearly. This suggests that the NiFe layer,
which has a strong (111) texture, induces the (110) orientation
in the CoFeB layer with much lower onset temperature of
crystallization for CoFeB. This is confirmed by the HRTEM
image in Fig. 3(b). After annealing at 330°C for 20 min, the
crystallization from the MgO/CoFeB interface had only started,
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Fig. 4. (a)-(c) Magnetoresistance transfer curves and (d)—(f) HRTEM images
of the junction structures of: (a), (d) Ta 10/PtMn 30/CoFe 1.5/CoFeB 2.5/MgO
2 nm/CoFeB 5/Ta 5 nm, (b), (e) Ta 10/PtMn 30/CoFe 3/Ru 0.8/CoFeB 3/MgO
2/CoFeB 5/Ru 5, and (c),(f) Ta 20 nm/CoFeB 5/MgO 2/CoFeB 5/NiFe 3/ItMn
25/Ta 5 nm film stacks annealed at 360° C for 40 min. Insets shown in the left
corner in Fig 4. (a)—(c) are MH loops.

while the crystallization from the CoFeB/NiFe interface had
already advanced significantly. As the annealing temperature
increased, the intensity of both the IrMn (111) peak as well
as the CoFeB (110) peak increased, indicating the growth of
the grains. These results reveal that the crystallization behavior
of the CoFeB layer can be controlled by the adjacent layer.
It is worth mentioning that the crystallization of amorphous
CoFeB is also related to boron diffusion. The onset temperature
for crystallization of amorphous CoFeB can be increased by
blocking the diffusion of boron [9].

Fig. 4 shows the M-H loops, transport properties and HRTEM
images of the MTJs of Sample A, Sample B and Sample C.
The M-H loops shows that Sample A has poor magnetic prop-
erties in terms of squareness and exchange bias, while Samples
B and C have good magnetic properties. However, Sample A
showed highest MR (~107%). The reason for low MR (~42%)
for Samples B and C, we believe, is related to the orientation of
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the crystallized phase in the CoFeB layers. For the MgO bar-
rier to act as a high efficiency filter, the orientation relationship
between MgO and CoFeB should be MgO (100)//bcc CoFeB
(100) [3]-[5]. In Sample A, MgO (100)//bcc CoFeB (100) in the
MgO/CoFeB interface was observed in Fig. 4(d). In contrast, as
seen in Fig. 4(e) and (f), (110) planes were observed in the top
CoFeB/MgO interfaces of Samples B and C, respectively. Ru
and NiFe, which have hcp (001) and fcc (111) texture, respec-
tively induced (110) planes in CoFeB layer, resulting in poor
MR. These results indicate that the magnetic properties as well
as the orientation relationship between MgO and CoFeB should
be controlled to obtain high MR.

IV. CONCLUSION

The crystallization behavior of the amorphous CoFeB layer
in CoFeB/MgO/CoFeB MTJs is critically dependent on the
adjacent layers such as Ta, MgO, Ru, and NiFe. When the
amorphous CoFeB layer was adjacent to amorphous Ta, (001)
textured hcp Ru and (111) textured fcc NiFe, the crystallized
CoFeB was bcc with the (110) texture after annealing. The
(110) bece textured CoFeB layers in MTJs result in poor trans-
port properties. These results suggest that the selection of the
adjacent to CoFeB is of great significance in the engineering of
MgO based MT]J device.
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