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The formation of the insulating AlQtunnel barrier is a critical and sensitive process in magnetic
tunnel junctions. Both the natural oxidation and the plasma oxidation methods were employed to
fabricate the AIQ insulating layer in this study. In the natural oxidation, the Al layer was exposed
to pure oxygen gas at 20 Torr for up to 50 min to produce the,Al@nel barrier. It was revealed

by high resolution transmission electron microscopy that the oxidation occurred preferentially
through the grain boundary of Al grains. Also, the Al@rains expanded isotropically when fully
oxidized, thereby making the surface of the All@yer modulated. In plasma oxidation, the oxygen
plasma was used at 20 mTorr of pure oxygen gas for up to 30 s and the flatlayl€ formed
uniformly on the Al layer. It had sharp interfaces with the underlying metallic Al and the rate of
oxide layer growth decreased as the oxidation proceeded20@ American Institute of Physics.
[DOI: 10.1063/1.1447200

Research on magnetic tunnel junctidnTJ) that is com-  layer and the Al layer is oxidized rapidly. In the latter, air or
posed of two magnetic layers separated by an insulating bapure oxygen gas at a few tens of Torr is used at room tem-
rier has become active since the reports of high magnetorgerature for oxidation.
sistance (MR) at room temperaturje? In the full layer In this work, both the natural oxidation and the plasma
sequence of MTJ, the insulating layer between two ferro0xidation methods were employed to fabricate the AIG
magnetic layers plays an important and critical role in thesulatmg layer. The OX|dat|c_)n behavior qf the metallic Al fllm
reproducibility of stable magnetic properties such as magne2nd microstructural evolution were mainly analyzed by high
toresistancéMR) and resistance-area produ@®x A). Jul- resolution transmission electron microscoyRTEM). In

liere introduced Ge as a barrie€urrently, however, insula- order to focus on the oxidation process of the insulating
tors or semiconductors such as AIGHTO ' MaO AII\,I 4 and layer, the bottom and top electrodes which are composed of
Zn are usually used as atunnel, barri,er Ehe ’ the ferromagnetic and antiferromagnetic layers were re-

; ” ) ) ) moved from the full layer sequence of MTJ, and only the

In general, the insulating layer is fabricated in the fol- i Aj jayer was deposited directly on the Si substrate. The
lowing way. First, a metal component such as Al is depositedienosition of the Ta capping layer followed the oxidation of
as a layer on the bottom electrode. Then, the metal layer ig| The layer sequence in this study, therefore, is Si
oxidizedin situ by pure oxygen gas, oxygen plasma, or ul- sybstrate/At AlO, /Ta.

traviolet light-assisted oxidatidh! Depending on the oxida- The AI(30 and 50 A and T450 A) layers were deposited

tion method, the oxidized insulating layer shows differentin 6-gun dc magnetron sputtering ak30~3 Torr of argon

microstructures. Among the methods of oxidation, plasmayng dc 40 W. In the natural oxidation, the chamber was held
oxidation and natural oxidatichare mostly used. In the 4t 20 Torr of pure oxygen. It took about 24 min to reach 20
former, the oxygen plasma is induced at several mTorr offorr from the base pressure o807 Torr. The oxidation
oxygen partial pressure over the already deposited Al thicontinued from 1 to 30 min. Oxygen plasma was used at dc
30 W and 2x 10 2 Torr of pure oxygen for 10, 20, and 30 s
in the plasma oxidation. Observations of the specimens were
dAuthor to whom correspondence should be addressed; electronic maimade with a JEOL JEM 3010 operated at 300 kV.
hmlee@kaist.ac.kr The Al layer was deposited 30 A thick and both methods
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FIG. 2. HRTEM image (cross sectional of as-deposited Si/A50 A)/

Ta(50 A) before oxidation.
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ary region, creating a modulated and repeated pattern of the
oxide layer. Beneath the AlIAIO, layer and above the Si

(b) wafer, the native Si oxide layer is still clearly observed.
FIG. 1. HRTEM image(cross sectionalof Si/Al+AlO,(30 A)/Ta(50A),  When the Al layer was oxidized for 10 min, the oxidation
(a) natural oxidation for 20 min an¢b) plasma oxidation for 30 s. proceeded further as seen in FinB The preferred oxida-

tion through the grain boundary is similar to Figagbut the
top surface of Al grains was oxidized more compared with

A)/Ta(50 A) structure was naturally oxidized at 20 Torr of

pure oxygen gas for 20 min. The oxidized Si/Al

+ AlO,(30 A)/Ta(50 A) structure is shown in Fig.(&). The
upper area with bright contrast is amorphous Al@xida-

tion is almost complete. It is likely that the thin dark area
between the oxidized layer and the Si native oxide is a non-
oxidized Al layer. The remaining Al layer is too thin to ex-
amine in detail the interface between the Al and Al@yers.

In Fig. 1(b), plasma oxidation was employed to fabricate the
oxidized layer. In this case the chamber was held at 50 mTorr
of the gas mixture of oxygen and argon at a 1:1 ratio. The Al
layer was exposed to oxygen plasma for 30 s. Similar to
what is shown in Fig. (8), oxidation proceeded so heavily
that the nonoxidized Al layer was not present and it was even
difficult to distinguish between the oxidized AlQayer and

the Si native oxide layer. To observe more clearly the oxida-
tion behavior and the interface between the Al and AIO
layers the thickness of the Al layer on the Si substrate in-
creased and was controlled at 50 A.

Figure 2 shows the as-deposited SigQ A)/Ta(50 A)
structure before oxidation, where the lattice images of Al are
observed intermittently, especially clearly at the center, in the
Al layer. Based on this observation, it is likely that the as-
deposited Al layer is partially and intermittently crystalline.
The layer above Si is a native oxide, $SiODue to weak
contrast, the boundary between Al grains is not clearly iden-
tified.

Typical micrographs of the Si/AAIO,(50 A)/
Ta(50 A) structure naturally oxidized for 1, 10, and 30 min
are shown in Figs. @)—3(c). The bright region covering the
Al islands with dark contrast in Fig. (8 is amorphous
AlO, . It was observed that the oxidation proceeded by en- (c)

tirely surrounding the crystalline Al grains. Because the re_FIG. 3. HRTEM image (cross sectional of naturally oxidized Si/Al

gion between Al grains is an open structure, the (_)Xidatiom-AIOx(SO A)ITa(50 A) at 20 Torr of pure oxygen fde) 1 min, (b) 10
must have proceeded heavily through the open grain boundkin, and(c) 30 min.

Downloaded 23 May 2002 to 143.248.117.4. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 91, No. 10, 15 May 2002 Bae, Shin, and Lee 7949

crystalline lattice images. It was observed in both cases that
the morphology of the AlQlayer is rugged. It is concave at
the location of the Al grain boundaries whereas it is convex
at the top surface of the Al grains, which means that the
oxide layer penetrates preferentially through the grain
boundary but not completely through the top surface of the
grain.

However, if the grain boundary regions are preferentially
oxidized, they should become thicker than the Al grains due
to lattice expansion with oxidation. In addition, the Al atomic
volume in the grain boundaries is probably larger than in the
grains, so the boundaries may end up thicker. What deter-
mines the final morphology may be more complex.

Figure 3c) shows the structure oxidized for 30 min. The
Al layer is now perfectly oxidized and the surface of the
AlO, is more rugged and clearly modulated. The metallic Al
elements remaining inside the grain are reacted with oxygen
during oxidation and there occurs a volume expansion, cre-
ating a fully modulated AlQ surface. The oxidation path in
the natural oxidation is primarily through the grain boundary
at an early stage of oxidation and then through the grains at b
a later stage because of the faster grain boundary diffusion (b)
than volume diffusion. The path of oxidation described in
Fig. 3(c) is shown by an arrow. It has been suggested that the
oxygen will enter a metallic Al layer through the grain
boundaries at an early stage of oxidation and diffuse into the
grain afterward$ but it has not been verified in terms of
oxide microstructures. Smitét al® also proposed the grain
boundary diffusion as a possible mechanism for different _
barrier height in the oxide layer but their interest was in the R 0 T e s R R R e
crystalline or amorphous nature of the oxide layer. 3 2nm

The same layer sequence of SiAAO,(50 A)/Ta
(50 A) in Fig. 3 was adopted in Fig. 4, but this structure was
oxidized by plasma. The plasma oxidation was performed in _ _ _

. FIG. 4. HRTEM image(cross sectionalof Si/Al+ AlO,(50 A)/Ta(50 A)
a chamber of 20 mTorr of pure oxygen. The metallic Al Iayeroxidized by plasma oxidation fde) 10 s, (b) 20 s, and(c) 30 5.
was exposed to oxygen plasma of dc 30 W for 10, 20, and 30
s. According to Fig. &) that shows the specimen exposed = . _ )
for 10 s, the bright layer above the dark Al layer is amor-device can be expected to influence the Al layer microstruc-

phous AIQ. The nonoxidized Al layer with dark contrast ture, which would in turn influence how the oxidation front
still remains below AIQ and above the Si oxide. It occasion- Proceeds through the layer. As a parallel sttftihe micro-

ally shows crystalline lattice images. Different from natural Structures of the Al layer grown on ferromagnetic Co were
oxidation, the preferred grain boundary oxidation was nofnvestlgated before and after natural oxidation. The cry;tal—
observed in this case and the oxidation proceeded rapidi"€ nature of the Co/Al layer was observed and the oxida-

and uniformly through the metallic Al layer and it resulted in ON behavior was similar.
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. . . J. Appl. Phys89, 6868(2001).
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MTJ. The additional layers that would be present in a real published.
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