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Tunnel Magnetoresistance Devices Processed by
Oxidation in Air and UV Assisted Oxidation in
Oxygen

Emad Girgis, J. Schelten, P. Gruenberg, P. Rottlaender, and H. Kohlstedt

Abstract—Tunnel magnetoresistance (TMR) devices were The electron transport is perpendicular to the plane of
processed by sputter deposition of Co, Al and NiFe on oxidized Si |ayers and is determined by tunneling of electrons through
wafers. After the Al deposition, an ex-situ oxidation in air at room the insulator barrier. The magnetoresistivity is based on a

temperature or an in-situ oxidation enhanced by ultraviolet (UV) - . o .
irradiation in high purity oxygen at 100 mbar follows. The elec- spin-dependent tunneling probability caused by an energetic

trical and magnetic properties of the junctions are measured and SPplitting of the energy bands with spin-up and spin-down
discussed conceming specific junction resistance, magnetoresis-electrons. The magnetoresistivity is directly proportional to the

tance ratio, long time stability of the junctions, and failure rate of  polarization values of the electrons at the two-insulator/metal
the processes. Some microscopic experiments provided consisteniyterfaces, which might be different from the bulk polarization
information of the tunnel barrier. MR ratios between 15% and f the twi ’ tic fil

20% were measured for the different oxidation processes. ot the two magne IC ims. . Lo

Index Terms—Al oxidation enhanced by UV irradiation, fer For a long time, substantial magnetoresistivity was observed
romagnetic films, magnetoresistance, MRAM, tunnel juﬁction, only _m rare cases a_nd only at low temperaturt_as._ _Thls has
TMR. drastically changed since nowadays magnetoresistivity values

of more than 10% have been observed for various material
. INTRODUCTION combinations and at room temperature [4].
URING the last decade, the development of magnetore-The tunnel devices have some promising features, as follows.
sistive devices was focused on the giant magnetoresistorse There is little coupling between the magnetization through
(GMR). In their simplest form, these devices consist of two thin  the insulator barrier.
magnetic metal layers, separated by a thin nonmagnetic metale Magnetoresistivity ratios can be quite large, larger than
film. 20%.

The electron transport is within the plane of the three films. « Tunnel resistance is sufficiently large, in particular for
The magnetoresistivity is based on a spin-dependent electron tunnel devices with sub micron dimensions [5], [6].
scattering mainly from the magnetic atoms at the two innert is the purpose of this paper to describe our experience
metal interface [1]. _ _ _in developing magnetoresistive tunnel devices. Four different

In a more sophisticated version, a GMR device consists fethods were applied to oxidize a thin Al layer in order to ob-

a stack of alternating magnetic and nonmagnetic layers, Whesgh an ALO3 barrier. Two of them, in air and UV assisted in
a well designed magnetic coupling leads to antiparallel aliggy,, will be discussed in this paper.

ment of the magnetization vectors in zero external field and a
parallel alignment in a small external saturation field. The mag-
netoresistivity defined by the rati@®, — R,)/R,, in which R, Il. PREPARATION

andR,, are the resistance values in the antiparallel and parallelg,, quite a time, the processing of superconducting niobium

alignment, is about 10% and 80% for a stack of one and abgj§fsephson junctions was not successful until the tunnel barrier
30 double layers, respectively [2], [3]. o ~was produced in an overlay technique, i.e., by first depositing
_ More recently, the development qf _magnetore5|st|ve de"'cﬁﬁjminum on the bottom niobium layer and second by partly
is focused on tunnel devices consisting of two ferromagneiigigizing the aluminum film before the top niobium layer is
metal layers, which are separated by a very thin insulation layggosited. There are two reasons for the success of this recipe.

1) Aluminum is wetting the niobium surface in order that
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Experimentally this treatment was a break through. Nowa- Current Source 7 Bottom Electrode
days, one is able to process stacks of Josephson junctions witr

current-voltagel{V) curves within narrow tolerances. Junction
Because of this well-known history of Josephson junctions in A e A

our laboratory, the first magnetic junctions were made by essen- L

tially copying the method and substituting niobium by the hard Top Electrode

magnetic cobalt and the soft magnetic NiFe alloy.

The substrates are (100) silicon wafers because of their
smaller surface roughness, followed by thermally oxidation.
Typical oxide thickness’ are between 50 and 150 nm. This ay_,
oxide layer is needed for electrical isolating junctions on the
same wafer. For these oxide layers the surface roughness AlOx—
increases only slightly. SiOx—

The bottom magnetic layer is the most critical one.

» The surface of this layer needs to be lower surface rough-

Top View

Cross Section AA

ness.
» For patterning reasons the thickness of this layer needsg 1. schematic top and cross section view of a tunnel junction with two Au
be fairly large, at least 15 nm. pads and Co pads.

» The deposited Al should exhibit a wetting on this surface
similar to thg wetting properties of Al on Nb. A. Natural Oxidation
For the deposition of the three layers a magnetron sputter de-

position facility, originally used for the processing of Nb/Al- - Apout 100 samples were prepared and characterized by elec-
Al204/Nb Josephson junctions was modified and then devotggt and magnetic measurements. From preliminary investiga-
to TMR processing. tions of junctions with different Al thickness, an optimal thick-
With the three targets of cobalt, aluminum and Permallgyess of 1.3 nm was chosen. With thinner Al layers more than
consecutively the layers were sputter deposited withogos of the samples showed short circuits, while with ticker Al
breaking the vacuum. The base pressure was 2¥ b@bar. |ayers and long time oxidation the resistance became too large.
During the short sputter time of 20s the substrate remains at th%ystematically, the junction areas were varied within the
temperature of the water-cooled substrate holdef 32 limits of 4 and 20Q:m?2 and the oxidation time within the limits
After the sputter deposition of the Co film of 10 to 15 nMyf gne day and two weeks. The junction resistance increases
a thin Al film of 1 to 1.5 nm is sputtered. This layer then igyith increasing time and decreases with increasing area.
px@zed eitherex-situin ar at room temperature_ or _go or The junction resistance did not change if the oxidation times
in situ by plasma or ultraviolet (UV) assisted oxidation in Alhxceeded threeweeks, indicating that the Al layer is completely

oxygen atmosphere. Finally a thin film Of NiFe is deposited. oxidized and a further oxidation of Co underneath the oxide
The further treatment of the wafer with the three layers |§yer does not take place

done in a clean room laboratory. With optical mask technique . . . .
y P q Jjn Fig. 2 typical -V curves are shown for three junctions

the cross-section of the junctions are defined and then etcht? 1 incti £ 100m2 with diff t oxidati
by ion beam milling. A low Ar ion energy of 250 eV was used' 'N€ same junction area o Gon= wi arterent oxidation
in order to keep the sidewall damage as small as possible. 'F es of 192 h .288 h, and 384 h respectlvgly. In gll t_hrge cases
etching is stopped when the Co layer is reached. In another st - characteristic shows a nonlinear behavior which is in accor-
dard lithographic step the junction is determined and etch énce with theoreﬂ_nc_ai-v curves calculated by Simmon (1.963)

. The nonlinearity is caused by a decrease of the effective bar-

using ion beam etching. The laterally structured layer stack heiaht with i ) lied volt By fitti h
then covered with a 150 nm Siayer, which insulates the con-"€r heightwith Increasing app,le voltage. By hitting such mea-
redl-V curves with Simmon’s expression one obtains corre-

tacts of the top electrode from bottom electrode. Further detaﬁ]ﬁed values for the barrier height and thickness

of the structured layers are shown in Fig. 1. _ ) ]

In Fig. 3, a measurement of the resistance as function of an
external applied field is shown. Clearly, the states with parallel
and anti-parallel magnetization vectors of the hard magnetic Co
and the soft magnetic NiFe are separated. The measured resis-

Four different oxidation methods have been investigated. Ttance valued?, and i, of the two states leads to a MR value of
aim of these experiments was TMR devices with a magnetofit.9%. This was the largest value we obtained for naturally oxi-
sistivity of at least 10% at room temperature and a resistandieed samples. Due to the oxidation time of only 5 days there is
time’s area product in the order of 1M@kumz2, with a reliable a thin nonoxidized Al layer. Thus, the spin polarization is trans-
preparation method and a stable barrier. ferred from Co through this Al layer to the Al/AD3 interface,

In this paper, results of junctions are presented which wepeovided the remaining Al layer is thin enough.
prepared by two methods, ex situ oxidation in air at room tem- Further experimental findings are that the failure rate of de-
perature andh situ UV assisted oxidation in oxygen at a presvices on a substrate is fairly large, 30% of the samples showed
sure of 100 mb. tunnel behavior and a measurable MR effect of at least 5%. In

I1l. EXPERIMENTAL RESULTS
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addition, the samples degraded in time since after months sh 4 5408 ’01’4 i '01'2 °:° , 0;2 0:4 0,0008
circuits were observed. Natural Oxidation
0,0006 -0,0006
a-192 hours
B. UV Oxidation —~ 0,0004} b-288hours 40,0004
-, - - . < ¢ - 384 hours

The sputter deposition facility was modified by mounting ¢~ 0,0002 - * ™ ¢ 10,0002
light bulb besides one of the targets. The low pressure mercts o[ """ 2% 100 pms 10,0000
bulb shines visible and UV light from a distance of 5 cm to thi5 T=300K
substrate. The illumination is fairly homogeneous if the sut® -0.0002 1-0,0002
strate is positioned properly with respect to the bulb. -0,0004 | 10,0004

For the oxidation process, oxygen is flooded into the chamb
until a pressure of 100 mbar is reached and the 4 W light bu ~ 0.0006- . . , | 770.0006
is switched on for 1 h. Experimentally, it has been verified the -0,4 02 0,0 0,2 0,4
under these conditions the 1.3 nm thin Al film becomes con Applied Voltage (V)
pletely oxidized. Probably even shorter exposure times could
lead to the same effect. Fig. 2. |-V curves of three junctions oxidized in air at room temperature.

However, at much lower oxygen pressures, the oxidation en- 20 10 0 10 20
hancement due to UV irradiation is insignificant [9]. : ————— —

The radiation of UV light has two effects, the formation o 349| Ra Ra 1360
reactive ozone and a stimulation of oxidation reaction at tt Natural Oxidation
surface. The observed oxidation enhancement indicates that 3501 area 100ym? | 350
rate of oxidation of Al in oxygen at room temperature is nc~ T=300K
limited by diffusion of Al atoms through the already formec&

Al 03 but by the kinetics of the solid/gas reaction. _ 340r 1340

The junctions processed by this UV assisted oxidation ha 8
the following properties. _§ 330} 1330

1) The oxidation times are conveniently short, probabl’g
less tha 1 h is suffcient to oxidize a film of 1.3 nm Al = 320| 1320
completely.

2) The resistance values of such junctions are fairly sma 10 . ) . , , , . ) . 310
This observation might indicate that the height of a -20 -10 0 10 20
UV oxidized barrier is smaller than of a thermally ox- B(mT)

idized barrier. _
3) Thel_\_/curve_s have IQSS pronounced non“neamy' Thjﬁénction oxidized in air at room temperature for five day& and R, are
result is consistent with the model calculation of Sinihe resistance values for parallel and antiparallel magnetization vectors,
mons. In Fig. 4 two such-V curves are shown for two respectively. The measured MR ratio is 14,9%.
junctions with different junction areas.

4) The resistance of the junctions is inversely proportion

g. 3. Tunnel resistance versus external magnetic indudiaof a tunnel

-0.4 -0,2 0,0 0,2 0,4

T T T T T T T

to the junction area. This indicates homogeneity of tt .0015 | UV oxidation 400015
processed junctions. o

5) With these junctions the largest MR- ratios were ok~ °%'°[ ~ @ lunction area 180 um? 1o
tained. Fig. 5 shows the resistance as a function 5| D junctionarea 60 ume Lo000s
an external field. The two well separated peaks corrz T=300K
sponding to the antiparallel alignment of the magnet 00000 - ¢:0000
zation vectors of the bottom Co and top NiFe layers a & 00005 1. 160005
shown. The MR value measured at room temperatu3d '
is 19.5%. -0,0010 F 1-0.0010

In the frame of Julierre’s [10] theory, which is a zerc

temperature prediction of the TMR effect, one mus ~ °®*r T R
conclude that for this tunnel junction the electron pc -0,4 -0.2 0,0 02 0.4
larization values p1 and p2 on both sides of the barri Applied Voltage (V)
must be larger than the electron polarization values in
the bulk. Fig. 4. -V curve of two junctions oxidized in O2 at room temperature with

6) The UV assisted process is much more reliable .THé/ radiation.

yield of TMR’s with at least 10% MR values at 300 K ,
are about 80%. C. Further Experimental Results

7) No changes greater than 0.5% of the resistance or of theMicroscopically the oxidation process was investigated by
MR values were observed even after several monthaNMR [11]. After oxidation the Al film , the sample measured
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Fig. 5. Tunnel resistance versus external magnetic indudiiasf a tunnel

junction oxidized in @ at room temperature with UV radiation forl h. The

measured MR ratio is 19,5%.
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of such elements as nonvolatile digital memories
(MRAM).

3) In other experiments further fundamental problems as

the temperature stability of TMR’s and the voltage de-
pendence of the MR effect are attacked.
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(1

(2]
(3]

[4]

using NMR which observe two Al resonance lines, one from Al g

nuclei in the diamagnetic state of already formed@y and a

separated line from Al nuclei in the paramagnetic state of not[6]

yet oxidized Al. The separation of the two lines is called Knight
shift. The intensities of the two lines change with oxidation time

and allow to determine the fraction of oxidized Al. Quantita- ["!
tively, the experiments confirm the presence of completely oxi- g

dized 1.3 nm Al films. The NMR recording took weeks because
of the weakness of the signals. Not more than 1015 nuclei wer

involved.

To1

Another microscopic measurement was XPS, which used

after oxidation of the Al film to detect the signal from cobalt [0
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used to detect the pinhole in the Al film, and it is observed that

at 1.3 nm Al our samples are pinhole free.

From magneto optical ker effect (MOKE) measurements, it

is observed that there is a little exchange coupling between the

magnetic layers through the barrier which also depends on
barrier thickness. However, a small ferromagnetic coupling d
to stray fields known as the orange peel effect is always prese
This method used to detect the coupling between the magn

electrodes.

IV. CONCLUSION

The experimental results for the tunnel junctions generated

by anin situ oxidation of a 1.3 nmAl layer in @at 300 K with

UV radiation look promising. The seven favorable properties «
such TMR’s are described in Section I11-B. We hope to furthe

improve the device processing with UV assisteditu oxida-
tion in various ways, as follows.

1) The structural design needs some modification in ord

to improve the magnetic properties of the Co film.

2) With electron beam lithography nanometer devicg
will be produced and their properties will be inves
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