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Spin tunnel junctions fabricated with one interposed Fe—FeOx layer between,Bgbarrier and

the top CoFe pinned electrode show large tunneling magnetoresisiavies (40%) for anneals up

to 380°C. The annealing temperaturg,,z, where maximum TMR occurs, increases with the
inserted Fe—FeOx layer thickness. For samples with thicker inserted layer, the pinned layer moment
(which usually starts to decay below 300°C in the normal juncjionsreases with annealing
temperature up to 380°C and remains at a maximum until 450°C. The large TMR at high
temperature is related with the diffusion of extra f@m the Fe—FeOx laygrinto the electrode
interfacial region and the as-deposited paramagnetic FeOx decomposition into metallic Fe, and
possibly the formation of some E@,, which compensate the interface polarization loss associated
with Mn interdiffusion. Rutherford backscattering spectrometry analysis confirms partial Fe
diffusion into the top CoFe electrode after anneal. Meanwhile, x-ray photoelectron spectra for the
Fe 2p core level show that the FeOx contribution in the upper part of the inserted layer decreases
upon annealing, while it increases in the inner part near the barrier, suggesting the FeOx
decomposition and the oxygen diffusion toward the inner metallic Fe and Al barrier. The study of
RX A values and barrier parameters versus annealing temperature for samples with 7 and 25 A
Fe—FeOx also reflects the above structural changes in the inserted layet001©American
Institute of Physics.[DOI: 10.1063/1.1356712

Magnetic tunnel junction§MTJs) with tunneling mag- pared by ion beam deposition and oxidation using a Nordiko
netoresistance signfTMR) in excess of 40% and adjustable 3000 IBD tool, and then patterned down to<3 um? di-
resistance-area producRXA from 1 to few hundred mensions with a self-aligned procé€sMagnetic measure-

Q um? can now be fabricated. The present TMR signals andnents were done by a vibrating sample magnetometer in
RXA values are suitable for magnetic random accessinpatterned parts of the sample. X-ray photoelectron spec-
memory applications. However, good thermal stability fortroscopy(XPS) experiments were performed to analyze the
the MTJs is required to cope with standard backend proFe and FeOx spatial distribution. Since the XPS signal
cesseqgsintering: 400—450°C, plasma enhanced chemicatomes from an area within a distance of abont2\ (\ is
vapor deposition oxide deposition: 350F@ccurring during  the inelastic mean free path for electrdfi®m the sample
MTJ integration with alCMOS) wafer!? The TMR signal  surface, low-energy ion beat keV, 459 etch was carried
usually decreases above 300 °C due to the polarization lossut to obtain a depth profile. Steps 1 and 2 correspond to
resulting from the Mn(in Mn—X exchange layerdiffusion  surface spectra, and step 6 is the spectrum taken after sput-
into the CoFe top electrod In this work, thermal stability tering fa 6 s sothat stepn is taken after sputtering for 6
for MTJs is improved up to 380 °C by the insertion of an - (n—2) s. The etch rate is around 6—10 nm/min. The inten-
iron—oxide layer with appropriate thickness between thesities of the photoelectron lines were recorded using the
AlOx barrier and the top CoFe pinned electrode. This bringsAl K, emission line. All thermal treatments consist of 45
MTJs one step closer to full CMOS backend compatibﬁi?y. min anneals at each temperature, done in vacuum

Junctions  with  structure  of  glass/Ta90A/ (1076 Torr), and followed by cooling in field applied along
NigogFex70 A/ CoygFe,030 A/AI9 A+oxide / Fe (o) +o0xide/  the common easy axis of the electrodes.

CogoFe,d0 A/Mn;¢Fe,,250 A/Tiy\Woo(N)150 A were  pre- Figure 1 shows the pinned layer moments versus anneal-

ing temperature for samples witg.=0, 7, 10, 20, and 25 A.

dAuthor to whom correspondence should be addressed; electronic maiﬂ.—he Fe and Al layers are oxidized by 10 s exposure to a
zhongzhi.zhang@inesc.pt remote oxygen plasma except for the Al barrier in the refer-
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FIG. 1. Dependence of the normalized pinned layer moments on the anneal-
ing temperature for various inserted Fe layer thicknesses. The inset shows
hysteresis loops for a multilayer with structure of (Fe20 A/10 s oxides)
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ence sample with-.= 0, which is oxidized for 20 s. There is N " 1
a net increase in the moment of the pinned layer for increas- 0 100 200 300 400 500
ing Fe thickness. For junctions with 7 and 10 A Fe, there is Annealing Temperature (°C)

a strong moment decrease starting around 300 °C, similar to

; ; e FIG. 2. (@) TMR vs annealing temperature for junctions with different in-
the reference sample without Fe, correspondlng to Mn diffu erfacial Fe—FeOx layers. The inset shows the dependence of the as-

sion into the CoFe top electrode. For 25 A Fe, the pinneciieposited TMR value and@i¥r (where maximum TMR value occuren
layer moment increases almost linearly with annealingne inserted layer thicknesh) TMR andRx A values for junctions with 25
temperature up to 380 °C, and remains at a maximum valud Fe, first annealed to get the maximum sigksolid squarg at 380 °C,
up to 450°C. RBS experiments on a special Sampléhe” subject to further annealing starting at 180(d@en squane
of  Si/Al,03500 A/CqyFe,,30A/AI9 A+10 s oxide/Fe20 A
+10 s oxide/CgFe,A40 A/AI,0;15A  shows that 16.5
x 10" atom/cn? of Fe are found in the as-deposited Fe—full oxidation occurs fortge=10A, and zero TMR results,
FeOx. After anneal at 385°C, 710" *°atom/cnt of Fe  consistent with formation of a nonmagnetic or paramagnetic
have moved into the top CoFe electro@bou 8 A increase  Fe oxide. The 8% signal for 7 A Fe is probably due to a
in the top CoFe thickness, and an enrichment in Fe of theliscontinuous Fe layer. For thicker Fe layers, the as-
interfacial CoFe region The remaining 9.5 deposited TMR signal is 10%, implying that incomplete oxi-
x 10" atom/cnt of Fe either form a pure 11 A thick Fe dation occurs(FeOx+Fe formed. T%,,; increases with the
layer at the AIOx/CoFe interface, with the excess oxygerninserted Fe layer thickness, and reaches a maximum of
becoming incorporated into the AlOx barrier, or remaining380 °C attg,=20 A. Upon annealing, the TMR signal starts
as FeOx (FgD,). To check the magnetic nature of the FeOxto increase from 0% at 220°C to 36% at 270°C in the
grown in this experiment, a multilayer of glass sample with 10 A Fe, indicating that the FeOx decomposi-
I/[Fe20 A/10 s oxidg; was made and was subject to the sametion starts at 220 °C. For the thicker Fe layets;£20A),
annealing procedure described before. The inset shows thEMR first decreases to zero as the annealing temperature
as-deposited —H loop (characteristic from a paramagnetic increases to 360 °C, and then shows a sharp peak at 380 °C.
FeOx and loops annealed at 280 and 385(f€nanence and The TMR decrease is related with the reduced interfacial
large coercivity suggest the formation of a ferromagnetic oipolarization, occurring when the oxygen from the FeOx layer
ferrimagnetic oxide layer, possibly §®,). This proves the moves toward the inner metallic Fe, resulting in the para-
nonmagnetic characteristic of the as-deposited FeOx layermagnetic FeOx formation near the barrier. The sharp peak at
From the above analyses, the moment increase upon anne&80 °C is probably associated with the final decomposition
comes from the as-deposited nonmagnetic or paramagnetaf this interfacial FeOx. Figure(B) illustrates the stability of
FeOx decomposition into pure Fe and/or,Bg and partial  such junctions withtre=25A upon reanneal. The sample
Fe diffusion into the CoFe electrode. It is found that thewas first annealed up to 380 °C and showed maximum TMR
moment decrease normally due to Mn interdiffusion hagsolid squarg It was then reannealed up to 365 {Gpen
been pushed to high temperature for the samples with aquarg maintaining the large TMR.
thicker Fe—FeOx layer. In order to clarify what is happening after anneal to the
Figure 2a) shows the TMR versus annealing tempera-as-deposited Fe—FeOx layer, XPS measurements were per-
ture for the samples discussed above. There are striking diformed on a special sample with a structure of Si
ferences in the as-deposited TMR and annealing temperatufél,05 1000 A/CqgFe,030 A/AI9 A+10 s oxide/Fe20 A
Tiur Where maximum TMR occurs, as shown in the inset+10 s oxide/CgFe, 40 A/Ta30 A. Normalized XPS spectra
for various Fe—FeOx thicknesses. In the as-deposited statfar the Fe 2 core level(2p3, and 2,),) are displayed in
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Sputtering step ness for junctions with inserted Fe layers of 7 and 25 A.

FIG. 3. () Normalized intensity of the XPS spectra for the Redre level  raq505 to 0.5 eV, but barrier thickness doubles to 20 A at
(2ps, and 245, showing the metallic Fe and FeOx contributions near the

FeOx/CoFe interfacéstep 8 and near the AlOx/Fe—FeOx interfactep 300 °C, the barrier parameters at this temperature are similar
16) after different annealgb) Relative intensity of FeOx as a function of t0 the sample ©7 A Fe in theas-deposited state, indicating
sputtering step for samples in the as-deposited state and annealed at 400 ¥he possible same Fe and FeOx distribution existing in these
two states. This can be caused by the oxygen migration from
. . , L the FeOx toward the inner pure Fe near the barrier. Resis-
Fig. 3(:?1), showing the metallic Fe and FeOx contnbuuons,tance drops at 380 °C where maximum TMR occurs, and at
after different anneals. The two spectra shown here COIT&is point barrier height increases from 0.5 to 2.5 eV, and

spond to two d|ffr:erent rgglons_ of fthe FegFgé)x layer: thebarrier thickness decreases to 10 A due to the eventual FeOx
upper part near the top CoFe interfaseep 8, S sputter- decomposition at the AD;/Fe interface, in agreement with

ing), and the inner part near the barristep 16, 84 s sput- . vpg resyit
tering), respectively. Figure (®) shows the relative intensity This work was supported by PRAXIS XXI Project No.

of the FeOx contribution in the as-deposited state and ans;~1nm/10220/98 and Sapiens Project No. 34116/99. Z.Z
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