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Abstract

Anisotropic magnetoresistive (AMR) sensors have been useful since a long time for
specific industrial applications. Their field detection sensitivity can be improved using
magnetic flux concentrators to amplify the magnetic field strength sensed at the sensor.
We demonstrate the design and fabrication of a micrometer-size meander AMR bridge
sensor with an effective AMR branch length of 150. This sensor geometry exhibits a
magnetic sensitivity as high as 1.25 mV/Oe (or 0.45 mV/V/Oe), which is an enhancement
by a factor of about 300 compared to that of the corresponding simple AMR thin films.

This opens anew challenge in the design and application of geomagnetic devices.

Keywords: Magnetic sensor, Anisotropic Magnetoresistance, Wheatstone bridge sensor,
Geomagnetic devices, Permalloy.
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Anisotropic magnetoresistive (AMR) sensors havenbaseful since a long time for

specific industrial applications. Their field deiea sensitivity can be improved using

magnetic flux concentrators to amplify the magnéetd strength sensed at the sensor.
We demonstrate the design and fabrication of aameter-size meander AMR bridge
sensor with an effective AMR branch length of 13Bis sensor geometry exhibits a
magnetic sensitivity as high as 1.25 mV/Oe (or 0MBV/Oe), which is an enhancement
by a factor of about 300 compared to that of theesponding simple AMR thin films.

This opens a new challenge in the design and ajgit of geomagnetic devices.
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1. Introduction

Although the development of diverse spintronicseloasensors has been intensively
studied in the last three decades, the anisotropgnetoresistive (AMR) sensors are still
found useful for many specific industrial applicats [1]. AMR sensors were primarily
used as the reading heads in magnetic hard digkrdriThanks to their simple design,
low cost, robustness and temperature stabilityseéhsensors were developed for
applications in the automotive and consumer elaatso E.g. for current or spatial
position, speed and orientation angle as well asmggnetic field sensing) or in

bioengineeringd.g. for biomolecular detection or magnetic bead malaijmn) etc.

Single-layer Ni-Fe films with the stoichiometric maposition exhibit not only
superior soft magnetic properties but also therotlable uniaxial magnetic anisotropy.
Besides the material-nature magnetocrystalline, ne@glastic anisotropies and the
deposition-induced magnetic anisotropy effects, shape anisotropy seems to be a
simple geometrical parameter, which can be appbecreate a single magnetic domain
and a homogeneous internal magnetization orientedgathe easy axis. By this
approach, it was thought to be able to concentheteesidual magnetic flux density and
thus, to well enhance the low magnetic field susbéipy in Metglas/PZT based sensors
[2,3]. The stability, of the magnetic sensor outpataddition, must be ensured over a
large range of temperatures and, in general, theakito noise ¥N) ratio must be
suppressed. These requirements are usually sabiskaenet thanks to the integration of

the sensors in the Wheatstone bridge configuratidnch can provide a null-voltage



output in the absence of an external stimulatieldfiwhile ensuring the same full output
voltage of a single device [4-9, 11-13]. In orderget a higher voltage output, Wang et
al. [14] purposed a Wheatstone bridge with barlode gtructure. Practically, a classical
Wheatstone bridge was designed based on typic&00°AMR magnetoresistors (see
Fig. 1(a)) [4-7]. This bridge sensor exhibits assewvity as large as 2.15 mV/Oe (or 1.80
mV/V/Oe) corresponding to a magnetic detectiontlibgtter than 1® emu and hence is
suitable for the detection of the superparamagniticd of 50 nm-FgO,-chitosan

[5]. This makes the AMR bridge sensor fairly suiéator use as a biomedical detector.

Attempting to improve the field detection senstiviusing magnetic flux
concentrators to amplify the magnetic field strénfgit at the sensor, Henriksenal. [8]
and Persson [9] have developed meander planareHatit bridge (PHEB) sensors with
varying length ), width @) and numberr() of AMR segments connecting in series in
each branch (see Fig. 1(b)). They found that thesmesensitivity is proportionally
enhanced with the effective AMR branch length(= (nxI)/w) (hereafter simply referred
to as effective length) and showed that it is gdesio enhance the sensor output by a
factor of 100 compared to that of cross shapedossemsade of the same magnetic stack
[8-9]. In this geometry, however, the longer thethe higher the total bridge resistance
(R). Consequently, a Johnson (thermal, white, oruisty| noise & ~ TR), which occurs
in all magnetoresistors due to the random thermatian of electrons, will rise at the

temperaturd [10].



To improve the sensor performance, not only theotiffe length and the equivalent
resistance of the bridge but also the gap-distdmeteeen the AMR resistor segments
must be optimized. Recently, we have developedrakeenfigurations of millimeter-
size meander AMR bridge sensors for detecting ntagnanoparticles [13]. There, the
AMR resistors were connected not only in serie$,absn in series-parallel combination
configurations (see.g. Fig. 1(c)). In this article, a micrometer-size meer AMR bridge
sensor with an effective length of 150 was designatdifabricated. The sensitivity of this
sensor geometry has been enhanced by a factoroot 800 compared to that of the
corresponding simple AMR sensors. The sensor éshiéhigh potential application to

sense the geomagnetic field direction.

Fe

Fig. 1. Layout of the magnetic sensor geometry in thesatad/heatstone bridge: (a)
single-magnetoresistor, (b) multi-magnetoresisioeries connection and (c) multi-

magnetoresistors in combined series-parallel cdrorec



2. Experimental

Micrometer-size meander AMR bridge sensors weregidated by combining the
magnetron sputteringModel ATC 2000-F) and lithography N1JB4, Suss MicroTech)
techniques. Thin Ni geg» films with the thickness ranging between 5 anch@bwere
deposited on thermally oxidized Si-wafers. A 5 rnick Ta layer was used both as
buffer and capping one. The films were grown irirasitu pinning magnetic field dfi,,
= 900 Oe to establish the direction of the easg-axiisotropy under a vacuum based
pressure of 2.0x10Torr and the Ar sputtering gas pressure of 2.2xI6rr. The film
crystal structure was characterized by mean oXtiay diffraction (XDR) using a D8
Discover (Bruker AXS GmbH). Images of the sensarfigurations were recorded by the
(optical) polarisation microscope (AX10 Scope AlrlZeiss) and the scanning electron

microscopy (SEM) namely the Nova NanoSEM 450 system

Magnetic properties were investigated using theeL8kore 7400 System vibration
sample magnetometer (VSM). The room temperatuistaese and magnetoresistance of
both as-deposited films and sensor structures weasured using dc four-terminal
Keithley instrument arrangement. In the case of 4besor characterization, the input
voltage Vi, from the Keithley 622@ic Precision Current Source was applied to the two
opposite corners of the bridge and the voltageoresgV/,,; of the bridge was measured at
the remaining two contacts as a function of the me#ig field applied in the film plane

and perpendicular to thd,;, direction using a Keithley 2400 Multimeter. Sanspleere



tested in a homogeneous magnetic field up to 3@r@ated by a pair of Helmholtz coils

of the type Lake Shore Model MH-2.5.
3. Results and discussion
3.1. Sensor design

The design of an efficient magnetic configurationthe sensor was elaborated using
the finite element method with supports of the Makw2D software (Ansys,
Canonsburg, PA, USA). In this case, the magnatic dlensity is an important parameter
to investigate. Here, the measured magnetizaBeod)(curve of a 5 nm-thick NiFe film
was used to model the magnetic flux density distidm on each magnetoresistor
segment. In this approach, the effective residuagmetic induction (residual flux
density) B (i.e. the magnetic induction after removing the applnedgnetic field) is

given by
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3.1.1. Magnetic flux density in the single separated magnetoresistor segment

The magnetic flux concentration is defined by timaxial magnetic anisotropy. For
real systems and objects, it could effectively ppliad via the working point, which is
related to the demagnetizing factor. As already tmead, the enhancement of the
magnetic flux density can be realized by increadimg effective length of magnetic

samples (and/or objects). However, the concretetmureis still open in detail for the

length range, at which the efficiency can be redchi® solve this problem, here the



magnetic flux concentration was simulated as a tfanc of the width of the
magnetoresistive NiFe bars in the dimension vamatf| x w x t (= 250 pm xw x 5
nm). The results are demonstrated in Fig. 2(a)samdmarized in Fig. 2(b, c). It is clearly
seen that, for narrow barsg. for samples with the dimensions of 250 um x 10
nm, the magnetic flux density almost reaches teerttical value of the NiFe saturation
magnetization (around 1 T) and distributes homogesly along the sample length. For
wide barsge.g. for the sample with the dimension of 250 um x B0 ¥ 5 nm, however,
the magnetic flux density is strongly reduced fritv@ NiFe saturation magnetization and
its inhomogeneity is decreased along the samptgheiMoreover, the results reported in
Fig. 2(b,c) also propose a critical rangdef> 10 for the effective length of the magnetic
bars, at which the residual flux densiBy; , approaches almost 95% of its saturation

value.

B[teslal Length >

250 um
©.95000 _ _
' 0.91071
| 0.87143

0.83214

A
A

0.79286 Width
0.75357 50 um
0.71429
L oerse
.63571
0.59643
0.55714

0.51786 D

0.47857

(a)

ﬂ Width
10 um

c -
( ) o,o-O’o__o_—.o.——o i

T T T

05 L 1 1 1 1 1 L 1 L 1

10 15 20 25
Length/width

o
o

T
50
Coordinate, x (um)



Fig. 2. The modeling results obtained for the 280-length NiFe element with variable
widths: the magnetic flux density distribution (#)e magnetic flux density data plotted
along the length (b) and the effective residual meig flux density versus length/width

ratio (c).
3.1.2. Magnetic flux density in the meander magnetoresitors

In meander magnetic systems, the magnetic fluxityeims each magnetoresistive
segment is defined not only by its shape, but bBlsahe stray magnetic fields created
from the neighboring components. Let's considereamnder system consisting of three
single magnetoresistive NiFe bars as illustratedriopp 3. By considering the results
obtained for the magnetic bars in separated andic@u configurations the followings
are noted. Firstly, in the meander system, thelvesimagnetic flux density in the wide
bars is strongly reduced in comparison to the epoading single separated
magnetoresistors (see Fig. 3(a,b)). In this casghest magnetic flux densityreaches only
a value of about 0.71 T at the center of theps®<250 um segment. Secondly, the
magnetic flux density in the central bare.(bar 2) is somewhat lower with respect to the
bar at the edge sidesd. bar 1). Thirdly, these differences are enlargetth@narrow gap
distances between the magnetoresistors, in patictdr the wide segments (Fig. 4).
Indeed, due to the demagnetizing field contribytiBg; is also decreased with the
increasing number of the magnetoresistors placedecto each other and with the
decreasing space between them. The modeling reshubtw that the overall effective

residual magnetic flux density reduces of about 1&¥#d 28% when the gap-distance



decreases from 50m to 20um and 10um, respectively, for the magnetoresistors of 50
pm x 250um in size, whereas, the corresponding values ®mthgnetoresistors of 10

pm x 250um insize are only about 5% and 7%.
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Fig. 3. Magnetic flux distribution and magnetic flux detysilata plotted along the center
length in meander magnetoresistors in the geometicdiguration consisting of three
NiFe bars with dimensions of 50x2ffn? (a,b) and 10x250m? (c,d) placed at gap-

distance of 1Qum.
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Fig. 4. The effective residual magnetic flux density verggap-distance in meander
magnetoresistors in the geometrical configurationsesting of 3 NiFe segments with

dimensions of 50x250m? and 10x25Qumn.

3.1.3. Bridge resistance

As already mentioned, the longer the effective flengf the magnetoresistors the
higher resistance and thus, the higher Johnsore rasises. In addition, for miniaturing
the Wheatstone bridge area a good arrangementeotdasistor networks is desired.
According to the simulation results, we can keep AMR magnetoresistor with a high
lets Value. In such case, the effect of the gap-digtdoetween the magnetoresistors can be
reduced. However, in order to reduce the totaldgaidesistance and saving the sensor
size, a combination of resistors in series-paratehnection is usually applied.
Practically, all these factors will be applied tbe realization of the real meander AMR

bridge sensor, which will be presented below insgghion 3.2.2.

3.2. Real meander AMR bridge sensor



3.2.1. AMR materials characterization

Materials characterizations were undertaken oneg®sited 10x10 mfrsquare NiFe
films with different thicknesses of 5, 10, 15 and @m. The XDR patterns of these
samples are presented in Fig. 5 which indicatefahmation of nanocrystallites in the
films with thickness higher than 10 nm. By using cherrer method the grain size was

estimated of about 10 nm. Similar results were ntejplan [15].
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Fig. 5. X-ray diffraction patterns of NiFe films with défent thickness.

A well-established in-plane uniaxial anisotropygmfirmed as illustrated in Fig. 6 by
the magnetization loops measured in magnetic figpgdied in-plane, both aligned along
(EA) and perpendicular (HA) the pinned axis for them-thick NiFe film. This behavior
was also reported by [14]. This also suggestsfilmsto be suitable for magnetic flux

concentrator applications.
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Fig. 6. Magnetization loops measured in magnetic fielgdiag in-plane, both aligned
along (EA) and perpendicular (HA) the pinned awisthe NiFe sample of thickness of 5

nm.

Results of the magnetoresistance measurementselsale the uniaxial magnetic
anisotropy indicated from the magnetic measuremémtieed, the voltage response and
the AMR ratio measured along the pinning direci®rather week. It is of about 25% of
the AMR value measured in perpendicular directiéig.(7(a,b)). Unfortunately, among
these films, the highest ratio of 0.23% was foumdtifie 5 nm-thick NiFe film only (see
Fig. 7(b)). In this case, the corresponding maximalnetic field sensitivity @WdH of
0.45x10* mV/Oe could be derived using an applied current ahA (Fig. 7(c)). This
thinnest film of 5 nm, hence, will be used in te@alrAMR bridge sensors as presented

further below.
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Fig. 7. The voltage response (a), anisotropic magnetdaesisSAMR (b) and magnetic
sensitivity of the voltage respons&/dH (c) measured in magnetic fields applied in-
plane, both aligned along (EA) and perpendiculak)(the pinned axis for the 5 nm-thick

NiFe film.
3.2.2. Meander AMR bridge sensor

Following the simulation results, a meander AMRdbe sensor consisting of 18-
magnetoresistors (with the sizelsfvxt = 250um x10pum x5 nm) connected in series-
parallel combinations was fabricated. This georoatrconfiguration corresponds to the
sensor with the effective lengtly = 150. The four branches are arranged within argqu
of 2.5x2.5 cm. All junctions were deposited using Cu. The optarad scanning electron
microscopic images of the as-fabricated sensoslawe/n in Fig. 8(a,b) and its equivalent
resistance schema is illustrated in Fig. 8(c). Tbep-distance between the
magnetoresistance segmerits. (segments parallely connected) was kept at 10 pdn an
the gap-distance between the parallelly connectadnetoresistance blocks.g( the

segment blocks serially connected) was of 20 une ifitrinsic resistance measured in



each branch yielded a value of 2.8.kAs already predicted and pointed out from the

simulation approach, this sensor configuration vedloan optimal magnetic flux

concentration.

Fig. 8. Optical microscope (a) and Scanning electron rsope (b) images and the

equivalent resistance schema (c) of the meander ANtlge sensor under investigation.

Shown in Fig. 9 is the response signal of the meaAdR bridge sensor upon the
external magnetic fields applied perpendiculathi® pinning direction at the current of 5
mA. Clearly, the maximal voltage response and thgmstic sensitivity reach the values
of about 49.7 mV and 7.36 mV/Oe ldt= 9 Oe. Normalized to the applied measuring
current of 1 mA, these values are reduced to 9.94 and 1.27 mV/Oe (or 0.45
mV/V/Oe) for AV and d//dH, respectively. In comparison with the sensitivigported
for the millimeter-size meander AMR bridge sensors [13is tmicrometer-size bridge
sensor exhibits only the advantage in the totalgariresistance. However, it would be
more useful to compare its performance with sengbsmilar micrometer-size. In this
case, as regard to the low field sensitivity of50mdV/Oe reported for the meander PHE
bridge sensor of the similar effective lengtly & 140) [8], the present meander AMR

bridge sensor is almost 3 times more sensitivgalticular, it is here worthy to note that



there is the possibility to enhance the sensoriteatys by a factor of 300 when
considering the above mentioned magnetic sengitbfithe as-deposited AMR material.
Moreover, this AMR bridge sensor exhibits also #dresensitivity with respect to that of
0.11 mV/V/Oe [11] 0.23 mV/V/Oe [12] obtained forispalve-based magnetoresistance

bridge sensors.
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Fig. 9. Magnetic field response of the sensor sigia(a) and magnetic susceptibility

dVv/dH (b) for the meander AMR Wheatstone bridge sensasured at current of 5 mA.

3.2.3. Geomagnetic devices

For practical applications for the local orientatiand positioning in the human lives,
the strength as well as the direction of the ténedsmagnetic fields are sensed and
measured by geomagnetic devices. Geomagnetic gedswices must be particularly
sensitive to be utilizable for the determinatiorthad spatial azimuth and pitch angles. For
the purposes of developing such devices, diffeteat dimensional (2-D) and three-

dimensional (3-D) magnetic sensors were proposednfagnetoelectic Metglas/PZT



based sensors [2,3] The one dimensional (1-D) gardtion in this investigation,

however, can demonstrate a test approach for iegafie actual sensor sensitivity.

For the orientation angle dependence test of theasethe meander AMR bridge
sensor is always integrated to a Helmholtz coildachoring on a fixed working bias
field of 9 Oe. The terrestrial magnetic field stym (Hea) in the horizontal plane was
sensed by fully rotating the sensor system in thrézbntal plane about the vertical axis
while the response signale. the output voltage of the sensor was recordechén t
measurement system. The experimental results asempied in Fig. 10. It is clearly to see
that the recorded signal is well fitted with therhanic cosine function of the rotatign
angle betweerH,,;s and Hean, The (azimuth) angle sensitivity of the sensor ten
determined from the highest slope of this cosineveuand a value as high as 36
uV/degree has been derived. This result suggesexesilent possibility to use this 1-D
meander AMR bridge sensor to develope a 2-D serwmdiguration which can serve as

an electronic compass towards spatial navigation.
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Fig. 10. Experimental setup (a) and the response signalf ifle meander AMR bridge

sensor as a function of the azimuth angle in threg&ial magnetic field.
4. Conclusion

We have successfully designed and fabricated aomieter-size meander AMR bridge
sensor consisting of 18 segments of 5 nm-thick Niffegnetoresistors intergrated in
series-parallel connecting networks with an effectiength of 150. This sensor
configuration can improve the magnetic flux concatndn to amplify the magnetic field

strength felt at the sensor and thus significaptihance the field detection sensitivity.
This sensor geometrical configuration exhibits agnaic sensitivity as high as 1.25
mV/Oe (or 0,45 mV/V/Oe) and an enhancement of #mesisivity by a factor of about

300 compared to corresponding simple AMR sensorgh Ven orientation angle

sensitivity as high as 3@V/degree, this sensor is highly potential for aqguiion in

geomagnetic devices.
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