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Inverse magnetoresistance in magnetic tunnel junction
with a plasma-oxidized Fe electrode and the effect of annealing
on its transport properties
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To understand the transport properties of@gbased magnetic tunnel junctiofidTJ), MTJs with

a FgO, electrode prepared hiyn situ plasma oxidation of a thin Fe film have been fabricated on
oxidized silicon wafers with standard photolithography. High resolution transmission electron
microscopy(HRTEM) was used to investigate the interface of the MTJs, and the magnetic and
electrical transport properties of the MTJs were measured at different temperatures. TEM
cross-section micrographs showed that the plasma oxidized Fe layer was directly in contact with the
tunnel barrie(AlO,), giving the predicted inverse magnetoresistaiMB). As the temperature was
lowered, asymmetry in the MR and magnetic hysterédid) curves appeared. A thin FeO phase at

the interface seemed to produce this asymmetry. The effects of annealing on the transport properties
are also discussed. 8005 American Institute of PhysidOI: 10.1063/1.1850332

I. INTRODUCTION oxidized silicon substrates by using a rf/dc sputtering system.

As a result of their high spin polarizatid100%, half- All of our junctions were patterned by photolithography and

metallic materials having only one spin subband at the FermP" beam etching. The junction sizes varied from 4

5 .
level are very attractive as electrodes in magnetic tunneT<4 to 16X 16 um*. The tunnel barrier layer was formed by

junctions(MTJ). From band calculations, F@, (magnetite plasma oxidation of 1.7 nm of Al for 45 s. To obtain the

is one of the half metals that has an energy gap in the maEe?’O“' film, we first deposited very thin F€1.6 nm on top

jority spin band at the Fermi lev&There are several meth- of thel AlG a;nd sug)sequently rc])_xﬁmed tdh_e FIT W'th ant o>§y-
ods for fabricating F¢O, such as reactive sputtering, direct gen plasma fo produce §@,, which was directly In contac
deposition andn situ oxidation of deposited F&. For ap- with the AlQ, barrier. Another Fe layer was deposited on top

plication as an electrode of a MTid situ plasma oxidation of the oxidized Fe layer in order to control the switching of

of deposited Fe has advantages, such as avoiding the inténe very thif‘ F§O4_ through its _strong _exchange coypling
face reaction that occurs at the interface with®Ah addi- with the Fe film. This is accomplished without destroying the

tion, the thickness of R®, formed by this method can be Fes0, phiﬁe’thWh'Ch ml_ghtlbe cause(rj] by _'IES r?%ﬁt'qn that
thin enough that the coercivity can be controlled by strongfc?urs Wflth oﬂer capping a)t{erst sducl; ;?.Sha 0 | t.'e ”:'
coupling with an adjacent ferromagr?eZtRecently, we dem- orace orthe fims was investigated by high resolution trans-

onstrated the inverse magnetoresistafid) of a FgO, missioq electron microscopy-lRTEM), and the magneti_c
based MTJ usingn situ plasma oxidation of deposited Fe, properties were measured at different temperatures using a

indicating negative spin polarization of &8 in contact with \S/Lg)(;agng _Is_ﬁmple ma?netqrr;eté(‘;/mSRl\;l) tusm? fields up to
an AlQ, barrier® Negative spin polarization of E®, in con- €. q € magfne ore§|st an b ranster Cl{[rve twas ith
tact with the AIQ, barrier also has been observed bymeasure UsIng a four-point probe measurement system wi

Panchular. Since bulk FgO, has unique electrical properties fields up to 350 Oe.
such as the Verwey transitithwhere the resistance in-
creases nearly two orders of magnitude, measurements 8f. RESULTS AND DISCUSSION
magnetic and electrical properties at low temperature are Figure 1 shows cross-section TEM and HRTEM images
very important for the understanding of the transport behav-
ior of F&0,.

In this study, we report on transport and magnetic prop-
erties of MTJs with plasma oxidized Fe/AlNiFe in the
temperature range from 60 to 300 K.

Il. EXPERIMENT

Magnetic tunnel junctions with the structure of Ta
3 nm/Cu 50 nm/Ta 3 nm/NiFe 10 nm/AJO2 nm/Fe —

1.6 nm+oxidation/Fe 10 nm/Ta 3 nm were deposited orfIG. 1. Cross-section TEN®), and HRTEM imagesb) of the structure of

Ta 3 nm/NiFe 10 nm/AlQ2 nm/Fe 1.6 nm+@plasma/Fe 10 nm/Ta 3 nm.
The inset box indicates the position at which the high-resolution image is
dElectronic mail: chando@andrew.cmu.edu taken.
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For example, if we define the switching field where switch-
ing occurs above 90%, the switching field of Fe oxide
changed from 65 Oe at room temperature to 145 Oe at 60 K.
It has been reported that spin polarization increases with de-
creasing temperatuflé.The increase in junction magnetore-
sistancg JMR) from —1.2% to —2.75% is believed to be due
to both the increase of spin polarization of NiFe and plasma
oxidized Fe at low temperature. The switching field is related
to the anisotropy constant of §8,, which has a strong tem-
perature dependent® A reference MTJ(Fe/AlO,/NiFe)
with the same structure as the plasma oxidized Fe based
tunnel junction except for the plasma oxidized Fe layer,
FIG. 2. Bright-field(a) and dark-field(b) images and selected area electron shows an increase in resistance~6£0% (not shown. The
diffraction pattern(c) of the FgO, layer in the structure of Ta 3 nm/ Cu 50 large increasé~120%) in resistance upon cooling, shown
nm/Ta 3 nm/NiFe 10 nm/AlQ2 nm/Fe 1.6 nm+@plasma/Fe 5 nm/Ta 3 in Fig. 3, is therefore due to the iron oxide layer in the MTJ.
nm- However, the exponential increase in resistance with de-
creasing temperature, which has been observed j©£8
of the structure of Ta 3 nm/Cu 50 nm/Ta 3 nm/NiFe Was not seen here probably because the Fe oxide layer is so
10 nm/AlQ, 2 nm/Fe 1.6 nm+@plasma/Fe 10 nm/Ta thin (~3 nm) that the resistance of this layer is much less
3 nm. To avoid the geometric effect of a nonuniform currentthan that of tunnel barriefAlO,). Only at low temperature,
distribution* a thick layer of Cu(50 nm), as shown in Fig. Is the resistance of the iron oxide layer comparable to that of
1(a), was used as an underlayer. The Alg@rrier in the cross  the tunnel barrier, resulting in a much larger increase in junc-
section TEM image is formed conformally over the NiFe tion resistance. One interesting observation is the asymmetry
surface. The uniform Fe oxide layer is directly in contactoccurring in the MR curve at low temperature. At room tem-
with the AIO, barrier and its thickness is around 3 nm. To perature, the MR curve was symmetric. The asymmetry in
identify the phases in the HRTEM image, we measuredithe the MR curve is thought to be related to the interface com-
spacings from the fast Fourier transformatid#T) of the  position between the Fe oxide layer and the AlGarrier.
high-resolution imagé® The HRTEM image in Fig. ()  The phase at the interface can be a mixture of ferrimagnetic
shows that the phase of the Fe oxide formed byiawitu  (F&O,) and antiferromagnetic phaséseO or a-Fe,0,)
plasma oxidation is R©,. A Fe;0, grain, which displays the which can cause a shift in the MR curve. FeO ané&e,0;
(311 crystallographic planes, is shown in the figure. Thehave Neél temperatures of~198 K and 973K,
interface between the top Fe and;Bg is very clear and respectively"* Since there is no asymmetry at room tem-
sharp, whereas the interface betweeg(zeand the bottom perature, the antiferromagnetic material is most likely FeO
AlO, is not sharp, as is shown in the HRTEM image in Fig.because FeO acts as a paramagnet at room temperature.
1(b). However, we cannot detect the FeO phase in an HRTEM
The FeO, layer formed from the oxidized Fe layer is image (Fig. 1), indicating that it must be a very thin layer.
also identified in the electron diffraction pattern of the planAmorphous AlQ might blur the interface so that we cannot
view TEM image of the FgO, layer in the structures of Ta distinguish the FeO phase from J82. One recent report
3 nm/NiFe 10 nm/AIQ 2 nm/Fe 1.6 nm+gplasma/Fe showed that from first principle calculations on the tunnel
5 nm/Ta 3 nm, as shown in Fig(@. To make a sample for junction structure of Fe-FeO-MgO-Fe, a single atomic iron
the TEM plan view image of the E®, layer, an ion milling  oxide layer(FeO between the electrode and the tunnel bar-
step was precisely controlled to produce a thin area of theier can change the conductance by more than an order of
Fe,0, layer in a sample with multilayers. The diffraction magnitude, resulting in a greatly reduced MRTherefore,
rings clearly indicate the R®, phase along with Fe and the reason that the magnitude of MR in our junction is much
FeNi; phases that are associated with the top and the bottosmaller than expected could be due to a small amount of FeO
electrode, respectively. The bright- and dark-field imagest the interface. It is important to note the possibility that the
[Figs. 4a) and 2Zb)] show grain sizes in the range of asymmetry in the MR curve is due to pure;Bg itself be-
5-10 nm with no apparent texture. cause Fe—F©®, bilayer films as well as single layer @,
Figure 3 shows the magnetoresistari®¢R) transfer films has been reported to produce shifted hysteresis loops at
curves of a MTJ with the structure of Ta 3 nm/Cu 50 nm/Talow temperature$’2
3 nm/NiFe 10 nm/AIQ 2 nm/Fe 1.6 nm+gplasma/Fe To confirm whether FeO exists or not, magnetic hyster-
10 nm/Ta 3 nm, and a junction size of X@2 um,. All esis loops of an unpatterned MTJ composed of Ta 3 nm/Cu
MRs were inverse at the temperatures measured, as expected nm/Ta 3 nm/NiFe 10 nm/AlQ 2 nm/Fe 1.6 nm
since the polarization of F®, and NiFe with the AIQ bar-  +0O, plasma/Fe 10 nm/Ta 3 nm were measured at room
rier is negative and positive, respectively. As the temperatureemperature and low temperatyB90, 210, and 110 K Fig-
decreased, the magnitude of the MR, the switching field andre 4 shows the MH loops measured for our MTJ structure.
the junction resistance increased. The switching field of th&’he MH loops contained two sub loops for NiFe and Fe
Fe oxide increased more than twice between 300 and 60 kKxide coupled with Fe. At 300 and 210 K, there was no shift
while the switching field of NiFe remained about the samein the loop while there was about 10 Oe shift in the loop at
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FIG. 3. Magnetoresistance transfer curves of the junction structure of Ta 3 A4 ' . ' ' . ' .
nm/Cu 50 nm/Ta 3 nm/NiFe 10 nm/AlQ® nm/Fe 1.6 nm+@plasma/Fe 10 4p0 300 -200 100 O 100 200 30 40
nm/Ta 3 nm as a function of temperature. Inset in the upper corner shows Applied Field {Og)

MR curves at 60 and 290 K.

FIG. 5. Magnetoresistance transfer curves of junction structure of Ta 3
110 K. The shift only occurred in the subloop for Fe oxide nm/Cu 50 nm/Ta 3 nm/NiFe 10 nm/AlQ nm/Fe 1.6 nm+@plasma/Fe 10

. . . . nm/Ta 3 nm before annealing and after annealing at 150 °C for 3 h.
coupled with Fe, but not in the loop for NiFe. This suggests
the existence of the FeO phase in the Fe oxide electrode of . .
our MTJ structure, which is consistent with the MR curvesFeO at the interface between the Al@nd the Fe oxide not
shown in Fig. 3. The coercivities of these MH loops are wellOnly induces asymmetry in the MR curve at low temperature,
matched with the switching fields of the MR curve. but also causes the poor transport properties of th®©fe
Figure 5 shows the MR transfer curves of the MTJ be-based magnetic tunnel junction.

fore and after annealing at 150 °C for 3 h. Since the FeO
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