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Study of NiFe/Al/Al ,O5; magnetic tunnel junction interfaces
using second-harmonic magneto-optic Kerr effect

S. E. Russek, T. M. Crawford, and T. J. Silva
Electromagnetic Technology Division, National Institute of Standards and Technology, Boulder,
Colorado 80303

Using the second-harmonic magneto-optic Kerr effHMOKE), we have measured the
interfacial magnetic properties of NiFe/Al/fD; heterostructures as a function of,@®k thickness

and processing conditions. The samples were prepared like magnetic tunnel junctions except that the
top electrodes were not deposited. A large change in SHMOKE contrast was observed for different
oxidation processes and A); thicknesses. The magnetic SHMOKE contrast from a plasma
oxidized sample in which the oxidation front is thought to be inside the original NiFe film is 70%,
whereas the SHMOKE contrast from a thermally oxidized NiFe/Al sample, in which the oxidation
front is ~1 nm from the Al/NiFe interface is only 15%. Further, the phase of the signal is reversed
between the two structures. The SHMOKE data have been correlated with tunneling measurements
on similarly fabricated structures. For the two samples listed above, the junction resistivity varied
from 101 Q cn? (plasma oxidizeyito 10~ ° Q cn? (thermally oxidized. These results indicate that
SHMOKE may be useful for assessing tunnel junction quality during processing.
[S0021-8979)49408-3

I. INTRODUCTION IIl. EXPERIMENT AND RESULTS

Recent advances in magnetic tunnel juncibfiJ) per- Magnetic thin-film structures were fabricated by sputter

formance have made them strong cand|d_ates for use as ma@éposition onto oxidized Si substrates. The structures for
netic data storage elements and magnetic sefgorhe re- the SHMOKE studies consisted of 10 nm Ta/50 nm
sistance change of MTJs, as the magnetizations of the layers

change from an antiparallel to a parallel state, is a strond\'som€d 2.5nm Al. The Al layers were oxidized by three
function of the electronic and magnetic structure at thedifferent processes: thermal oxidaticexposure to ajr oxi-
magnetic—insulator interfacé’ The electronic and magnetic dation by a remotely generated oxygen plasma with various
structure at the interfaces is dependent on the junction fabrsubstrate bias voltages, and oxidation by a local plasma gen-
cation process which can introduce mixing of the magnetierated by the substrate stage bias voltage. The SHMOKE
and nonmagnetic layers, leave residual nonmagnetic materidhta were takeax situafter exposure to air for several hours.
at the interface, or introduce magnetic oxides at the interfacerhe plasma oxidized samples were stalgi@ve reproducible

A promising new technique to measure the electronic angHMOKE responsefor several weeks after fabrication and
magnetic structure at these buried interfaces is 10 100K &g thermally oxidized samples were stable after 12 h of air
second-harmonic optical generation in response to UItrafa%B(posure.

. g . . .
optical pulses: Segond—harmonlc generation occurs "?‘t n- The SHMOKE apparatus is described in detail in Ref. 9.
terfaces where the inversion symmetry of the electronic po- ! .
tentials and electron density is broken. The magnetization'—A‘ mode-locked Ti-sapphire laser produces 50 .fs pulses at a
dependent part of the second harmonic signal arises from tH&avelength of 800 nm. The second-harmonic light, at a
first few magnetic atomic layers that are in proximity to non-Wavelength of 400 nm, is detected as a function of applied
symmetric potentials. field in a p-transverse geometrp-polarized incident light,

In this article we use the second-harmonic magnetomagnetization transverse to the plane of incidgnthe spot
optical Kerr effect(SHMOKE) to investigate the electronic size is approximately 3gm, and the peak intensities exceed
and magnetic properties at buried NiFe—Al,@4 inter- 30 GW/cnf.
faces. We found that the SHMOKE signal varied consider-  Additional samples were made in an identical manner to
ably with oxidati.on @ime and oxidation process. In the earlythe SHMOKE samples except that top magnetic layers and
stages of Al oxidation, the SHMOKE contrast was out of 5inning |ayers were deposited. Tunnel junction structures

phase with air-exposed NiR@ef. 9 and its magnitude in- were patterned using a four-step lithographic process. Figure

creased as the oxidation depth increased. With further oxidal- L
. . . . shows the magnetoresistive response for aix20 um
tion the SHMOKE contrast displayed a negative maximum :

MTJ for 10 uA and 100uA bias currents.

and a subsequent sign change. : . :
Magnetic tunnel junctions were fabricated under several  Easy-axis SHMOKE hysteresis loopsecond-harmonic

different oxidation conditions, and the SHMOKE data pro- (SH) intensity versus applied fiejdfor thermally oxidized
vided a rapid method of characterizing the tunnel junctionand local plasma-oxidized samples are shown in Fig. 2.
barriers and comparing different oxidation processes tdhese loops represent the two extremes of the oxidation pro-
quickly identify optimum processing conditions. cesses investigated. The thermal oxidation pro¢&2sh in
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FIG. 1. Resistance as a function of applied field for a NiFe©A+NiFe 10
pumx20 um magnetic tunnel junction for bias currents of 10 and 140
The barrier was oxidized for 2 min in 6.7 Pa @ith a bias voltage of-200
V. The inset shows a micrograph of the device.

SH Intensity (arb units)

air) yields tunnel junctions with junction resistances of
108 Q cn? whereas the local-plasma oxidized procgiss0
Pa Q, —400 V b,'as for 1 m_lr)] ylelds Jgnctlons with FIG. 3. (a) Hard axis SHMOKE hysteresis loop for 2 min remote plasma
10"t Q cn?. There is a substantial change in the SHMOKE oxidized NiFe—AI-ALO; structure.(b) Same aga), but for 8 min plasma
contrast (the difference in second-harmonic intensities atoxidation.(c) Same aga), (b) but for 16 min plasma oxidation. Note that the
positive and negative saturation normalized to the sum of th@Psence of a strong linear magnetization componefijimliows the qua-
SH intensitie as well as a phase change in the SHMOKEOIratlc component to be clearly distinguished.

response. The phase of the loop in Fi@)4s identical to the

phase seen in air-exposed NiFe.
To further investigate the region between these two exheterostructure. The SH intensity of g@-transverse

tremes, hard-axis SHMOKE hysteresis loops were acquireHMOKE measurement is
as a function of oxidation time. The loops shown in Fig. 3
are for 2, 8, and 16 min remote plasma-oxidized samples || Xoddt Xeverd | Xodd>+ [ Xeverd 2+ 2 COS )
with substrate biased at200 V, which represent the range 1
of behavior observable between the extremes shown in Fig. “ Xeven Xodd: @)
|2:Z The Ioophm Fig. ?ﬁ) ISI mve_rteg_ colrgnpda_\re? with the Ioc(ijfjn whereyqqiS assumed to be linear M, andyqyeniS €ven in
lg. 3(a), w ereas the 1oop In 19.( .) Isplays a very di or independent oM. ¢ represents the phase difference
ferent behavior as a function of field than the other tWObetween the even aﬁd odd tensor elements. In Ref. 10. it was
loops. . . S N
- ._shown thaty,qq Was linear in magnetization anglnear in
The loop shapes observed n .F'g' 3 were modeled USIngpplied fieldH, for coherent rotation and thus Eq(1) pre-
effective second-order susceptibility tensor elements for th%icts that there should be a SH contribution to the hysteresis
loop which is quadratic in applied field for large values of
Xodd Felative toy.ven. Therefore, Eq(L) predicts a hysteresis
loop which contains three primary components: independent
of H¢, linear inH,, and quadratic i1, (for H,<H,, where
Hy is the uniaxial anisotropy fie)d Contributions which
scale asM* and higher were not included in the model. A
modified version of Eq(1) was used to fit the loops in Fig.
3 and obtain the ratio of odd to even tensor elements,

Xode( Ht) Xodez( Ht)z
N + —_
Xeven \ Hi Xeve Hy
whereH, ., ¢, and xq4/Xeven are fitting parameters, arlis
- y y y a scaling parameter. For Fig.(@, we obtain H =360
H,,,(kA/m) *+80A/m (4.5x1 0@, ¢=130°t17°, andxo4d/Xever= 0.46
+0.1. For Fig. 8b), we obtainH,=464+240 A/m (6+3
FIG. 2. (a) Easy axis SHMOKE hysteresis loop for a thermally oxidized 0e), $=90.5+3°, and xoqa/Xever=0.32+0.1, while Fig.
NiFe—AI-AlLO; structure.(b) Easy axis loop for a local plasma oxidized : _ — N704 R0
NiFe—AI—AIzoz structure. Note that the contrast is 15% for the thermally 3(C) ylelds Hy=400= 40 Alm (5x1 .09, ¢=47°6 . ar.]d
The primary magnetization-

oxidized sample and 70% for the plasma oxidized sample, and that the Ioo;Kodd/Xeven: 0.24+0.05. ] _ ) A )
shape is inverted between the two. dependent component in Figid® is the quadratic piece aris-

16 | (a) Thermally oxidized NiFe-Al-ALO,

SH Intensity (Arb. Units)

(2

ISH:A 1+2 CO$¢)'

SH Intensity (Arb. Units)




J. Appl. Phys., Vol. 85, No. 8, 15 April 1999 Russek, Crawford, and Silva 5275

Y P —— 0 oo oz T8 T AT IIl. DISCUSSION AND SUMMARY
50 nm NiFe, substrate at OV 201 50 nm NiFe, substrate at -200 V
_ xi0* Qo ’/; As oxidation occurs, the oxidation front moves through
S % 0 AR1R=2“’° o oo the Al layer to the magnetic layer. The Al-A); interface is
I3 . . . .
£ . g_zo H ARIR=0% a strong second-harmonic generator which, when it is far
Q a . . . . .
g0 N et from the magnetic layer, is magnetization independent. The
X 4 12x10%aem] &40 . . . .
2 6ol . aRReto% | 2 . Al-NiFe interface is a weaker source of SH generation;
I . . .
» @ 4 © -60 o o however, it has a magnetization-dependent component.
a . .
1™ e 5ol ® tirretsy , When the oxidation front approaches and moves through
o012 3 45 6 5 10 15 the magnetic interface, the multilayer geometry rapidly
Oxidation Time (min) Oxidation Time (min)

changes composition, from  NiFe-Al-&); to

FIG. 4. (3) SHMOKE amplitude vs oxidation time for remote-plasma oxi- NiFe—NiFe—oxide—AJO;. When the interface composition

dized samples with stage potential held at ground. The circles and squargshanges, large changes in the SHMOKE signal are expected.

are _the same set of samples measur_ed on different days to indicate ”T’ne model described by E¢l) combines the SH contribu-

stability of the measurements. The triangles represent a different set o . . . . .

samples oxidized in the same manr®). SHMOKE amplitude vs oxidation tions from the two interfaces into a single effective SH in-

time for remote-plasma oxidized samples with the stage potential held aiensity from a single interface.

—200 V. This model provides significant information, even
though the details of the optical propagation through the
structure and the multiple interface SH contributions need to

ing from x,qq- The linear contribution is weak becaugeds  pe considered. The phase between the tensor elements under-

close to 90°, not becausgyqq is going to zero. goes a large change, from130° to~50°, passing near 90°
The SHMOKE contrast as a function of oxidation time, for the 8 min oxidation time, allowing only the quadratic

for two different oxidation processes, is shown in Fig. 4.magnetization-dependent contribution to be obserffd.

Figure 4a) shows the SHMOKE contrast for remotely gen- 3(n)]. These observations imply that we are observing a

erated plasma oxidation at a chamber pressure of 6.6,Pa Qjngle magnetic interface which undergoes a significant

with the substrate stage grounded. The SHMOKE contrasgthange when the oxidation front passes through the NiFe
increases monotonically in the negative direction. Figurepoundary, rather than an interface interference effect, al-

4(b) shows the SHMOKE contrast for oxidation with the though interference effects cannot be ruled out without per-

same conditions, except that the substrate stage was biased@iming the more detailed multilayer model calculation for

—200 V. The substrate bias causes the oxidation to procegfie SHMOKE response from this heterostructure.

more quickly and the SHMOKE contrast exhibits a maxi- While the large phase change from Fig$a)3to 3(c)

mum in the negative direction for 2 min oxidation time and jikely indicates the passing of the oxidation front through the

then decreases and crosses zero at 8 min. If the SHMOKRjFe boundary, more careful measurements as a function of
contrast is assumed to follow a universal curve similar to thapxidation time are required to correlate the SHMOKE re-
shown in Fig. 4b), then the rates of the different oxidation sponse with the exact position of the oxidation front. How-
processes can be determined by scaling the SHMOKE da@er, even the current empirical correlation between the
to a universal curve. Roughly, the relative rates for a remot&HMOKE data and the MTJ properties proved useful in op-

plasma oxidatior{6.6 Pa @, 0 V biag, remote plasma oxi-  timizing the tunnel barrier properties without having to mi-

dation(13.3 Pa @, —200 V biag, and local plasma oxida- crofabricate large numbers of tunnel junctions.

tion (13.3 Pa @, —400 V biag are 1:2:16.
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