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Recently it has been observed that the magnetoresistiiiReof plasma oxidized exchange biased
Co/Al,O5/Co tunnel junctions can have a strongly asymmetric bias volt&lgg) dependence. In
this article we report on the dependence of this phenomenon on barrier oxidatiom,ginfeor
junctions based on 1.5 nm Atl,, was varied from 20 to 120 s. Fog,= 20 s, for which the MR is
approximately 20% a¥;,=0, and fort,,=90 s symmetric MRY,;,9 curves are found, with the
MR decreasing monotonically withVy.d. A strong asymmetric bias voltage dependence was
observed for intermediate oxidation times, which correspond to essentially full oxidation of the Al
layer, but almost no formation of stoichiometric CoO at the bottom electrode. Samples$,yvith
=60 s show even an asymmetric double peak in MR . Due to its strength, it has an important
consequence for device applications: for a series of junctions with vatigltlee maximum signal
voltage(at a fixed currentis not necessarily obtained for junctions which have the largest MR ratio
at Vpias=0. © 2001 American Institute of Physic§DOI: 10.1063/1.1375805

I. INTRODUCTION

max _
Al signal

( RO - Rsat) « Vbias (2)
V

Rsat Rsat

Magnetic tunnel junctionMTJs) consisting of two fer-
romagnetic electrodes separated by an insulating barrier
show a sizable magnetoresistamm) effect when the mu- with RO the zero magnetic field resistan@satthe resistance
tual alignment of the magnetization of the two layers isat high field, and where the MR rati¢ Ro— Rsad/Rsa) and
changed in the presence of an external fieftiThe effectis  Rsar @re taken at the applied sense current or bias voltage,
the result of spin dependent tunneling, its application for lowfespectively. It is well known that the MR ratio of tunnel
field magnetoresistive thin film read heads for high densitjunctions decreases with increasing bias voltayén indi-
magnetic recording and magnetic random access memo@ﬂtion of the size of decrease of the MR with bias voltage is
cells is being considerett® The realization of a good tunnel given by the voltage/pys at which the MR is half its zero
barrier by oxidation of a thin Al layer into AD; has formed  bias value. In the literature values fdp, of 500 up to 800
a major breakthroughThe initial Al thickness in combina- MV are reported for single barrier systefri€.From Eq.(2)
tion with the total oxidation time have a large influence onWe observe that the largest signal output at constant bias
the final electric properties of the junction and both must bevoltage is obtained when the right-hand side of the equation
optimized in order to achieve the largest MR ratfios. is optimized with respect to th€p;,s. A large MR atVpas

When app|y|ng a magnetic tunnel junction as a Sensor_—o is not the only issue when hlgh signals are desired, the
element or memory element at a fixed sense culrgpi.or ~ Value ofVy; must be large as well. This is of importance for
bias VOItage/bias the maximal Signa| VOItagvsignalor Signa| future applications utIIIZIng magnetic tunnel jUﬂCtiOﬂS. A

max

currentl gignq, respectively, are given by similar discussion,'withha” instead ofV, 4, would apply in
R._R the case of operatlon at a constant sense cufEemt(1)].
AVQ?SﬁaF (%t) X | qones Rg{ﬁ) (1) _ In this article we repor_t on the_ results of a stud_y on the
sat 1 ee .. influence of the plasma oxidation timg,) of the barrier on

the resistance and magnetoresistance of exchange biased
magnetic tunnel junctions. A series of junctions with various
oxidation times was fabricated and is characterized by means
dpresent Address: Philips Research Laboratories, Prof. Holstlaan 4of electrical transport measurements, magnetoresistance
5656  AA ~ Eindhoven,  The  Netherlands; electronic — mail: e55rements, and investigations of the MR versus applied
wouter.oepts@philips.com

YPresent Address: Seagate Research, 2403 Sidney Street, Pittsburgh, b@s vpltag.e. A key result is that within a certain interval of
15203. oxidation timet,i,<tow<tmax the shape of the MR versus

and
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Vpias ShOWs a double peak structure. Such a shape is beyoni 30 T ] T T
the asymmetric polarity dependences predicted by com-
monly used models for magnetotransport across asymmetric 25|
barriers. The asymmetric bias dependence is shown to give?
rise to a higher maximum signal voltage than for junctions & 2°
which have a similar or even higher MR #,,.~0, but x
which have been oxidized for a timg,<t,, and which e 15
have a symmetric dependence of the MR. The results of £
these measurements confirm that the oxidation of the barriel §1

proceeds in four phases.

Il. FABRICATION

100 1000

O n P W S S |
1 10
Oxidation time (s)

A series of exchange-biased magnetic tunnel junctions
was fabricated with the use of amsitu shadow mask system
with a cross-bar geometry. The junction electrodes are prexiG. 1. The O content as a function of the oxidation time as determined via
pared by dc magnetron sputtering in an ultrahigh vacuun®BS (squaresand ERD(circles. The solid line is a guide to the eye, and
deposition system with a base pressure ofx118 7 Pa (1 the dashed line indicates the amount of oxygen needed for stoichiometric
X102 Torr). The deposition procedure is as follows. First, a2 Figure taken from Ref. 11,

200 um wide bottom electrode is deposited on a Si substrate

with the following structure: 3.5 nm Ta/3.0 nm{yfre,y20.0 = } i ] i

nm FeMnsy/2.5 nm NigFe,y/1.5 nm Co. Then a 1.5 nm Al 1S indicated in the figure as a dashed line. The figure shows
layer is deposited without mask and subsequently oxidized i@t after approximately 30 s the amount of oxygen atoms
a separate chambeP{,.=2.6X 107 Pa with a glow dis- incorporated would be sufficient for the formation of sto-
charge in an oxygen atmosphere of 9.2 Pa. The glow disl_chlometrl_c ALO;. The figure alsp shows that incorporation
charge is ignited from a ring-shaped cathode at a voltage dif © continues aftet,, =35 s. This suggests that for longer
—1.6 kV with respect to the grounded counter electrode. ifox the Co bottom layer participates in the oxidation process.
one run 24 junctions are fabricated on a wafer, using aVe note that these analysis methods yield the Al:O ratio, but
shadow mask that was subdivided in four quadr,ants wittannot reveal a possible variation of the Al:O ratio within the
each a series of six nominally identical junctions. Six seriedarrier. o _

were fabricated, with the total oxidation time equal to 20, 30, A transmission electron microscogfEM) study of a

40, 60, 90, and 120 s. Then, again through a shadow mask,multilayer structure(Co/1.5 nm Altt,,),, in which to, in-

200 xm wide top electrode consisting of 4.0 nm Co/10 nm¢reases with successive repetition, has revealed that the
NigFe,y/3.5 nm Ta is deposited. After deposition, the thickness of the oxide layer increases monotonically up to
exchange-biasing direction of the 2.5 nmyfie,/1.5 nm Co  lo~10 S 10 2.2:0.1 nm? This is only slightly larger than
layer that is in direct contact with the Ens, layer is de-  the thickness of 1.9 nm that would be expected when 1.5 nm
fined by heating the junction to 420 fthe blocking tempera- Al is oxidized |_nto .unstralned crystallmg #D;. The actual
ture of FegMng,) and slowly cooling in a field of 12 kA/m amorphous oxide is .expected to be.sllghtlylless dense than
(150 08 parallel to the bottom electrodes. During depositionCrystalline AbOs, which would explain the difference. The

a field of approximately 16 kA/m is applied in the direction l2yer thickness increases again fgf=100 s. _

of the electrode stripes, naturally resulting in junctions with a ~ Additional investigations of oxidized planar Al films on
crossed anisotropy. This configuration is preferable for magt©P ©f & Co bottom layer were cgrrled out withsitu x-ray
netic field sensing devices, as it results in a low coercivityPnotoelectron spectroscop}PS).™ The spectra show well-
hard-axis magnetization loop for the fréenbiased elec- separated Al g core level peaks, corresponding to metallic

trode layer. Al and AlO,, of which the intensity ratios vary with the
composition. The Al-peak intensity has already halved after
. COMPOSITION tox=4 s, and the peak disappears for 30t5<40 s. At

tox=40 s all the Al is oxidized. Unfortunately, the Co and
With the use of Rutherford backscattering spectroscopyCoQ, 3p core level peaks are less well separated, and the
(RBS) and elastic recoil detectioieRD) the amount of oxy-  sensitivity to these deep lying layers is relatively weak, mak-
gen incorporated in the Al layer of a series of planar sampleshg an analysis of the oxidation of the top surface of the Co
has been determined. These samples consist of 20 nm Co/lgbttom layer less easy. A preliminary analysis suggests that

nm Al+t,,0,/15 nm Co on Si, witht,, varying from 5 to  CoO formation starts around 40 s. A more detailed analysis
600 s. Details of these measurements are describegill be published elsewher€.

elsewheré! Here, we will limit the discussion to the results. Another method to investigate the formation of CoO is
In Fig. 1 the amount of O incorporated in the Al obtained byto perform low temperature magnetization measurements of
these two techniques, is shown for the samples with varyingxidized planar 1.5 nm Al films on a Co bottom layer. At
tox- Given the(measuredamount of Al atoms in the layer |ow temperature CoO is known to be an antiferromagnet,
(10x 10%at/cnf=1.5 nm A) the amount of O needed to resulting in an exchange biasing of the underlying unoxi-
form stoichiometric AJO; is 15x 10 at/cn?. This quantity  dized Co layer, for temperatures below the blocking tem-
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peratureT g~ 280 K. Magnetization measurements as a func- ___
tion of magnetic field were taken for four samples with
=20, 40, 80, and 250 s, both &t 10 K and room tempera-
ture. Fort,=20 s the coercivity of the Co layer did not
change upon cooling td =10 K. However, att,,=40 s a
small increase of the coercivity of the Co layer is already "
observed, while for longer oxidation times a large exchange
biasing is visible. These results indicate that &40 s the
formation of CoO is beginning.

These RBS, ERD, TEM, XPS, and magnetization mea- -
surements results will be compared in Sec. V with our mag- e T
netoresistance measurements in order to correlate the ob 6 -4 2 0 2 4 6
served MR data with the oxidation process of the Al layer. Magnetic field (kA/m)

1-2'|'I'I'I'I'I0-4

0
Field (kA/m)

o

Magnetoresistance (%)
o

IV. RESISTANCE AND MAGNETORESISTANCE

—

. - £ .
Before presenting the observed asymmetric bias voltageg 0.8 - ° -
dependence in Figs. 5 and 6, which is the main subject of< —
this article, we first discuss the magnetoresistance at zerc2
bias voltage. Since electrical measurements at exactly zercz 04l )
bias voltage are not possible, we define the MR measured aq, ) N
a Vpias below 10 mV as the MR value af,;,=0. O ! u [
All the junctions fabricated showed a wide plateau in the (b)
magnetoresistance, indicating that the antiparallel alignment 00-—/—"——+~8d——1l 1 L .. 1 1.08
of the two magnetization directions of the electrodes is 0 20 40 60 80 100 120
reached. The resulting magnetoresistance is well defined Oxidation time (s)
which makes it possible to study the junction magnetoresis-
tance as a function df,. As an example we show in Fig. FIG. 2. (8 Magnetoresistance of a TagyFe,/FesMnsd/Al,Os
2(@ the magnetoresistance fesult at room temperature of NtFes o knclon, wih a barrer constng of 40 < xdzed 1 o
junction with a bottom electrode of 3.5 nm Ta/3.0 NM series of junctions as function of the oxidation time.
NigoFe,¢/20.0 nm FeMnsy2.5 nm NigFe,/1.5 nm Co, a
barrier consisting of a 40 s oxidized 1.5 nm Al layer, and the
top electrode of 4.0 nm Co/10.0 nmgyfre,¢/3.5 nm Ta. The time. The sheet resistance of the leads is 20 anf BQuare
observed magnetoresistance, defined as X{B0, for the top and bottom electrode, respectively, so no current
Rp)/Rp, is 21%. Due to the growth of the junction with a distribution effect on the measured resistance is expétted.
crossed anisotropy configuration, the free layer magnetiza-or the series oxidized for 20, 30, or 40 s the resistances
tion is expected to rotate to the hard axis direction when a@btained for the 24 junctions fabricated in the same run
sufficiently large field is applied parallel to tHexchange- showed a variation of a factor of two or less. For longer
biased bottom electrode. From the figure it is seen that theoxidation times the resistances of the junctions in the same
free layer magnetization change is in fact the combination ofun and situated close to each other on the wafer varied only
a rotation proces@radua) and domain wall movement pro- a factor of two or less. However, junctions situated at a
cessegsudden, visible as smallreproducibleé jumps in the larger distance from each other on the wafer could differ a
MR curve. The latter can be reduced by decreasing4t@ factor of ten in the resistance. These large resistance differ-
nm) Co layer of the top electrode. In the inset an enlargeences were observed to be systematic in the sense that on
ment of the MR curve is shown, showing that the exchangeeach wafer this variation was observed. We return to this
biasing field is equal to 17 kA/n220 Og. The magnetore- issue below. The results presented in Figs. 2 and 3 and dis-
sistance curves from the junctions grown in the same run, asussed below are all taken from a series of six junctions
well as those oxidized at different oxidation times resembledsituated close to each other and are believed to have compa-
these curves. The coercivity is observed to be independent oéble structural properties of the bottom electrodes. The se-
tox, @s is shown in Fig. @). For the junction shown in Fig. ries shown are from a row of junctions which have the low-
2(a) a coercivity of~1 kA/m is observed for the free layer. est junction resistance compared with the other junctions on
A small shift of the MR curvéfree layer switchesfrom zero  the wafer. those obtained for the three other quadrants.
field is observed. This can be explained by a small ferromag- Figure 3a) shows that, initially, the resistance increases
netic coupling of the Co/ NiFey top electrode to the logarithmically with oxidation time. For oxidation times
exchange-biased bottom electrode. In the case of this jun@bove 90 s the increase of the resistance is weaker, on the
tion, the coupling field is 0.6 kA/ni7.5 Og. logarithmic scale used in this figure. Since the tunnel resis-
As is shown in Fig. 8) the junction resistances varied tance is an exponential function of the barrier thickness, the
from 150 Q (resistance-area product R& MQ um?) to  logarithmic increase of the resistance would be consistent
200 k) (RA=8000 MQ um?), depending on the oxidation with a linear increase of the barrier thickness as a function of

o
(=)

=)
~
Coupling (kA/m)
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FIG. 4. Two graphs of atomic concentrations of Co, Al, and O as measured
with Auger electron spectroscopy during sputter etching of two junction
stacks witht,,=60 s. The junction showing the profile at the left hand side
had a lower resistance than the junction of which the profile is shown at the

10 _ right hand side.

Magnetoresistance (%)

1 1 1 1 L 1 1 1 L 1 L L 1
0 20 40 60 80 100 120 140
Oxidation time (s)

The junctions of the wafer region showing the broadest Al
and O peaks, i.e., the largest intermixing, were found to have
FIG. 3. (a) resistances of the series of junctidesmposition see Sec.)lVs the lowest resistance values than JunCtlor_]S at the positions
increasing oxidation time ari#h) magnetoresistance of the same junctions at €lSewhere on the wafer. Recent calculations presented by
a very low bias voltage. The straight lines are a guide to the eye. ThdBardou® have shown that increased roughness and thickness
measurements were carried out at room temperature. variations of the junction barrier result in lower junction re-
sistances. This may explain the lower resistance values for
our junctions with the observed larger intermixing. The un-
oxidation time. However, if the barrier formed would consist derlying cause of this difference in intermixing is most likely
of a laterally uniform layer of stoichiometric AD5, this  an inhomogeneous sputtering process. A detailed study of
would be inconsistent with the observation of a logarithmicthe fabrication aspects causing these barrier variations is be-
increase of the O content with time as deduced from Fig. 1yond the scope of the work presented in this paper.
A possible complication is that the incorporation of O with For the same junctions the current—voltageV) char-
oxidation time does not lead immediately to a stoichiometricacteristics were taken. In Fig. 5 the-V characteristics are
Al,O5 layer but to a thicker substoichiometric Al@ayer,  shown for four junctions with different oxidation times. In
with a gradient ofx across the layer thickness, leading to athe same figure, on the right-hand side, the differential
different dependence of the resistance with oxidation timedl/dV characteristics are given, which were deduced from
Also, the fact that the tunnel resistance is dominated by théhe measured—V curves. The positive branch of the-V
smallest barrier thicknesses and barrier height and therefogharacteristic represents the situation of electrons tunneling
does not necessarily represent the mean barrier thickness the bottom electrode, i.e., the bottom electrode was posi-
might contribute to the observed differericeThe MR ratio  tively biased. Thé—V curves shown in the figure were mea-
at a low bias voltage is shown in Fig(l8. The MR ratio is  sured with the magnetization directions of the two electrodes
found to decrease initially almost linearly with oxidation aligned parallel by the presence of an external magnetic
time, and drops above 90 s to nearly zero. field. The graphs with thdl/dV curves show the curves for
Reproducibility is a strict requirement for carrying out both the paralle(P) as well as the antiparall€/AP) align-
useful studies of the oxidation process, and will be one of thenent of the magnetization of the electrodes. The differential
critical factors with regard to the applicability of tunnel junc- d1/dV curve for the junction with,,=20 s shows a conduc-
tions. We therefore put much effort in a search for the origintance minimum almost at zero bias voltage. The conductance
of the observed systematic variation of the resistance acrossinimum for the 40 s oxidized junctions is shifted to posi-
the wafer. The possible difference between the junctioriive bias indicating an asymmetry in tthe'V characteristic.
stacks at different locations on the wafer has been investiFor an oxidation time of 60 s thé—V characteristic is
gated with scanning Auger microscof$AM). In these ex- largely asymmetric. The conductance of the 60 s oxidized
periments the junction stack is slowly sputter etched and gunction shows a local minimum at zero bias voltage and a
depth profile of the junction composition is obtained with global minimum at approximately 200 mV. Asymmetric
Auger electron spectroscopy. In Fig. 4 the depth profile oftonductance dependencies ¥p,s in MTJs have been ob-
two junctions €,,=60 9 from different wafer regions taken served by other$however the occurrence of two conduc-
under identical circumstances are shown. The spectra revence minima in tunnel junctions has, to our knowledge, not
a difference in the width of the Al, O, and Co pealtke = been reported before. For the longest oxidation time, 120 s,
widths of the Fe, Mn, and Ta peaks were identical within thethe | -V curve is symmetric but much more nonlinear com-
measurement accuracyl his may be interpreted as a differ- pared with the previous curves. The conductance of this
ence in roughness of the initial Al layer as well as a differ-junction has a single minimum at ze¥f,,s and is also sym-
ence in intermixing of the Al with the Co bottom electrode. metric around zero. We note that the characteristics of the 90
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[ b ) FIG. 6. (a) Voltage bias dependencies of the magnetoresistance of the vari-
200 0 200 -200 0 200 ous junctions, normalized to the value \@t=0. (b) The voltageV,; at
which the MR effect is reduced to half its size as a function of oxidation, for
Bias VOItage (mV) the positive and negative polarity of the bias voltdg®sed symbols the

open symbols indicate the zero bias value of the MR. The measurements

FIG. 5. 1-V (left-hand side andd1/dV (right-hand side characteristics of ~ "'o'c CAITed out at room temperature.

four junctions with increasing oxidation time from 20, 40, 60 to 120 s. As
the oxidation time increases theV curves become increasingly nonlinear.

For _thedl_/dv curves the results for both th@P and P magnetization Fig. 6(b) V.4 is given for both polarities. It is found that for
configuration of the electrodes are shown. negative bias voltage¥, . decreases with oxidation time,
while for positive bias voltage¥,, first increases slightly
and drops to the same values as for the negative bias voltages
s oxidized junctions were similar to the 120 s oxidized junc-for oxidation times above 60 s. We note that our measured
tions. values ofV, 4 (above 0.4 \ are comparable to what is pres-

In Fig. 6(a) the bias voltage dependencies of the magneently reported in the literature for plasma oxidized single
toresistance of the series of tunnel junctions are given. Thbarrier systemsgsee for instance the overview table in Ref.
magnetoresistance is normalized with respect to the value &. The asymmetry introduces much largéf,§; values at
zero bias. The MR value is obtained within a constant curpositive bias and the change in the voltagé=\V,p— Vp at
rent experiment in which the voltage difference between pareonstant current is thus larger for positively biased junctions.
allel and antiparallel magnetization alignment is measuredror completeness the near zero bias value of the MR of these
Vpias IS defined here as the voltagés in the situation of  junctions is also indicated in Fig(i).
parallel alignment. For the junctions with an asymmetric ~ We remark that although the largest value \ff; is
conductance, an asymmetric bias dependence of the MR fsund fort,,=60 s and a positiv&/,,,s, the largest output
observed: the peak value of the MR is not at zero bias, busignal is obtained for shorter oxidized junctions. This can be
shifted to the positive sidélectrons tunneling to the bottom seen from Fig. 7, which shows the voltage differentg
electrode. The bias dependence of the 60 s oxidized junction—Vp that arises in a constant-current experiment upon
shows even two peaks, one at zero bias and an additionalvitching the electrode magnetizations from antiparallel to
peak atV,,—=175 mV. For the 60 s oxidized junctions parallel, as a function 0¥ for the 20—60 s oxidized junc-
grown in the same run, this additional peak varied in heightions. The 40 s oxidized junction shows the largest voltage
and occurred at voltages between 150 and 300 mV. We reshange, corresponding toV=42 mV atVp=400 mV. The
call that as was shown in Fig. 5 the conductance of the 60 kighest voltage output is always obtained when the junctions
oxidized junction also showed two minima for both the par-are biased positively, which is due to the shift of the peak in
allel and antiparallel magnetization alignment. the MR bias dependence. These considerations are of impor-

A commonly used measure of the MR bias dependenceance when the magnetic tunnel junctions are used in an ap-
is the voltage at which half of the MR is obtained, ). In plication where a high output is desired.
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Bias voltage (mV) FIG. 8. The asymmetric bias dependence of a 40 s oxidized junction

(squares with solid line compared with the results of free electron calcu-
FIG. 7. Resulting voltage difference in a constant-current experiment whet@tions. The calculations are carried out for various barrier asymmetries. It is
the junction electrodes are switched between antiparallel and parallel aligrfound that an asymmetry of 2.5 efihdicated as a solid lineresembles the
ment for junctions with oxidation times 20-60 s. The bias voltage given isexperimental observed bias dependence asymmetry reasonably well. The
equal toVp . inset shows a schematical drawing of the potential landscape used in the
calculations.

V. ANALYSIS , _ , _
tions assuming for the ferromagnetic electrodes an internal

~ The -V curves of symmetric and asymmetric tunnel potential(with respect to the Fermi leveéqual to—1.1 eV
junctions can be analyzed by fitting the data to the models 0o&nd—0.2 eV for majority and minority spin electrons respec-

electron 17tunnelmg formulated by S|mmdﬁ§ and  vely, a mean barrier height of 2.5 eV and a barrier thick-
Brinkman;* respectively. From these fits the barrier thick- negs of 1.5 nm. We note that this model and these parameters
nessd, and the average heigiftare obtained, and, if present, are merely an assumption and will not exactly describe our
the barrier asymmetnk ¢. The asymmetric barrier model of electrodes and barrier. The results must be interpreted only
Brinkman would be more appropriate for our 30—60 s 0xi-as a first indication of the effect of the asymmetry of the
dized junctions with an asymmetric conductance and magneyotential barrier asymmetry of the MR versus bias voltage.
toresistance. With this model the-V curves of the 20 and The barrier asymmetrA ¢ is defined as the difference in
30 s oxidized junctions could be fitted, resulting in a barrierparrier height between the bottom and top electroiles
asymmetry of 0.4 and 0.8 eV, respectively, with the highest= ¢, .~ — brop. The definition of positive voltage is taken
barrier at the interface between the bottom electrode and thgs in the previous section, i.e., positive voltage means a posi-
oxide. For the 40 and 60 s oxidized layers a consistent fit wagve biased bottom electrode. In Fig. 8 the results of these
not obtained. For the 40 s oxidized junction this may be the:alculations are given for various barrier asymmetries. For a
result of the asymmetr ¢ being larger than the mean bar- barrier asymmetry of 2.5 eVhighest barrier on the bottom
rier heighte, for which the Brinkman model does not give a electrode sidewe find for the maximum of the MR(;;59
good approximation. For the 60 s oxidized junction we recallcurve to a shift to+ 70 mV, approximately the same as found
that the conductance showed two minima, a phenomenoexperimentally at,,=40 s (see Fig. 8 and also with the
that the Brinkman model cannot account for. The Simmonsame polarity. This model could explain the observed asym-
fits of thel =V curves of the two longer oxidized junctions of metric bias dependence found by Satoal® Annealing at
90 and 120 s resulted in good fits, with=2.6 and 3.1 nm 275 °C of junctions with a rf plasma oxidized Al layer as a
and ¢=0.9 and 0.7 eV, respectively. barrier resulted in a shift of the MR bias dependence curve
The double peak structure of the MR bias dependencwith +70 mV. Although the detailed mechanism of this shift
for an asymmetric barrier has not been observed before. This unclear, the authors consider the Co—Al interdiffusion and
dependence of the MR on the voltage bias is an intrinsichange in bandstructure as a possible cause. However, such
property of magnetic tunnel junctions. However, the origina model cannot explain the occurrence of a double peak in
of the MR bias dependence itself is not yet understood perthe MR(Vyiad, as observed fot, =60 s. Moreover, it is
fectly. For symmetric junctions the effect has been related todifficult to give a physical justification for the extremely
excitations of magnon&*®or phonons? inelastic tunneling  large barrier asymmetry required to obtain the observed shift
processes via defect§?° electron interactions at the for t,,=40 s.
electrode—barrier interfacé and the influence of the electric A possible explanation of the double peak would be in
field on the barrier shap@nd on the spin dependent trans- terms of a model of the energy and spin dependent electronic
mission coefficients'®2%23 structure of the relevant states at the interface between the
The latter explanation, which was supported by modebottom electrode and the oxide layer. Recent results obtained
calculations of the bias dependence by assuming free eleésr asymmetric junctions, with an additional thin nonmag-
tron like electrode metals, can be extended to the case of aretic layer next to the AD; barrie* or the use of a com-
asymmetric barriet>?®> We have performed such calcula- posite TaOs/Al,O4 barrief® show that for asymmetric bar-
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TABLE I. Overview of observations made with several techniques of the oxidation of a 1.5 nm Al layer on a
Co bottom electrode during the third sta@®—-90 s of plasma oxidatignMR and MH indicate the magne-
toresistance and magnetization measurements, respectiveB/(adhe ac impedance measurements.

Time Measurement
(s) technique Observation
8-10 TEM oxygen is incorporated across full Al layer thickness
30 MR magnetoresistance curve develops an asymmetry
35 RBS/ERD oxygen content corresponds to stoichiometry©OAl
40 MH start of oxidation of the Co bottom electrode
40 Z(w) a second dielectric component contributes to the impedance
50 Z(w) a third dielectric component contributes to the impedance
60 XPS oxidation of Al completed
60 MR asymmetry of MR curves, with a very large second peak
90 MR asymmetry has disappeared
90 Z(w) a fourth dielectric component contributes to the impedance
90 TEM oxidation front starts to move forward again

riers asymmetric bias dependences may indeed occur. In Ref. The second oxidation stadee., the first plasma oxida-
25 the observed asymmetric bias dependence has been t®mn stageé ends when the oxygen is incorporated across the
lated to the different energy dependences of the polarizatioantire Al thickness. This moment can be deduced from the
of the effective density of states at both interfaces. We canresults from TEM experiments, and is reached after an oxi-
not exclude interpretations of our results in terms of such alation time of~10 s. Experiments on junctions that were
model. However, we have strong indications that within theoxidized witht,,<10 s could not be done due to the occur-
range of oxidation times within which the double peak isrence of an inhomogeneous current distribufibiihe resis-
observed the bottom electrode interface is structurally antance of 20 s oxidized junctions is onty5 times the sheet
compositionally quite inhomogeneous. Therefore, we willresistance, and shorter oxidation times will certainly result in
not further attempt to attribute the double peak to a structurresistances of the order of the sheet resistance of the contact
ally ideal interface but rather give an analysis of the availabldeads. The MR ratio during the first and second stage is ex-
experimental data on the interface structure. This is the sulpected to gradually increase due to the decrease of the
ject of the remainder of this section. amount of metallic Al in the barrier. Others have indeed
In Sec. lll we discussed the results of a wide range ofobserved that the MR is lower for junctions with unoxidized
analysis methods to characterize the oxidation process of Al left over in the barrief. We do not observe an initial
1.5 nm Al layer. In Table | the results are summarized inincrease of the magnetoresistance for short oxidation times,
terms of increasing oxidation time. We have now also incor4indicating that fort,,=20 s not much metallic Al is present.
porated the results of the magnetoresistance and magnetiZBhis indicates that the second oxidation stage has ended be-
tion measurements. Also included are the results obtainefibre t,,=20 s, which is consistent with the TEM results.
with ac impedancéZ(w)] measurement€. Modeling of the During the third stage the Al:O ratio increases, while the
measuredcomple® impedance curves resulted in a descrip-barrier thickness remains almost constant. XPS and RBS/
tion of the tunnel barrier as a combination of seveR&l  ERD measurements show that tgaf=30-35s the overall
circuits in series: one for the thinnest oxide laysiort oxi-  Al:O ratio corresponds to AD;. Earlier, aftert,,~20-25s,
dation time$ up to four for the thickest oxide filmst{, the barrier becomes asymmetric and an MR bias voltage de-
=120 9. The table gives the oxidation times at which in the pendence with a maximum shifted from zero or with a
equivalent circuit description of the ac impedance an addidouble peak structure is obtained. The barrier asymmetry
tional RC circuit (“dielectric component’) is required. In  ends at some time between 60 and 90 s oxidation. The third
Ref. 26 the experimental resultsxcept magnetoresistarice stage ends at,,=90 s when the oxidation front starts to
have been discussed and the development of the compositiomove forward again. A first possible reason for the observed
with increasing oxidation time was subdivided into four asymmetry and double peak structure of the MR versus the
steps(stageg an initial (first) stage at,,=0 s(thermal oxi- bias voltage could therefore be that different interface struc-
dation before, at,,=0 s, the plasma is ignitecand three tures at the bottom electrode at differéniidely separated
stages of plasma oxidation. Immediately after ignition of theparts of the sample are present. For instance, one type of
oxygen plasma, during the second stage, only the Al layer ismterface region may lead to a symmetric MR bias depen-
gradually oxidized. During the third stage the O content indence, while a second type gives rise to an asymmetric MR
the Al layer increases while the Al@ayer thickness remains bias dependence with a shift of the maximum MR to positive
constant. At some points the Al is already oxidized tg@J  V,i.s. Superposition of these two regions may lead to a bias
and at these points the oxide/metal bottom electrode interdependence with two peaks, which is indeed observed in Fig.
face consists of AlO3/Co and AbO;/CoO/Co regions. Fi- 6 (double peak structure around 60. §he presence of
nally, during the fourth stage, atoms of the bottom electrode\l,O3/Co type, ALO5/Al type, and ALO5/CoO type inter-
at the interface participate in the oxidation process. face regions could play a crucial role in determining the
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asymmetry of theé —V and MR bias dependence curves. Thelikely to be related to a mesoscopic- or microscopic-scale
barrier height at the AD;/Co interface is expected to be lateral variation of the composition and structure near the
higher than that of AIO;/Al or CoO/Co, and the apparent bottom electrode interface induced during depositibig.
barrier height may even be enhanced when roughness &, but activated after-20 s oxidation(Figs. 1 and & How-
present at this interfacé.A second possible explanation for ever, an alternative explanation in terms of an energy depen-
the observed asymmetric barrier is the existence of a lateralent electronic structure and effective polarization of the un-
variation on a scale smaller than the barrier thickness of theccupied states of the bottom electrode cannot be
oxygen content in the barrier or of a lateral variation of thedisregarded.

concentration of metal ion¢e.g., AF* and C3") in the
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