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Abwtract

Low hysteresis, gant magnetoresistance (GMR) spunered Co/Cu mubilavers were employed m a 2 % 4 wray of sensing elements.
Patterning wis performed by optical lithegraphy, uwsing the lifi-off technique. To assess the applicability of this sensor, magnetic field
mappang of 4 ring-magnet wis performed with o compier controlled scanning system and the results were compared with those obtained
from a Hall-sensor. © 1999 Elsevier Science 5.A. All rights reserved
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1. Intreduction

The giamt magnetoresistance (GMR) effect is of interest
for applications in magnetoresistive recording read-heads
or sensors and has stimulated much of the activity in this
field. GMR arises in a vanety of magnetic systems includ-
ing multilayers. spin valves and granular materials [1]
Recent practical developments have favored the spin-valve
of the GMR-multilayer design for building alirshigh den-
sity {~ 10 Ghit/in."} magnetic heads [2] and magnetic
field bridge-sensors [3] The GMR-ratio AR /R,
(AR, and R are the maximum resistance change and
the minimum resistance, respectively), the switching field
range and the magnetic coercivity are the only relevant
parameters for the evalumtion of GMR sensor elements in
DC magnetic field measurements. As compared 10 sensors
based on the anisotropic magneloresistance (AMR) effect.
GMR devices offer superior signal amplitude and very
high linear resolution without shields [2,3], However, fab-
rication of the spin-valve devices requires a novel ap-
proach in setting the directions of the antiferromagnetic
exchange layers that bias the sensor. So. mass production
of GMR devices al acceptable yields in wafer fabrication
requires very good process controls [4] thar impose a vield
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limit of 99% for each processing operation m order 1o
achieve an overall vield of - 80%,

Today, microfabricated AMR or GMR sensing elements
are based on magnetically soft permalloy (Ni,, Fe,,) films
that are able to measure the field components lying in the
plane of the filin, in contrast o Hall-effect semiconducting
sensors that are sensitive only in the magnetic field compo-
nent that is perpendicular to the film plane. Further effon
is required in the fabrication of semiconducting microsys-
tems to achieve accurate 2-dimensional {200 or 3D mag-
nenic field measurements [5]. Very recently [6], thin. hon-
comal-plane Hall sensors constructed from  narrow-gap
semconductors were tested a5 read-heads in magnetic
recording and proved 1o be competitive with spin-valve
GMR heads, The difficulty in fabricating a commercial 20
or 3D magnetic field sensor, through numerous indepen-
dent process steps with high (= 95% ) yield per step. 15 the
only real bamier o use the above devices.

In our approach, & GMR Co,/Cu muliilaver sensor is
proposed that requires less demand on the growth process
The sensing device is connected with a computer con-
trolled system that is able 1o perform magnetic field map-
ping in real time using an X-F scanning system,

2. Selection of Co / Cu multilayers as sensing elemenis

At pmbient conditions the maximum GME mane was
reported [7] in sputtered Co/Cu multilayers with appropri-




superlattices which register a much smaller GMR effect
[8]), and their switching magnetic field is several times
larger. In order to assess their applicability as sensor
elements the issue of non-linear GMR response must be
addressed. By now, the signal outpot is wsually lineanzed
with geometry intensive GMR sensor designs [9,10]. Thas
patterned spin valve GME sensors are biased by exchange
[9] and soft adjacent laver {SAL) biax gEOMmetnes [, 10],
which require numerous independent process sieps with
high yield per step. However, [or sensor apphcabions GMR
multilayers present several advamages relanive 1o spin
vilves [2]. Speafically, in NiFe /Cu and NiFeCo /Cu mul-
talayer structures 1t was shown [2] that the use of relatively
high current densities results in lasge mntemal magnetic
ficlds, and thereby in self-biasing of the GMRE multilayers
The high aspect ratio of GMR Co/Cu multilayers can he
uwtihized in sensor applications provided that an adeguate
self-bias is achieved across all the magnetic layers. The
negligibly small magnetic amsotropy of NiFe and NiFeCo
layvers implies that transverse bias magnetization is facili
tated by internal magnetic fields, when the coercive field is
close to zero. For Co,/Co multilayers this can be accom-
plished by reducing the hysteresis in the GMRB curves
Ford research laboratories have reponed two different
approaches in Co/Cu multilayers that target low coercive
(H_) and switching ( H, )} fields. The realization of these
consists either in formung multlavers with 1. = 1.5 nm
alternated with 1., = 0.3 nm layers [11] in the superlattice
stacking: Co,/Cu/Co or by replacing [12] the
Co layers with a codeposit of Co and Cu that forms
Co,  Cu, /Cu multilayers. Our ongoing rescarch in GMR
multilavers has shown a third way [13,14] in controlling
systematically the GMR parameters in sputter grown
[Conl ¢, }CW2.1 1II'|!||-'r.__ mululayers. In our approach is
found that there is a bimodal distribution with two well
separated populations of grain sizes below and above ~ 12
rfm. The obained reduction of GMR, coercive and swilch-

Fag. |. An overview of the sessing devace i shows o the left side, while o

as in Refs. |11.12] this effect is due 1o the decrease of the
intrinsic magnetic anisotropy and magnetization in the Co
layers, Thus, the developed micromagnetic state 15 com-
pletely different in the two categonies of Co,/Cu multilay
ers, leading to different GMR and magnetic properties.

3. GMR device structure and fabrication

The specific microstructure that is developed in our
magnetron sputtered [Coll nm)y/Cul2 nmil,,, multilayers
leads 1o GME curves with very small hysteresis [13,14]
and 1w o GMR ratio of 6%. To evaluate the appliicability
of these multlavers as GMR sensor elements, a 2D amvay
design of 2 x4 units was adopted. Conventional optical
lithography and the lifi-off technique were .:[rg:-he:..l for the
film patterning. Interconnections were assumed by alu-
MM SIFIPes, Adufnium ]J.:ld.\. wiere used as u,1|[i|.gl_-
contacts in a four-probe configuration. The same current
wias passed through all the sensing elements whereas the
resulting voltage drop was measured across each element.

In this design, the magnetic field resoluton of the
sensor depends on the active spacing between the voltage
pads. Scanmng electron microscopy images are indicative
of the degree of perfection in the pattern definition (Fig.
I The 2D array of sensors is designed to detect magnetic
field variations near the surface of magneuc materials with
uncommon shapes, Since the shape of the GMR cuives
changes drastically upon changing the direction of the
.'|F:r|1|uul field relative o ihe :_|||I|.-p|.|||g'_ it is oplimal to
sense the in-plane field that gives a better conrast for the
feelcd l\.'hil]lFl."\-\. i the horzodatal p|_\|r|r S0, we decided 10
measure the relative difference between the GMR output
signal at zero field and its response over the magnetized
surface in order to construct a field map as a function of
the sensor position al a constant vertical distance from a
magmnet,

the right & detaill of the paness defiption afict the kft-ofl process is displaved
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4. Magnetic field mapping of a ring-magnet

The fransfer function, that deteriines the outpui—
stimulus signal relationship for the GMR sensor, 15 given
by the output voltage change with the applied field {stimu-
lus). Therefore, the sensor characteristics were defined by
the shape of the GMR curves. The observed repeatabality
of the GMR curves per sensing element (Fig. 2) indicates
the high vield factor of the patterming process. Fig. 2
{right) shows that the highest accuracy and linesrity occurs
between 40 and WX Oe. Accordingly, this was selected as
the full span range of the sensor. The hysteresis ermor, 1
this range, is taken into account by fiting a least-square
line that defines the calibration function of the sensor

For the magnetic field mapping measurements, the sen-
sor was mounied on a homzontal bar that was fixed on the
moving part of an X-¥ scanming stage. and an area of
100 10 cm’ was scanned over the sample with a constant
step of 0.25-1.25 mm along both the X- and ¥- directions,
The X-Y stage {(Parkers Motors) was equipped with two
independent stepping motors and was controlled by a
computer by means of an AT-6400 card. The currem
source (Keithley 2200 and the voltmeter {Hewlen Packard
35TA) were controlled with an [EEE-488 interface, The
test object in our experimenis was 4 sintered NdFeB
ring-magnet that was placed beneath the sensors at vertical
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Fig. 3. Magnenc feckd mapping of the rimg-magnel with 4 cm outer, 3 o=
wner dimeter, snd chickmess of | om. The magnel-lo-sensod distais Wi
4 mm ard the scannimg direction was along the v-anis The GMRB wensor
& withoul shaeldeng

distance L (3 < L < 35 mm). The scanning direction wis
alwavs along the F-axis,

A scan performed for [ =8 mm, without shielding,
shows (Fig. 3) an amificial internal ring. This ning is
observed because the GMR sensor cannot distinguish the
up and down magnetic field directions (the B versus H
dependence is an even function of the applied field) and
the magnetic field near the center of the nng is directed
downwards. To overcome this armifact and solate only the
in-plane field component a mu-metal shielding plste {~ 1
mm thick) was placed in front of the GME sensor. As a
result, the arnificial ring disappeared and the physical
dimensions of the magnet were recoversd. In Fig. 4 three
representative field maps for the distances L= 15, 25 and
15 mm are shown. At L= 15 mm the exact shape and
dimensions of the fing magnet were accurately reproduced
Om increasing L. we ohserve a significant truncation of the
magnetic field image, accompanied with an enhancement
of the dewected signal above two opposite arcs of the ring
that are located along the scanning direction

Finally, since the GMR sensor canmot distinguish
changes of the field sign, 1o evaluate the ermor that 1s
introduced from this inefficiency we have performed -
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multaneous scans of the field, having a non-shielded Hall
sensof atached next w the shielded GME sensor. Three
separate scans were performed with the Hall sensor posi-
tiomed sooas 1o measure each wme the 1 v amd 2 compo-
menl o the magnetic liekd. The three magnetic field com.
ponents were then sdded 10 give the overall magnetic field
shown i Fig, 5 Two mgor dilferences can be seen
beiween the two sensors: (1) The change in the field sign
{negative feld) that occurs near the center and at the edges
of the nng-magnet is sensed from the Hall-sensor but nol
from the GMR sensor. Instead, it causes a positive signal
i the place of negative field thereby making the image of
the magnet wider. Gid The output veliage s an millivolis

Fig. 4. Magnetic fieldl mappeng ol the nng-magnet as a funcison of the
magnet-iosemr distanie £ The sanming dirgenion was alng the
v-anis In frowl of the GMR sonsor we placed a mu-metal dhiclilng plete
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Fag. 5 Magnctic fichd mapping of the fing-magicl wiing & comieial
Hall-sensor withoul shigldmg. The scanning duection was alomg B
v-axis, The magnei-4i-sensr distance was & mm

Am¥ b for the Hall-sensor and i microvedts (u for the
GME-sensor.

5. Discussion amd conclusions

To the best of our knowledge, so far, the technological
effort his been focused exclusively on GMB materials
with high sensitivity in small saturation fields (less than
100 Dt because of their potential use n information
storage SysIEmS Qs Semsors of random aocess  Memsey
(MRAM) clements. Here, a first attempt 1o use GME
multilayers for magnetic field mapping of permanent mag-
nets is presented. A simple amray of 1% 4 GMR sensing
elements, with physical dimensions of 4 mm°, was suc-
cessfully combined with an X-V scannimng sysiem i
determing the exact shape of o permancnt magnet This
kind of GMR sensors can be useful for other spphcations,
such as magnetic resonance imaging (MRI) of electric
mators, where accurate magnetic field mappings of macro-
scopic areas are reguired. In that case, o centimeier sized
array of sensors should be prefermed instead of the X-V
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scanning system, For this purpose u large ares magnetic
field sensor array (LAMSA), using redundancy and defect
avoidance procedares with high yield, should be employed
1o create a working system [15],

In summary, using a simple magnetic sensor design we
have demonstrated that the developed microstructure [13]
in Co,/Cu GMR muoltilayers complies with the qualifying
fuctors needed for field-difference mapping in real lime.
The obtained results indicate that an sdequate electronic
destgn of the device might enable the application of the
specific Co/Cu multilayer [13,14] in commercial sensors.
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