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Recent studies have shown that the magnetic field sensitivity of an anisotropic
magnetoresistance (AMR) sensor using a single-layer NiggFey thin film can be
considerably improved by increasing the shape anisotropy of the film. In this
work, an effective approach for improving the sensitivity and reducing the
magnetic coercive field as well as the thermal noise contribution in an AMR
Wheatstone bridge sensor is proposed by combining multiple resistors in the
series—parallel combination circuits. Four different AMR sensor designs,
consisting of a single resistor, three and five resistors in series and six resis-
tors in series—parallel connection, were fabricated by using Ta (10 nm)/
NiggFeso (5 nm)/Ta (10 nm) films grown on thermally oxidized Si substrates
under the presence and the absence of a biasing magnetic field (900 Oe). The
results showed that the sensors based on series—parallel combination gain a
magnetic sensitivity (Sg) 1.72 times higher than that of the sensor based on
the series connection. This optimized sensor has improved the capacity of
detecting various concentrations of magnetic nanoparticles with a detection
limit of magnetic moments estimated to be about 0.56 pemu.

Key words: Anisotropic magnetoresistance, Wheatstone bridge, magnetic

sensor, magnetic nanoparticle detection

INTRODUCTION

High-performance Wheatstone bridge magnetic
sensors based on the anisotropic magnetoresistive
(AMR) effect have been developed with excellent
features, such as high sensitivity, reduction of
thermal noise and simple structure.'”” They have
been applied as sensors for detecting low-magnetic,
stray fields of magnetic nanoparticles.”>* Figure 1
shows a typical AMR sensor composed of four AMR
bridge arms (R, Rs, R3 and R,) of NiFe (permalloy)
film. In an applied magnetic field, the change of
angle between the magnetization and current flow
directions in the pair of resistors R; and Rj3 is
different than in R, and R4, which causes a different
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relative change in resistance (AR). For a given
voltage input (V;,), the sensor’s voltage response
AVt related to the resistance change in a balanced
bridge is simplified to:

r AR; ARy ARj AR4>
A‘fou = - - Vin 1
¢ (1+7r)? (Rl Ry, Rs Ry )
where r is defined by
1 Ri R4
_—= — = — 2
r Rs Rjs )

The sensor’s voltage response that can be improved
by increasing the relative resistance change AR/R in
R, and R3 and by decreasing that in Rs; and R4. In a
recent work, we have shown that the performance of
an AMR Wheatstone bridge sensor can be strongly
enhanced thanks to the induced wuniaxial
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anisotropy. This has been achieved by using a pair
of bar magnets to produce a substantially uniform
magnetic field aligned along the bridge arms R; and
R3 during the sputtering process. In addition, shape
magnetic anisotropy is enhanced by optimizing the
length, width and thickness of the NigoFego film.?
Due to shape anisotropy, the magnetic moments are
more preferably aligned along the pinned direction
in R, and Rj3 (parallel to the length) than in Rs and
R, (perpendicular to the length). When a magnetic
field is applied along the hard axis, the resistance
tends to increase in R; and R3 and decrease in Ry
and R, due to the magnetization reversal. As a
result, the sensor’s sensitivity was remarkably
increased as reported in Ref 2. For low-magnetic-
field sensing, the AMR sensor based on an uniaxial
single-layer NiFe thin film was used in our work
reported in Ref. ®, which considered the planar Hall
effect (PHE)-based sensor that uses the pinned
conventional NiFe/IrMn bilayer thin films. Indeed,
it has been reported that by using the Wheatstone
bridge design instead of a traditional cross-shaped
Hall geometry, the sensor output increases by a
factor of 100.° It was worth mentioning that the
sensor geometry was patterned with several resistor
bars (n) connected in series, but the connection
between the resistor bars was a magnetic material.

Magnetic
field
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A recent study by Doescher et al.” has shown that
the coercivity of the AMR sensor can be further
reduced by designing a Wheatstone bridge consist-
ing of a plurality of resistance elements such that
demagnetization fields build up in the surroundings
of the resistor elements. To increase the resistance
change contribution in the AMR sensor, and so to
increase sensitivity of the sensor, a higher number
of magnetic resistors were added in each branch of
the bridge design. However, this leads to the
increase in the total resistance of the bridge and
gives rise to Johnson noise resulting from the
random thermal motion of electrons™®

S;[V2Hz '] = 4ksTR (3)

where kg is Boltzmann’s constant, 7' is the temper-
ature and R is the bridge resistance. This also limits
the AMR bridge sensor from achieving an improved
signal-to-noise ratio.

In the present work, we show how the Johnson
contribution limitation of such an AMR sensor can
be overcome. We achieve this by using a non-
magnetic connecting material between resistor ele-
ments combined with optimal designs that consist of
multiple resistors in a series—parallel combination.
This design results in further enhancement of the
sensor signal output voltage as well as the reduction
of the coercive field. Thanks to their simple struc-
ture, design and cost-effective production, the cus-
tom-designed sensor is reliable for the detection of
magnetic nanoparticles at various concentrations,

which may find important applications in
nanomedicine.®*
EXPERIMENTAL

Different types of sensor structures were fabri-
cated by combining magnetron sputtering and
lithography techniques. The film deposition was
performed with a commercial magnetron sputter-
ing system (Model ATC 2000) using an NiFe target.
The magnetic anisotropy of NiFe layers with easy
axis anisotropy were formed by applying a mag-
netic field (denoted as Hyinnea) of approximately
900 Oe during the sputtering process. The thick-
ness of the NiFe is approximately 5 nm. To prevent

(a) S1
4.0x0.15mm

(b) S3

4.0x0.15mm

(c) S5

(d) SPé6

3.2x0.15mm 3.2x0.15mm

Fig. 2. Optical microscopy images of different fabricated AMR sensors: single resistor (a), three and five resistors connected in series (b, c) and

six resistors in series—parallel combination (d).
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oxidation, a 10-nm Ta layer is deposited on top of
the NiFe. Two photolithography steps were carried
out using lift-off and opening contact windows for a
thick Cu contact layer. Figure 2 shows an optical
microscopy image of the fabricated AMR sensor.
The four branches were arranged within a square
of 12 x 12 em? To improve the influence of junc-
tions between segments of multiple bars in the
AMR Wheatstone bridge, sensors using Cu (non-
magnetic) and NiFe (magnetic) junctions have
been fabricated with the same geometry. In this
design, one branch of the Wheatstone bridge
consisted of six parallel 1 mm x 10-mm bars con-
nected in series. The space between bars was kept
at 1 mm. For optimizing the Wheatstone bridge
design, four types of AMR sensors were fabricated
consisting of a single resistor (named S1, Fig. 2a),
three and five resistors connected in series (named
S3 and S5, Fig. 2b and c¢) and six resistors com-
bined in series—parallel (named SP6, Fig. 2d). The
width of all the elements was 0.15 mm and the
length was 4.0 mm for S1 (Fig. 2a) and S3 (Fig. 2-
b), and 3.2 mm for S5 (Fig. 2¢) and SP6 (Fig. 2d).
The length-to-width aspect ratios were 26.67 and
21.33, respectively. The center-to-center element
separation was fixed at 350 um. The sensors were
wire-bonded to a printed circuit board for magne-
toresistance (MR) characterization. The four-ter-
minal direct current (DC) measurements were
performed using the Keithley 6220 DC Precision
Current Source in which a current was applied to
two opposite corners of the bridge. The remaining
two contacts were used to measure the DC voltage,
Vout, response of the bridge as a function the
applied magnetic field (H,,p,) in the plane of the
film and perpendicular to the Hpinnea direction
using a Keithley 2400 multimeter. The MR effect
was measured at room temperature in a homoge-
nous magnetic field created by a pair of Helmholtz
coils (Lake Shore Model MH-2.5) with a range of
—30 to 30 Oe.

RESULTS AND DISCUSSION

Figure 3 shows the normalized magnetization
versus applied magnetic field in a 10 x 10-mm?
square and 5-nm thin film. The magnetic field was
applied in-plane, along the easy and hard axes. In
Fig. 3a, there is almost no difference in the
magnetic hysteresis loops for films sputtered in
the absence of a magnetic field (Hpinnea = 0 Oe),
which indicates that the NiFe film is in-plane
isotropic. When Hpinnea = 900 Oe (Fig. 3b), the
film exhibited strong uniaxial anisotropy. In this
case, the anisotropy field (Hy) was determined
from magnetization curves to be approximately 10
Oe. The uniaxial anisotropy energy density (K =
H\ M/ 2) was calculated to be 3.9 x 10* erg/cm?,
which is much h%gher than in bulk films
(1.44 x 10® erg/cm?®).

Figure 4a displays a schematic of a six-resistor
set up of NiFe bars connected in series by either Cu
or NiFe, which would act as an R; or R3 branch in a
Wheatstone bridge sensor. Figure 4b shows the
relative change in MR as a function of external
magnetic field applied along the hard axis in NiFe
bars with Cu and NiFe connections, respectively.
The results show that the MR ratio of 0.25% in the
sample with the Cu connector is 1.5 times higher
than that value of 0.167% in the sample with an
NiFe connector.

To verify this phenomenon, the Maxwell 2D
software (Ansys, Canonsburg, PA, USA) was uti-
lized for magnetic simulation using the finite ele-
ment method. Here, the measured magnetization B-
H curve of a 5-nm NiFe thin film was used to model
the magnetic flux density distributed on each
magnetic bar. The results shown in Fig. 5a and b
reveal that the magnetic flux distributes homoge-
neously in a wider region in a sample with a Cu
junction than an NiFe junction. For center bars, this
range in the sample with an NiFe junction was
estimated to be 1.3 times higher than that in the
sample with a Cu junction. This ratio agrees well
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Fig. 3. Hysteresis loops of NiFe film grown with (a) and without an (b) applied magnetic field of 900 Oe (Hpinneq) during the sputtering process.
The magnetic field was applied in-plane, along the easy axis (solid line) and hard axis (dashed line).
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Fig. 4. Schematic of NiFe bars connected in series with Cu and NiFe connections (a) and the relative magnetoresistance change versus applied
magnetic field (b).
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Fig. 5. Magnetic flux density distribution on the multi-bar sample with a non-magnetic (a) and a magnetic junction (b) and the extracted data
plotted at the center line along the length of different bars (c).
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Fig. 6. Magnetic field dependence of output voltage response at a current of 0.1 mA (a) and 0.2 mA (b). Coercive magnetic field and sensitivity,
dV/dH, (c) measured in AMR bridge sensors with one, three and five resistors connected in series (denoted as S1, S3 and S5, respectively).

with the relative decrease of the MR ratio shown in 5 SV,
Fig. 4b. The difference can be attributed to the B=u "(M +Hd)' (4)
demagnetization magnetic field (Hgy) contribution.

Without an external magnetic field, the total mag- The weakening magnetic flux at the two ends of
netic flux is given as follows: the NiFe bar in the case of the NiFe connection is
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Table I. The coercive field (H), resistance (R), output voltage (AV), magnetic field derivative of the voltage
(dV/dH) and the magnetic field sensitivity (Sy) measured at current of 0.1 mA on different sensors

Sensor H¢ (Oe) R (kQ)
S1 3.51 1.20
S3 2.14 3.64
S5 0.94 6.16
SP6 1.70 1.80

AV (mV) dV/dH (mV/Oe) Su (mV/V/Oe)
0.80 0.21 1.75
191 0.68 1.87
2.85 1.08 1.75
1.18 0.55 3.06
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Fig. 7. Magnetic field dependence of magnetoresistance (a) and sensitivity (b) measured in AMR bridge sensors of one and three (S1 and S3)

resistors in series and six resistors in combined series—parallel (SP6).
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Fig. 8. Schematic of magnetic nanoparticle detection using six resistors in the series—parallel combination sensor SP6 (a) and experimental
magnetic hysteresis loop of Fe;04-chitosan magnetic nanoparticles (b; see also Ref. 19). The inset of (b) shows the region of the small field

range.

due to the increase in Hy from the connections. As a
result, the potential energy of the demagnetization
field tends to weaken the magnetic order inside the
magnetic bar and thus reduces the MR ratio in
comparison with the Cu-connection sample. Addi-
tionally, the lower MR ratio could be attributed to
the magnetic connector contribution, in which mag-
netic moments tend to align along the supplied

current when magnetization reversal takes place.
These segments contribute an MR ratio opposite to
the magnetic bar in which the magnetic moments
tend to align perpendicular to the current (Fig. 4,
left).

To further strengthen the uniaxial magnetic
anisotropy of the NiFe film, 5-nm-thick, bar-shaped
permalloy strips with 150-ym width and 4-mm
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Fig. 9. Sensor output voltage response in the absence and the presence of different amounts of Fe304-chitosan MNPs (a) and dependence of

signal change on magnetization of the MNPs (b).

length were designed. By using these dimensions,
the in-plane aspect ratio of 26.67 should support in-
plane magnetic shape anisotropy directed along the
length of the bars.?'® However, since the volume of
the strip was very small (about 3 x 1072 cm?), the
maximum signal was approximately 2.3 uemu,
which is close to the resolution of the vibrating
sample magnetometer (VSM) used for the magneti-
zation measurement. The output voltage response
as well as magnetic sensitivity of the AMR Wheat-
stone bridge sensor is expected to be further
enhanced by increasing the number of resistor NiFe
strips connected in series in each bridge arm
(Fig. 2b and c). Such a design would increase the
AR/R contribution and thus the output voltage
response according to Eq. 1. Figure 6 displays the
voltage output response measured in sensors S1, S3
and S5 with one, three and five resistor strips
connected in series, respectively. The results show
that the maximum voltage signal indeed increases
from 0.8 mV for S1 to 1.91 mV for S3 and to
2.85 mV for S5 for a current of 0.1 mA (Fig. 6a).
These values are double when the current is
increased to 0.2 mA (Fig. 6b). As a result of the
increasing voltage signal, the magnetic field deriva-
tive dV/dH increases from 0.21 mV to 0.68 to
1.08 mV/Oe at a current of 0.1 mA corresponding
to the sensors with one, three and five resistor
strips, respectively (see also in Fig. 6¢ and Table I).
Also, the coercivity decreases from 3.51 Oe to 2.14
Oe and 0.94 Oe corresponding to sensor S1, S3 and
S5, respectively. Due to the high remanent magne-
tization of the NiFe film as shown in Fig. 3b, the
decrease of coercive field could be attributed to the
demagnetizing field contribution that builds up
from the surrounding NiFe resistor elements.'®
Although the increase of current supplied supports
further enhancement of the output voltage
response,” this also causes increase of the noise
background (inset Fig. 6b). This can be attributed to
a higher number of resistors and thus more Johnson

thermal noise caused by the increase of intrinsic
resistance, as measured and listed Table I. The
magnetic field sensitivity Sy is given by:

1dv 14dV
SH =V 90 ~iRdH ()

The calculated Sy values listed in Table I show
that there is almost no change in the sensitivity of
the sensor when increasing the number of resistors
in series. This further improves the limitation of the
AMR bridge sensor in the series connection
approach (Fig. 7).

To reduce the thermal noise effect as well as the
magnetic coercivity, and further enhance the AMR
ratio by reducing the intrinsic resistance of Wheat-
stone bridge, a sensor made of six resistors con-
nected in a series—parallel combination circuit (SP6)
was investigated (Fig. 2d). Indeed, the SP6 resis-
tance is about 1.8 kQ, which is 50% of the S3
resistance (3.6 kQ). The output voltage, the mag-
netic field derivative of the voltage, and the mag-
netic sensitivity are 1.5, 2.6 and 1.72 times higher
than those of the simplest sensor S1, respectively
(see Fig. 8 and Table I). In particular, a much lower
coercivity of about 1.7 Oe is found in sensor SP6 in
comparison with sensors S1 and S3, which once
again supports our hypothesis of the demagnetizing
field contribution. To improve the signal-to-noise
ratio (SNR) and ma%netic sensitivity for realizable
sensor applications’”'® such as biosensors, this
combined connected configuration would yield an
optimal design for an AMR Wheatstone bridge
sensor.

Detection of Magnetic Nanoparticles

For biosensor applications, the series—parallel
combination sensor SP6 was considered to be opti-
mal for the detection of magnetic nanoparticles
(MNPs). The sensor was packaged by making a
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plastic well directly on the surface of the sensor at a
sensing resistor arm (see in Fig. 8a). This aims to
exactly localize the MNPs only on the sensing area.
In this measurement, fluid suspensions of super-
paramagnetic Fe3zO4-chitosan MNPs (50 nm) with
various concentrations were dropped directly on the
well using a micropipette. The MNPs were magne-
tized perpendicularly to the sensor surface using a
magnetic field strength of about 100 Oe created by a
permanent magnet placed close to the sensor. From
the measured magnetization data shown in Fig. 8b,
the MNPs exhibit magnetization as small as 3 emu/
g at a magnetic field of 100 Oe.'® As described in our
previous section, this sensor is sensitive to the in-
plane component of the stray field generated from
MNPs, defined with orange lines in the inset of
Fig. 8a (upper left). The entire system was placed
between Helmholtz coils with a bias magnetic field
of about 1.7 Oe applied in-plane, perpendicular to
the pinned direction to maintain the highest sensor
sensitivity. In Fig. 9a, the output voltage with a
supplied current of 0.1 mA is plotted as different
amounts of MNP samples are added to the sensor
well facing the sensing area.” In the absence of
MNPs, the average background noise of the sensor
was estimated to be about 6 uV. In the presence of
samples, the response of the sensor increases,
reaching larger values as the amount of MNPs
increases. The sensor’s signal change is plotted in
Fig. 9a as a function of the magnetization of MNP
samples (Fig. 8b) and shows a perfect linear depen-
dence on the calculated magnetic moment of MNPs.
The detection limit is defined as the point where the
sensor’s signal change in the presence of MNPs
must be higher than the background noise. This
value extracted from Fig. 9b is not less than
0.56 pemu, which is several times more sensitive
than that reported recently for an AMR sensor in a
series connection,>?° and almost two orders of
magnitude lower than that of 18.7 uemu reported
by Volmer et al. in the permalloy-based PHE sensor
disks.?! This value is comparable with that of the
sensor based on the magnetoelectric effect.’® As a
way to compare different sensor sizes or MNP
amount, the detection limit of magnetic moment
per sensor area, estimated to be 194 x 10~ !° emuw/
ym?, may be used. This value is nearly 5 times
better than the calculated value of
920 x 107'% emu/um?® in giant magnetoresistive
(GMR) biosensors reported by Wang et al.?? and
comparable with that value of 72.5 x 10~ '® emuw/
pm? in the sensor reported by Lin et al.??

CONCLUSION

The output voltage response of the AMR Wheat-
stone bridge sensor was enhanced by increasing the
number of resistor NiFe strips connected in series in
each bridge arm as a result of the increase in intrinsic
resistance. The disadvantage of this connection is

that while the magnetic sensitivity of around 1.8 mV/
V/Oe remains almost unchanged, the Johnson ther-
mal noise contribution is increased when increasing
the number of strips. However, the magnetic coercive
field was remarkably reduced thanks to the presence
of demagnetization fields that built up in the sur-
roundings of resistor elements. Combining the reduc-
tion in magnetic coercive field, increase in magnetic
sensitivity and the lowering of Johnson thermal
noise, an improved SNR for realizable sensor appli-
cations, such as bio-sensors, has been achieved in the
series—parallel combination configuration. By using
this sensor, FesO4-chitosan MNPs with a diameter of
50 nm, the detection limit of magnetic moments was
estimated to be about 0.56 pemu in solution. Consid-
ering the high magnetic moment resolution com-
pared to the spin-valve-based GMR sensor, and very
simple construction and production process, this
sensor is effective in a wide range of low-cost biosens-
ing applications.
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