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Postannealed structure and electron transport properties of the magnetic tunnel junctions with
preoxidized CoFe pinned electrode were compared with those of the conventional plasma oxidized
junctions. The preoxidized junction exhibited its peak tunneling magnetoresistance ratio at 375 °C
which is well above the optimal annealing of the normal junction. Using Auger electron
spectroscopy and x-ray photoelectron spectroscopy of the thermally annealed junctions, structural
and chemical changes after annealing were observed in the tunnel barrier as well as near the
interface for both types of the junctions and these changes closely corresponded to the respective
postannealed electrical properties. X-ray magnetic circular dichroism analysis indicated that the Co
moment in the preoxidized CoFe electrode rose near the tunnel barrier/electrode interface as the
optimal annealing temperature was reached. Our results demonstrated that the magnitude of spin
polarized tunneling current is very sensitive to the interface structure and that any changes near the
barrier interface during thermal annealing can greatly alter the electrical properties of the magnetic
tunnel junctions. ©2003 American Institute of Physics.@DOI: 10.1063/1.1628827#
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I. INTRODUCTION

Magnetic tunneling junctions~MTJs! relying on the
spin-polarized electrons tunneling through a thin insulat
layer have been actively studied because of their scien
significance and possible commercial application of the p
nomenon in nonvolatile memory. Although earlier theor
predicted the tunneling magnetoresistance~TMR! in these
MTJs to be solely dependent on the spin polarization val
of the ferromagnetic electrodes,1 later experiments confirme
that the TMR effect was largely influenced by the nature
the tunnel barrier as well as the interfaces between the o
barrier and ferromagnetic electrodes.2 In fact, fabricating a
reliable high-quality tunnel barrier has been the focus of
recent research in MTJs. The interplay between the T
effect and the tunnel barrier becomes accentuated when
MTJs are thermally annealed due to the subtle change
structural and electronic properties of the tunnel barrier d
ing annealing. Interdiffusion near the barrier interfaces3 and
local structural changes in the barrier4,5 have been identified
affecting the postannealed properties of the MTJs. In ad
tion, electrical properties of the MTJs after the thermal tre
ment are especially important since the integration of
tunnel junctions with the existing state-of-art semiconduc
technology would require the magnetic junctions to wi
stand an annealing temperature above 300 °C.6

There has been intensive research efforts to improve
thermal stability of the MTJ, and it was recently shown th
the thermal stability up to.400 °C can be achieved b
modifying the electrode compositions.7,8 In a previous study,
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Ando et al. also showed that radical oxidation of the Al
oxide tunnel barrier greatly enhanced the thermal stab
and demonstrated the structural differences between no
and radical oxidized junctions that led to the different po
annealed behavior.9 In this study, the work is further ex
tended by pretreating the ferromagnetic electrode with o
gen prior to the plasma oxidation of the Al–oxide tunn
barrier and we show that the preoxidized junctions ha
nearly identical postannealed properties as the radical
dized junctions. The annealed junctions were character
using Auger electron spectroscopy~AES! and x-ray photo-
electron spectroscopy~XPS! to demonstrate both structura
and chemical changes occurring in the pretreated MTJ
well as in the normal junction. In addition, depth-resolv
x-ray magnetic circular dichroism~XMCD! was employed to
provide a direct evidence of changes in magnetic proper
near the tunnel barrier during annealing.

II. EXPERIMENTAL PROCEDURE

The magnetic tunnel junctions were deposited by
magnetron sputtering at room temperature. The st
structure consisted of SiO2 /Ta (3 nm!/Ni80Fe20(3 nm!/
Cu(20nm!/Ni80Fe20(3 nm!/IrMn (10nm!/Co75Fe25(4 nm!/Al
(0.8 nm!–oxide/Co75Fe25(4 nm!/Ni80Fe20(20 nm!/Ta (5 nm),
whose schematic structure is shown in Fig. 1. Details
preparation for the plasma oxidized junctions are deta
elsewhere.9 For the preoxidized electrode samples, t
Co75Fe25(4 nm) electrode was exposed to pure oxygen a
3104 Pa for 10 min after which 0.8-nm-thick Al was depo
ited. Both normal and preoxidized samples were oxidized
plasma for 10 s.
il:
8 © 2003 American Institute of Physics
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Thin film stacks were annealed at temperatures up
425 °C under vacuum (1026 Torr) for 1 h. Using Auger mi-
croprobe PHI680, the depth profiles were obtained with
keV/2.6 nA electron probe. Sputtering of the sample w
achieved with 500 eV Ar ion beam at a sputtering rate of
Å/min and analyzed area was 2mm33 mm. For XPS analy-
sis, monochromatic x-ray generated from AlKa (15 kV) is
used and sputteretching was done with Ar ion beam~1 kV,
45°!. The sputtering rate was 6–7 Å/min. For the XMC
analysis, the experiment was performed at the BL-7A sta
in the Photon Factory~Japan! with 80% circularly polarized
synchrotron x ray. The absorption spectra were obtained
ing a microchannel plate detector with2500 V electron re-
tarding voltage in order to enhance the surface sensitivit10

Samples were sputtered in an UHV chamber w
1.5 kV Ar1 ions. Magnetoresistance andI –V characteristics
were measured by a four-probe method on junctions
terned by the photolithographic technique.

III. RESULTS AND DISCUSSION

Figure 2~a! shows the TMR ratio as a function of th
annealing temperature for both normal and radical oxidi
junctions which were both oxidized for 10 s to form th
tunnel barrier. The normal junction exhibited typical posta
nealed behavior whereas the TMR ratio from the preoxidi
junction showed a sharp rise in the TMR ratio at 375 °C. T
is remarkably similar to the data previously obtained fro
the radical oxidized except for the slightly decreased
peak TMR ratio at 375 °C.9

In Figs. 2~b! and 2~c!, the estimated barrier height an
thickness are plotted as a function of the annealing temp
ture. Comparing with Fig. 2~a!, the barrier height and thick
ness closely followed the TMR ratio graph. As seen in Fig
the preoxidation of the bottom electrode surface led to co
pletely different postannealed electron transport propertie
the MTJ. It is speculated that excess oxygen at the bot
electrode/barrier interface was redistributed and more ho
geneous oxide structure was formed during annealing. In
radical oxidation which exhibited similar postannealed pro
erties as the preoxidized junctions, it was concluded that

FIG. 1. Schematic diagram of the MTJ sample.
Downloaded 10 Dec 2008 to 130.34.135.83. Redistribution subject to AIP
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selective oxidation through the grain boundaries of the
metal layer was realized by the radical oxidation, which
sulted in the overoxidation of the bottom electrode surfa
closely resembling the structure of the preoxidized junctio9

The earlier result proves that the condition of the barr
interfaces plays a critical role in determining the magnitu
of the spin polarized tunnel current.

Figure 3~a! shows the elemental concentration dep
profiles obtained from the as-deposited junction with t
plasma oxidized tunnel barrier. The asymmetric shape of
oxygen profile extending well into the CoFe and IrMn laye
suggests that some oxygen were able to migrate into

FIG. 2. ~a! TMR ratio vs annealing temperature and~b! barrier height and
thickness for the plasma~normal! and preoxidized junctions.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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FIG. 3. Auger depth profiles:~a! as-deposited normal junction,~b! annealed normal junctions, and~c! annealed preoxidized junctions.
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CoFe layer during deposition even prior to annealing. Fig
3~b! compares the Al, O, Mn, and Ni profiles from the no
mal junctions annealed at different temperatures. The c
centration profiles for Al and O showed little change af
annealing whereas diffusion of Mn and Ni was quite ob
ous. Diffusion of Mn, which proportionally increased
magnitude with increasing annealing temperature, was f
addressed elsewhere.11 In the case of Ni, intermixing of Ni
with the CoFe layer in the free electrode would reduce
spin polarization, thus deteriorating the TMR value of t
junction.

In Fig. 3~c! are the depth profiles for the same set
elements from the preoxidized junctions annealed at diffe
Downloaded 10 Dec 2008 to 130.34.135.83. Redistribution subject to AIP
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temperatures. Comparing the Al and O profiles in Figs. 3~b!
and 3~c!, the concentration ratio of O to Al for the preox
dized junction was much higher than that of the normal ju
tion. The higher oxygen concentration of the preoxidiz
junction is likely due to the exposure of the CoFe layer
oxygen prior to the barrier deposition. Similar to the norm
junction, annealing hardly altered the concentration profi
for Al and O while Mn and Ni readily diffused towards th
oxide barrier in the preoxidized junctions. At 375 °C, a su
stantial degree of Mn diffusion towards the oxide barrier,
can be seen from the inset, was observed which is ra
surprising because the preoxidized junction exhibited
peak TMR value at this temperature. The presence of Mn
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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or near the tunnel barrier is believed to induce defect st
and reduce the magnitude of spin polarized tunneling.13 Fig-
ure 3~c!, however, suggests that presence of Mn in the tun
barrier may not be detrimental to the spin polarized tunn
ing. In fact, a similar conclusion was also drawn from t
thermally stable MTJs prepared with FePt electrodes.7

Even though postannealed electron transport prope
of the normal and preoxidized junctions vastly differed,
significant difference in the junction structure in response
thermal annealing were detected using AES spectrosc
The AES data suggest that the structural change of the tu
barrier is rather subtle or confined to a few atomic lay
near the barrier/electrodes interfaces. In fact, neither
cross-sectional transmission electron microscopy show
gross changes in microstructure after annealing at 375 °C
the preoxidized junction.

XPS analysis was carried to probe the chemical state
Co, Fe, Mn, and Al near the tunnel barrier. As previou
reported, the Co 2P3/2 spectra near the barrier/bottom ele
trode interface for the normal junction retained the meta
peak shape and binding energy after annealing.11 Similar
XPS results were also observed in case of the preoxid
junctions, indicating that Co in the bottom electrode
mained unoxidized in spite of the exposure to oxygen p
to the barrier formation.

In comparison, the Fe 3p spectra near the interface ha
an oxide peak for both normal and preoxidized junctions
indicated in Figs. 4~a! and 4~b!. Since the Gibbs free energ
of formation of the Fe–oxides~FeO:2245.6 kJ/mol, Fe3O4:
21018.0 kJ/mol, CoO:2216.5 kJ/mol, Co3O4: 2763.25 at
298.15 K!12 is higher than that of the Co–oxides, Fe wou
be oxidized in preference to Co in the CoFe electrode
reflected in the XPS data. For the normal junction, the F
oxide peak, however, disappeared at 275 °C at which
junction also exhibited the maximum TMR value. The sa
trend is also observed with the preoxidized junction
which the oxide peak disappeared at 375 °C, coinciding w
the optimal annealing temperature for the junction. Rec
theories and experiments indicated that the magnitude of
TMR is sensitive to the bonding state at the ferromagn
oxide barrier; in fact, the sign of spin polarization can chan
depending on the electronic structure of the ferromag
insulator interface.13 It was also shown that surface reco
struction of the barrier interface can also influence the m
nitude of the spin polarized tunneling.9 Here, our XPS data
showed a rough correlation between the oxidation state
the ferromagnet near the interface and the magnitude of
TMR, further demonstrating the importance of the interfa
structure.

Examining the Mn 2p3/2 spectra, it was found in al
samples regardless of the annealing temperature that Mn
found near the interface in an oxide form. Meanwhile, t
Al 2 p edge from the tunnel barrier for the preoxidized jun
tion showed a subtle shift in binding energy when annea
at 375 °C as shown in Fig. 4~c! whereas the Al 2p binding
energy remained nearly constant for the normal junction. T
binding energy shift in Al 2p is related to the Fermi energ
level change within the band gap14,15 possibly caused by
creation/removal of defects or the oxidation/reduction re
Downloaded 10 Dec 2008 to 130.34.135.83. Redistribution subject to AIP
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FIG. 4. ~a! Fe 3p spectra obtained from the AlOx /CoFe interface from the
normal junctions annealed at different temperatures~the arrow indicate the
oxide peak!, ~b! Fe 3p spectra obtained from the AlOx /CoFe interface from
the preoxidized junctions~the arrow indicate the oxide peak!, and~c! bind-
ing energy of Al 2p measured from the tunnel barrier from the annea
normal and preoxidized junctions.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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tions between the barrier oxide and Fe near the interfa
XPS clearly shows that the tunnel junctions undergo str
tural changes during thermal annealing near the tunnel
rier and temperatures at which theses changes occur ap
to strongly depend on the barrier interface.

Last, we used the XMCD analysis in order to estima
the magnetic moment of Co near the barrier interfac
XMCD spectra were obtained using the microchannel de
tor plate which has relatively shallow probing depth co
pared to monitoring the sample drain current. Figure 5 sho
the normalized Co XMCD spectra obtained from the mid
of the top CoFe electrode and near the electrode/oxide
rier interface from the normal junction annealed at 375
As can be seen, the intensity of the XMCD signal clea
decreased near the interface, suggesting the magnetizati
Co dropped near the interface due to intermixing. This c
clusion was, however, less clear when a full depth profile
the Co moment was calculated. The Co magnetic mom
from the top and bottom electrodes is extracted from a se
of XMCD signals obtained as a function of depth using t
sum rule16–18and potted in Fig. 6. The first observation fro
the graph was that the Co moment decreased continuo
past the Al–oxide barrier for both normal and preoxidiz
junctions when it is intuitively expected that the Co mome
in the bottom electrode would rise away from the interfa
Such a trend was observed in all the samples that were m
sured. We are not clear why the average Co moment of
bottom electrode is lower than that of the top electrode
may be due to the effect of the antiferromagnetic IrMn lay
lying under the bottom CoFe electrode whereas the CoFe
electrode is sandwiched between the NiFe and bottom C
layers which could provide some degree of ferromagn
coupling. Comparing the Co moment from the two sampl
normal and preoxidized junctions annealed at 375 °C, the
magnetic moment from the preoxidized junction rose app
ciably near the interface between the Al–oxide and the b
tom electrode. Since maximum TMR was obtained at 375
for the preoxidized junction~;30%! whereas TMR for the
normal junction dropped considerably at the same annea

FIG. 5. Co 2p absorption spectra and calculated XMCD signal from t
normal junctions annealed at 375 °C:~a! from the middle of the top CoFe
electrode, and~b! near the oxide barrier.
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temperature, the relatively large Co moment measured n
the interface for the preoxidized junction could be indicati
of the optimal annealing temperature.

As demonstrated, the TMR junctions underwent bo
physical and chemical changes during thermal annealing
addition, depending on the initial structure at the oxi
barrier/bottom CoFe electrode interface, these changes
curred at different temperatures; thus, greatly altering
postannealed properties of the junction.

IV. CONCLUSION

We showed that the postannealed propertied of the T
junctions can vastly differ depending on the initial structu
at the oxide barrier/bottom CoFe electrode interface. Anal
ing the thermally annealed TMR junctions using AES a
XPS, both structural and chemical changes were observe
the tunnel barrier as well as near the interface and th
changes closely corresponded to the postannealed prope
of the junction. Although XMCD was employed to study th
magnetic changes during annealing, the resulting data w
not well understood. Further investigation is underway
better understand the changes in magnetic properties in
TMR junction during annealing.
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