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New Plasma Source With Low Electron Temperature
for Fabrication of an Insulating Barrier in
Ferromagnetic Tunnel Junctions

Kazuhiro Nishikawa, Masakiyo Tsunoda, Satoshi Ogata, and Migaku Takaheshber, IEEE

Abstract—A new plasma source, characterized as low electron (@) Slot plate (300 mmg)
temperature of 1 eV and high density of 16> cm—2, is introduced
to the Al oxidation process in the magnetic tunnel junction (MTJ) Slot \
fabrication. The MTJ fabricated with this new plasma source
shows a high magnetoresistance ratio of about 50%. As a peculiar
feature, the monotonous decrease of resistance area (RA) product
is observed with increasing the postannealing temperature of
MTJ. The decrease of the RA product is due to the decrease of the
effective barrier width, which is a favorable feature to realize a
low-resistance MTJ.
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Index Terms—Annealing-temperature dependence, magnetic

tunnel junction (MTJ), plasma source, tunnel resistance. Coaxial Wave Guide
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|. INTRODUCTION (b) iy rre i

INCE THE discovery of a large tunnel magnetoresistan(gate vaive || Substrate

TMR) over 10% at room temperature [1], [2], mag: it :
netic tunnel junction (MTJ) has been a strong candidate f Circulary X
several applications. Up to the present, MTJs with TMR i Porlarized Quartz Plate
excess of 40% have been demonstrated by several groups Microwaye
Co-Fe—-Al-O-Co-Fe system [3]-[5]. These MTJs with larg
TMR are fabricated with a plasma oxidation process after tl
deposition of thin metallic Al layer. However, in general, th
plasma oxidation process may introduce some defects in -
insulating layer, due to the bombardment of ions in plasma [t ,.
When there exist some defect.stat(.es in the barrier of the MT %’. 1. Schematic illustration of (a) an RLSA and (b) newly introduced
electrons can tunnel the barrier via defect states, and suchj@owave-excitation plasma process equipment using an RLSA.
two-step tunneling process [7] lowers the magnetoresistance
(MR) ratio and the bias voltag®;, at which the MR ratio

Molecula
i Pump:

Radial Line Slot Antenna

In the present study, we introduce a plasma source, which

decreases to its half value [8]. tEan produce a plasma, having low electron temperature, for the

Since the i.on-bombarding energy str_ongly depe_nds on Beidation process of Al layer in the MTJs, and we investigate
space potential of plasma, which is mainly determined by tl?ﬁ

: e magnetotransport properties of the MTJs as a function of
electron temperature, one can expect to provide the Al-O Ia)fﬁé postannealing temperature
without introducing any defects by using an oxidizing plasma '
with a low electron temperature.

Il. EXPERIMENTAL PROCEDURE
Fig. 1(a) illustrates a radial line slot antenna (RLSA), and (b)
Manuscript received February 13, 2002; revised May 22, 2002. shows a newly introduced microwave-excitation plasma process
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Fig. 2. Annealing-temperature dependence of (a) MR ratio, (b) RA product,
(g) barrier _helght, and ‘(Q) barrier width for the MTJs fabricated under thfSOOC in the case of the MTJ fabricated with A O, gas
different oxidation conditions. L )

and 10-s oxidation time. Th&;, of 420 mV, separately mea-

. ured, for the same MTJ indicates that a good quality barrier is
The MTJs of substrate/Ta 50 A/Cu 200 A/Ta 200 ANi-Fe 2 ormed with using the RLSA oxidation plasma process. When

A/Cu 50 AIMn;;51ra; 100 A/CorgFey 25 AIAI-O/CorgFey 25 - : )

A/Ni—Fe 100 A/Ta 350 A/Cu 4000 A/Ta 50 A were prepared. Al Mxed inertgas s changed from Ar to He or Krin the plasma
L . .oxidation process, the achievable MR ratio during thermal an-

the metallic films were deposited by the dc magnetron sputterin

I I 0, i i -
method, The barrier formation was performed by depositingnaga“ng is enhanced to over 50%. The details of this enhance

15-A-thick Al film and subsequently oxidizing it in the oxida-11 < 1 have een reported in [13]. The monotonous decrease of

tion chamber (described above). The applied microwave ov&rel? RA product in coincidence with the decrease of the barrier
density was 1.1 W/ch A hotolitho rapEic rocess and F?Onmdth with an increasing annealing temperature is the peculiar

-nSIty ' P graphic prc feature for the MTJs fabricated with the RLSA plasma oxida-
milling were used to pattern the tunnel junction in a normal ar

§@n technique. In the case of the MTJ fabricated by using 10-s
2_ 2 .
of 36 um=-3600,m". The MR measurements were performe((J)xidation of the Al layer with Ar+ O, plasma, RA decreases

W|th.a four-point probe m(_athod at the_ bias voltage of 5 rr_1V. Tﬁ?om 5.4% 10° Q- um? to 1.8 x 10° 2 - um?, and the barrier
scaling of the resistance inversely with the area of the junction

and the constant TMR regardless of the size of the junction Width decreases from 11-9 A with increasifig from 120°C

X-Aeno S . .
clude the possibility of geometrical enhancement of the TM%c;:igag' EJ?Q;?:%Z&?SE’:?EWQ:: ;nl\jgg(:ﬁc;cvesritrgﬁljr
The barrier height and the barrier width were obtained by fitti ged,

the current—voltagel/V) curves with Simmons’ formula [12].%haV|ors againsl,.

The thermal treatment consisted of consecutive 60-min vacuu In order to clarify the mechanism of the RA decrease with
X : .||W:reasingra, we investigated the temperature dependence of
annealing at each temperature, followed by furnace field cooli

(1 kOe) B magnetotransport properties for the MTJ after thermal an-
' nealing. Fig. 3 shows the changes of (a) MR ratio and RA and

(b) barrier height and barrier width, as a function of the mea-
suring temperature, for the MTJ oxidized by HeO, plasma

Fig. 2 shows the annealing-temperature dependence of a) il annealed &f, = 300°C. The MR ratio increases up to 76%
ratio, b) resistance area (RA) product, c) barrier height, and\ijth decreasing the temperature down to 4.2 K. The RA and the
barrier width for the MTJs fabricated with several oxidatiobarrier height increase, and the barrier width decreases for de-
conditions. The detail oxidation conditions are shown in Tabledreasing temperature. Taking into account the criteria for tunnel

For all MTJs, the MR ratio increases by thermal annealimgpnduction [14], one says that the conduction of this annealed
and reaches a peak around the annealing temperdatued MTJ is dominated by tunneling and not by pinhole. Namely, the
250°C to 300°C. The MR ratio of 48.4% is obtained &, = decrease of RA during thermal annealing is due to the decrease

I1l. RESULT AND DISCUSSION

Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on October 28, 2008 at 22:25 from IEEE Xplore. Restrictions apply.



2720

IEEE TRANSACTIONS ON MAGNETICS, VOL. 38, NO. 5, SEPTEMBER 2002

“hot spot” in conduction, this result means that the MR ratio is
not so sensitive to the probable remaining unoxidized Al layer.
However, to confirm this conjecture, further investigation such
as cross-sectional TEM observation is required.

IV. SUMMARY

Fabrication of MTJs having a high MR ratio of about 50% is
successfully achieved. The RA shows a monotonous decrease
with an increasindl,, which is the essential property for the
MTJ using RLSA plasma. The decrease of the RA is due to the
decrease of the effective barrier width. The barrier width of the
MTJs, especially after annealing, is thinner than the expected
value from the Al thickness before oxidation. One, thus, expects
to fabricate the MTJ having a thin barrier width easily by using
an RLSA plasma compared to the other oxidation method.
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Fig. 4. Annealing-temperature dependence of (a) MR ratio, (b) RA product, 3]

(c) barrier height, and (d) barrier width for the MTJs with different Al thickness,
oxidized with same conditions.

of the insulating barrier thickness. In other words, the changes[4]
of the fitted barrier width [Fig. 2(d)] give a real feature for the
changes of the barrier layer structure. Assuming loosely bonded
oxygen in as-prepared MTJs, which may be thermally activated®!
and easily migrated into the barrier layer to form a more stable
oxide, such as AlOs, one can understand the change of the bar-[6]
rier thickness during thermal annealing.

The barrier widths obtained for all the MTJs in Fig. 2(d), [
except for the case of He O, plasma, are thinner than the
expected value from the Al layer thickness of 15 A before [8]
oxidation. It follows that there may remain an unoxidized (or
inadequately oxidized) Al layer at the interface between the[9]
barrier and the ferromagnetic electrodes of the MTJs. In order
to investigate the influence of the unoxidized Al layer on the
magnetotransport properties, we fabricated the MTJs, havingo]
thicker Al layer. Fig. 4 shows th&, dependence of (a) MR
ratio, (b) RA product, (c) barrier height, and (d) barrier width
for the MTJs, having an Al-layer thickness of 18 A and 21 A[11]
subsequently oxidized by K# O, plasma under the same
condition, shown in Table I. For comparison, the results for thg;
MTJ with 15-A-thick Al case, which has been shown in Fig. 2,
are also plotted. One finds that the MR ratio and the RA value
of the three MTJs are very close for all annealing temperatur
and that the very similar tunneling barriers are formed for
the three MTJs, although the Al thickness before oxidation is[14]
quite different. If we assume that the AI-O layer is formed
perfectly flat and homogenously in the film plane without any

13]
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