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To make a uniform AlQ barrier layer in tunnel junctions, a thin layer of Al is often sputtered first

and then oxidized. In this study, we sputtered a thick layer of Al ont®@Fand then employed high
resolution transmission electron microscopy and x-ray energy dispersive spectroscopy to investigate
the interfacial microstructures. Two new layers have been found and investigated at thgOAl/Fe
interface. The interfacial reaction has been determined to h®,FeAl= Fe+ (a)AlO,, wherea

denotes the amorphous state. The consequence of the interfacial reaction to transport properties is
also discussed. @004 American Institute of Physic§DOI: 10.1063/1.1688535

I. INTRODUCTION on a JEOL JEM-2010 electron microscope. High resolution
Half metallic magnetite (F®,) has been thought to be observat_|ons and chemical comp.osmonall |nvest|gat|ons_were
. : . ccomplished on an FEI Tecnai F20 microscope equipped
one of the most promising materials for magnetic tunnef Lo ;
with an energy filtering TEM system and x-ray energy dis-

Jtl(irr]ggic;?a(r':g\]?a?ilg tlj;?/\(/jee\fetro :)((:h(l;ivn?eenﬁr%rge% hfztrgrigne_persive spectroscog&DS). The analysis of HRTEM images
X » €XP 4 SY was carried out with DigitalMicrograph from Gantan Inc.

have not produced the expected restiftst is well known
that the interfacial microstructure is critical to the transport

properties of tunnel junctions. In our pursuit of large magne-”l' RESULTS AND DISCUSSION
toresistance with ®, based tunnel junctions, we have Figure 1 represents the microstructure of a single layer
found that the interfacial state dramatically changes the magsf an FgO, thin film deposited by reactive sputtering. The
netoresistance ratfbA uniform AlO, barrier layer is usually sample was annealed at 380 °C for 30 min. When compared
fabricated by a process in which a thin layer of Al is first to the FgO, thin films sputtered from oxide targetst is
sputtered and then oxidized naturally or with plasma ennoted that reactive sputtering gives rise to a smaller grain
hancement. However, the interface and barrier layer of theize, fewer crystallographic defects, and a smoother sufface.
Fe;0, tunnel junctions are not yet fully understood. Since The diffraction rings of the SAED pattern in Fig(&l fit very

high resolution transmission electron microsc@pfRTEM)  well with the FgO, phase, as shown in Fig(d). The x-ray

has the ability to resolve the atomic arrangement in a nangprofile was calculated with CaRlIne Crystallography
size area, it has been employed to investigate interfacial local
microstructures.In this study, a thick layer of Al was depos-
ited onto FgO,, and the interfacial microstructure has been
characterized. The affect of the interfacial microstructure on
the junction properties is also discussed.
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Il. EXPERIMENT

Thin films were deposited onto Si or oxidized Si wafers
by either rf diode or dc magnetron sputtering. An;Bg
layer was deposited by the reactive sputtering of Fe with
flowing oxygen and argon. The AlObarrier layer in the
MTJ structures was produced by the plasma oxidation of a
thin layer of Al. The details of the thin film fabrication have
been described previouglyThe preparation of transmission
electron microscop€TEM) samples follows the procedures
described in Ref. 5. The Al foil sandwiched by two slices of
thin film samples yields reproducibly high quality cross-
sectional TEM specimens. Bright field micrographs and se-
lected area electron diffractiofBAED) patterns were taken

T

dAuthor to whom correspondence should be addressed; electronic maiFIG. 1. SAED pattern and micrograph of 100 nmy®g thin film annealed
yingguo@ece.cmu.edu at 380 °C for 30 min.
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. FIG. 3. Cross-sectional image of Si 125 nm\AL_25 nm\Fe 40 nm.
SiO2 200 nm 9 Ve - =

with an oxygen plasma. This process is widely used to
achieve a uniform and high quality Al oxide barrier in MTJs.
In order to study the irregularity at the barrier layer, we
deposited a thicker Al layer betweengj&y and Fe without
the plasma oxidation process. Figure 3 shows the cross sec-
tion of the structure Si\R®,_125nm\AL25 nm\
Fe_40 nm. The fine microstructure of the §&& /Al inter-
face was investigated with HRTEM. Figure 4 reproduces a
typical Al/Fe;O, interface. The bottom pafkregion A can
be easily identified af011] Al, and the top par{region B
shows lattice planes of the §®@, phase. Two extra layers are
found to form between the Al and the f&&,: an amorphous
layer adjacent to Al and an unidentified crystalline phase

(©1989—1998 C. Boudias & D. Moncegand converted to a (region Q on the FgO, side. It is also noticeable that the
plot of peak intensity versus d/spacing. The SAED inten- amorphous layer is bridged by small crystalline grains at
sity profile was obtained by integrating the reflection inten-SOmMe places and the unidentified crystalline phase overlap-
sities along the radius direction. All the reflections arePing with the FgO,. _ _ _

present and have been indexed under the peaks in fg. 1 In order to identify the phase in region C,. lattice spac-
The intensities of the SAED pattern follow closely the cal-iNgS must be measured accurately. The Fourier transforma-
culated values taking into account the dynamic effect of election converts a two dimension&2D) HRTEM image into a

tron diffraction. The good match of peak positions betweerPattern similar to a SAERdiffractogram. The spacings be-
these two profiles indicates that the thin film is composed ofWeen a pair of spots in the diffractogram correspond to an
only grains of the FgO, crystal phase. The existence of all @verage of the plane spacings in HRTEM image and can be
the reflections with intensities close to the x-ray profile alsgmeasured digitally to a high degree of accuracy. This tech-
implies that the FgO, grains are randomly oriented. The Nidue has de'mor!strated the.capablllty. of characterizing lat-
plan-view image in Fig. ) shows well-defined grains with tice deformation in a very thin layér. Figure 5 shows the

the grain size on the order of 20 nm. A noticeable feature iffourier transforms from regions A, B, and C in Fig. 4, and
the image is the grain boundary network. The grain boundthe corresponding line scan profiles across spot pairs, respec-
aries have a uniform width and a consistent gray contrasf,“_’ew- The line profiles exhibit d|st|n(_:t sharp peaks so that
which can be attributed to an amorphous phase at the graffjStance between peaks can be easily determined. The mea-
boundaries. Although voids at boundaries could also produce
a uniform contrast, they should be the brightest due to the
zero scattering of electrons. However, in the image of Fig.
1(c), many grains are brighter than the boundaries due to
their off-zone-axis orientations. We conclude the boundary
phase is amorphous. The gray contrast of amorphous mate-
rial comes from its background scattering.

We fabricated MTJs where @, is used as the bottom
electrode and AlQis used as the barrier. The MTJ stacking
sequence was Téb nm\Cu_100 nm\Ta.2.5 nm\FgO,_

200 nm\AIQ,_2 nm\NiFe_10 nm\AI_50 nm, as shown in

Fig. 2(@). However, the magnetoresistan®4R) curves were
found to be very noisy and the MR ratio is low-Q.5%) A

high magnification cross-sectional image of the junction
shown in Fig. 2Zb) reveals a wavy interface and many pin-
holes as indicated by circles in the image. Something has
occurred during the barrier layer deposition. The AlGar-

rier layer was fabricated by a plasma oxidation process, in
which a thin layer of Al was first deposited and then oxidized FIG. 4. HRTEM image of Al/FgO, interface.

FIG. 2. Cross-section images of MTJ of oxidized-Si\Banm\Cu_
100 nm\Ta 2.5 nm\FgO,_200 nm\AIQ,_2 nm\NiFe_10 nm\Al_50 nm.




6800 J. Appl. Phys., Vol. 95, No. 11, Part 2, 1 June 2004 Peng et al.

15 TABLE |I. Identification of the lattice planes in the HRTEM image.
14 N

Region
12
o A B c
8 2R (1/A) 0.494 0.392 0.489
. Measuredd,, (A) 2.024 2.55 2.04
g 905 olo 2= 2% Fitted d; (A) Reference 2.532 2.027
n Al (200 Fe;0,4 (311 Fe (110

region, the Al peak is the strongest and O is also fairly
strong. Based on the amorphous state and the EDS peak
000 00s 0o ols intensities, it is reasonable to consider that the amorphous
region corresponds to aluminum oxide, AlOTherefore, the
interface reaction can be written as: ;Pg+Al=Fe
+(a)AlO,, wherea stands for the amorphous state. It is
known that the heats of formation of Ab; and FgO, are

) —266.6 and—130.4 kcal/mole, respectivelyThus Al is

%000 005 010 015 020 more reactive with oxygen than is Fe, and hence the reaction
as written is thermodynamically favorable.

It is well known that oxidation and reduction occur at
many metal-oxide interfaces and induce interfacial
heterogeneity. In the design of MTJs, reactions must be
taken into account when metal-oxide interfaces are in-

olved. In Ref. 4, we reported the appearance of extra phases

hen FgO, is used as the top electrode. In this article we
reported the reaction problem at the interface when magne-
tite is used as the bottom electrode. Thus, a new strategy is
rc'equired to fabricate tunnel junctions involving;&R .

FIG. 5. Fourier transforms and the line profiles from the regions A, B, and
C of Fig. 4.

sured spacings R, correspondingl values, and the fitting
result are summarized in Table I. The data are normalize
with Al (200) as a reference. It is confirmed that B fits very
well with Fe;O, (311). The lattice spacing in region C is
determined to be 2.04 A, with an error range estimated a
about*+1%. Besides, as indicated by the arrows in Fig. 4,
the lattice planes fprm squares at the very edge of th®Fe v SUMMARY
side, where there is no overlapping with the;Bg. Among ) , ) ,
the phases consisting of Fe/Al/O that exist at ambient tem- We _have characterized the '”te“‘?C'a' reaction by
perature and pressure, we found that FeAFeFeAl, and Al HRTEM in the FgO, MTJs and the reaction products have
could all form this square lattice image. These phases ha\}éeen deduced. The reaction occurs in the fabrication process
either a body-centered cubibcd lattice (A2 or B2) with a of AIOX barrier layer, which involves the deposition of me-
close to 2.04 A<v2 (2.88 A) or face-centered cubic lattice (@/lic Al layer onto the FgO, electrode, and causes the poor
with a close to 2.04 A<2 (4.08 A). Thus, the phase in re- transport properties of the junctions.
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