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ABSTRACT

Anisotropic magnetoresistance (AMR) sensors with a flexible substrate are

presented in this paper. The AMR sensors were fabricated on polyimide (PI)

material in a surface micromachining process, and the minimum linewidth of

the sensors was reduced to 3 lm by optimization of the process. An orthogonal-

arranged Wheatstone bridge structure was proposed to improve the voltage

output, and the AMR strips in series–parallel connection were designed to

improve the sensitivity. The AMR sensors with Wheatstone bridge show high

linearity, sensitivity, and voltage output performance by measurement. A

maximum Wheatstone bridge voltage output of about 0.07 mV was achieved for

0.5 V bias in the magnetic field of 100 Gs, and the sensitivity value of about 1.5

Gs-1 was obtained. Moreover, the AMR sensors had good robustness upon

mechanical bending, and a maximum bend radius of about 2.3 cm was

achieved. The research results demonstrated the feasibility of manufacturing

high-performance small-sized AMR sensors on flexible substrates and showed

great potential for magnetic field detection in non-planar applications.

1 Introduction

Flexible sensors are in great demand in various

applications, e.g., consumer electronics, entertain-

ment, automotive, industrial, and healthcare in recent

years [1]. Organic polymer materials as flexible sub-

strates have been widely used in flexible sensors due

to the characteristics of high consistency, ductility,

bendability, and lightweight [2]. Flexible sensors can

achieve conformal contact on human skin or curved

surfaces, thus making it possible for miniaturization

and integration [3]. Magnetic field sensors based on

the magnetoresistance (MR) effect have attracted

increasing massive attention over the last decades

and have made a significant contribution to a variety

of industrial fields, such as automobiles, aerospace

fields, and storage technology [4]. Candid Reig [5]

and his group focused on giant magnetoresistance

(GMR) sensors in electrical current sensing applica-

tions and reviewed the research progress of GMR

sensors. Linear magnetoresistance in Pt/FePt/ZnO/

Fe/Pt multilayer magnetic sensor which achieved a

large linear range from ? 5 kOe to - 5 kOe and MR

value of 1.2% was investigated by Liu [6]. The

properties of AMR sensors with the Wheatstone

bridge were studied by Demirci [7], and the
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sensitivity of 0.55 Oe-1 was got in the AMR sensor

research. Zheng [8] fabricated the organic spin valve

devices with multilayer magnetic materials utilizing

donor–acceptor conjugated polymer as the spacer,

and the polymer contributed a negative MR response

was observed. Flexible magnetic materials and sen-

sors have also been drawing increasing scientific

interest due to their prospective applications. Mean-

while, the fabrication of flexible magnetic sensors has

been possible based on numerous researches on rigid

magnetic sensors. The group of Jana [9] reviewed the

methods of fabricating flexible multiferroic films and

the properties of multiferroic thin films on flexible

substrates, and the great potential of flexible multi-

ferroic films in wearable devices was shown in their

review. Gaspar [10] reported magnetic tunnel junc-

tion (MTJ) sensing devices with magnetoresistance

responses on flexible substrates, whose performance

was fully in line with those from rigid substrates. A

flexible GMR device with a strain-sensitive ferro-

magnetic Co layer and a strain-insensitive NiFe layer

was fabricated [11]. A kind of printable sensor based

on AMR fakes of permalloy was investigated [12] by

Eduardo, and the AMR value of this sensor was

0.34% in the field of 400 mT.

Henriksen [13] and his group proposed that the

sensitivity of planar Hall effect bridge (PHEB) sen-

sors can be enhanced in proportion to the effective

AMR branch length Leff , which is expressed as

Leff ¼ ðn� lÞ=w ð1Þ

where n is the number of AMR strips, w is the width

of the strips, and l is the length of the strips.

Increasing the Leff of AMR sensor bridges is a way to

improve the sensitivity of the AMR sensor. However,

the resistance increases as the effective length

increases, resulting in thermal noise [14, 15]. The

surface roughness of the substrate also has an impact

on the microstructure of the material due to existing

internal thermal stress and inherent stress caused by

crystal defects [16]. To achieve the same performance

as the silicon-based sensor, the sensor with a flexible

substrate needs to be optimized.

In this work, a series of flexible AMR sensors were

designed and fabricated with ferromagnetic by

micromachining, whose AMR effect has been char-

acterized. Flexible organic materials with good

smoothness and AMR material with good magnetic

performance were used to improve the AMR effect of

the ferromagnetic film on the flexible substrate.

Series–parallel AMR strips maintaining the large Leff
were proposed to reduce thermal noise and improve

the sensitivity of the AMR sensor. Meanwhile, an

orthogonal-arranged bridge structure, which is dif-

ferent from the sensor structures proposed by

Demirci [7] and Wang [17], was designed to achieve a

high voltage output and a wide linear range. The

sensors with the minimum line width of 3 lm were

achieved by optimizing the micromachining process.

Compared to Eduardo [12] and Wang [17], the min-

imum line width of AMR sensors fabricated on flex-

ible substrates was reduced by more than 5 times.

The sensors were tested, and the performance of the

small-size sensors was similar to that of the large-size

sensors.

2 Theory and design

Magnetic field sensors based on the AMR effect were

developed to achieve high linearity and sensitivity in

this paper. Permalloy (Ni80Fe20) with the AMR effect

[18, 19] was chosen to be the function material of the

magnetic field sensors. The AMR effect, that the

longitudinal resistivity of a ferromagnetic metal

depends on the orientation of its magnetization con-

cerning the applied electric field direction, was dis-

covered by William Thomson in 1857 [20]. When the

current density is parallel to the magnetization,

magnetic resistance has a value of Rk, and R? for the

perpendicular case. The AMR ratio [21] is expressed

as

AMR ¼ ðRk � R?Þ=R? ð2Þ

As shown in Fig. 1, four AMR sensors with

Wheatstone bridge in different combinations were

proposed to improve the performance. The adjacent

bridges were parallel-arranged shown in Fig. 1a, b,

and those were orthogonal-arranged shown in

Fig. 1c, d. The use of the Wheatstone bridge structure

was aimed at offsetting the thermal noise, and

orthogonal arrangement played a significant role in

improving voltage output performance. The orthog-

onal-arranged sensor has better voltage output than

the parallel-arranged one at the same voltage bias

theoretically, since the orthogonal-arranged one has a

larger AMR difference between adjacent bridges.

Meanwhile, the AMR strips in series–parallel con-

nection in Fig. 1c, d were applied to reduce the

thermal noise caused by resistance increase,
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compared with the series strips in Fig. 1a, b. The

geometry of every AMR strip with w = 5 lm,

l = 100 lm, and n = 9 was designed, and adjacent

strips had a distance of 5 lm. With the same Leff , the

equivalent resistance of the series–parallel structure

is only 1/9 of that of the series structure. Barber pole

electrodes at 45� or 135� to the magnetic axis were

used to make the voltage output of the AMR sensor

change linearly with the external magnetic field. As

shown in Fig. 1b, the current I0 is 45� or 135� to the

magnetic domain M0 when the AMR strip is covered

with barber poles. Barber poles had a width of 3 lm,

and the distance between two barber poles was

3.5 lm.

Most flexible substrates with low surface flatness

have a certain loss on the AMR effect of ferromag-

netic film compared with silicon substrates [16].

Therefore, PI which has the advantages of a large

thermal expansion coefficient, good chemical resis-

tance, and high insulation was used as a flexible

substrate to reduce the influence of surface roughness

on the AMR effect. In addition, tantalum (Ta) was

deposited onto the PI surface as a buffer layer to

reduce surface roughness and surface stress of Ni80-
Fe20 film.

3 Fabrication process and experiment

The AMR sensors with a Wheatstone bridge were

prepared by using magnetron-sputter and

microlithography deposition techniques. The sub-

strate� (Wuxi Alflex Optoelectronic Tech Compa-

nies., LTD), a glass coated with PI, was cut into 7 9 7

cm2 squares to be compatible with the standard

micromachining process. Then, the substrate was

sequentially cleaned with an ultrasound-assisted

procedure in acetone, alcohol, and deionized water.

The process flow is shown schematically in Fig. 2.

In step (a), thin films of Ta (5 nm) and Ni80Fe20
(60 nm) layers were grown on PI substrate by ion

beam sputtering. Ta film served as the buffer layer,

and Ni80Fe20 film was the functional layer. The

deposition rate of Ta was 3.82 nm/min, and the rate

of Ni80Fe20 was 6.73 nm/min. The base pressure was

5 9 10-4 Pa. The Ar sputter pressure was 0.4 Pa. In

steps (b) and (c), the patterning of AMR strip struc-

tures was realized on Ta/Ni80Fe20 films by pho-

tolithography and ion beam etching in turn. To avoid

the curl of PI foil caused by high temperature, posi-

tive adhesive and dark field masks were used in all

lithography processes. Barber poles and pads were

deposited on the MR strips by a lift-off process. In

step (d), the substrate was spin-coated with pho-

toresist as a sacrificial layer and patterned by

Fig. 1 The AMR sensors in

Wheatstone bridge structure.

a The parallel-arranged bridge

structure with the strips in a

series connection. b The

parallel-arranged bridge

structure with the strips in a

series–parallel connection.

c The orthogonal-arranged

bridge structure with the strips

in a series connection. d The

orthogonal-arranged bridge

structure with the strips in a

series–parallel connection
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photolithography. In step (e), Ti (10 nm) and Au

(80 nm) films were grown on a patterned substrate by

the thermal evaporator. In step (f), the photoresist

was dissolved in an acetone bath. Finally, the PI layer

was separated from the glass substrate. The flexible

AMR sensor separated from the glass plate is shown

in Fig. 3. The high-res images of the AMR sensors

captured by a scanning electron microscope (SEM)

are shown in Fig. 4. The Ni80Fe20 film had good

adhesion on the PI surface and surface smoothness

due to the Ta buffer layer.

A Helmholtz coil driven by a typical current served

as a magnetic field source. A bare AMR strip was

used to characterize the AMR effect of Ni80Fe20 film

fabricated on the PI substrate. The AMR ratio of the

bare strip was measured using typical four points

probe resistivity with the magnetic field intensity of -

100 Gs to 100 Gs.

As shown in Fig. 5a, Rk and R? tend to be saturated

under a magnetic field of 85 Gs, and the AMR ratio

reaches the maximum value of 0.52%. The AMR ratio

on PI substrate is reduced by about 0.65% compared

to the one of 1.17% on silicon substrate measured by

Wang [17]. The decrease in the AMR ratio is due to

the larger surface roughness of PI film. As shown in

Fig. 5a, the magnetic resistance has good linearity in

the range of - 30 Gs and 30 Gs. Apart from the AMR

ratio measurements, the sensitivity [22] of the bare

strip was calculated, which was expressed as

S ¼ dRðHextÞ=dHext

RðHextÞ
ð3Þ

where Hext is the magnetic field intensity, RðHextÞ is
the resistance value of AMR under Hext. Figure 5b

represents that the sensitivity of the AMR bare strip

was 1.2 Gs-1.

Barber poles were added to the flexible AMR sen-

sors, and four AMR strips of the sample in Fig. 4a

were tested. As shown in Fig. 6, these strips, respec-

tively, have an AMR ratio of about 0.42%, 0.35%,

0.27%, and 0.4% for the AMR ratio of the strips. The

AMR ratio deviation is generated due to the barber

poles, compared to 0.52% of the bare strip. Besides,

the strips with 45� barber poles have a higher AMR

ratio than the ones with 135� barber poles due to

opposite transverse current components. The differ-

ence was utilized to increase the AMR ratio by using

a Wheatstone bridge structure.

A typical voltage source was used to supply 0.5 V

voltage to drive the Wheatstone bridge. The voltage

outputs of the AMR sensors in Fig. 4 were measured

under the magnetic field between - 100 Gs and 100

Gs with a digital multimeter. As shown in Fig. 7a, the

voltage output of sensor A has a linear variation

between - 30 Gs and 30 Gs, and a linear range for

sensor B from - 20 Gs to 20 Gs has been observed.

Both sensor A and B have great linearity, while the

linear range of sensor A is wider than that of sensor

B. The voltage outputs for sensors A and B are about

0.03 mV near the magnetic field of 30 Gs and 20 Gs,

respectively. The voltage outputs in Fig. 7b, which

Fig. 2 Manufacturing process

of flexible AMR sensors.

a Magnetron sputtering of Ta

and Ni80Fe20. b First

lithography. c Dry etching.

d Second lithography.

e Evaporation of Ti and Au.

f dissolution of photoresist

Fig. 3 The flexible AMR sensor separated from the glass

substrate
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are 0.05 mV for sensor C and 0.08 mV for sensor D,

are increased by a factor of about 2–3 compared to

sensors A and B. By comparison of Fig. 7a, b, sensor

C and D also have high linearity before the magnetic

resistance tends to saturation and have wider linear

range than sensor A and B. Depicted in Fig. 7c, d,

four sensors, respectively, have the sensitivity of

about 1.3, 1.5, 0.91 and 0.92 Gs-1, and the results are

better than 0.6 Gs-1 got by E. Demirci [7]. Sensors B

and D in series–parallel connections have better

sensitivity than sensors A and C. The sensitivity was

improved by the reduction of the resistance in the

Wheatstone bridge. Sensors B and D have smaller

equivalent resistance than sensors A and C, although

they have the same number of strips. Hence, sensors

B and D are more sensitive to the magnetic field than

Fig. 4 High-res SEM images of flexible AMR sensors. a Sensor

A: Parallel-arranged AMR sensor with series strips. b Enlarged

AMR strips in series connection with barber poles. c Sensor B:

Parallel-arranged AMR sensor with series–parallel strips. d Sensor

C: Orthogonal-arranged sensors with series strips. e Enlarged

AMR strips in series–parallel connection with barber poles.

f Sensor D: Orthogonal-arranged sensors with series–parallel strips

Fig. 5 The characterization of

AMR effect. a The AMR ratio

of the bare AMR strip. b The

sensitivity of the bare AMR

strip

Fig. 6 The AMR ratio of the four AMR strips in the Wheatstone

bridge
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sensors A and C under the same magnetic field.

Besides, the design that adjacent bridges were

orthogonal-arranged in a Wheatstone bridge, such as

sensors C and D, significantly improved the voltage

output and linearity of the flexible AMR sensor.

Meanwhile, it can be observed that sensors A and B

with parallel-arranged bridges have better sensitivity.

The performance of the AMR sensors with differ-

ent bending curvatures is an important indicator of a

flexible magnetic field sensor. The AMR sensor was

attached to the surface of cylinders with different

bending curvatures, and the resistance value of four

bridges was measured with an ohmmeter. As shown

in Fig. 8a, the resistance value change of the four

AMR strips in sensor A under different bending

curvatures. In addition, the bigger the bending angle

of the sensor, the bigger the resistance value of the

strip. Then, the voltage output of the sensor was

measured in different bent states as shown in Fig. 8b.

With the increase of bending curvature, the voltage

output of the sensor becomes smaller and smaller,

and the performance decreases gradually. In a bent

state, there was a performance loss or even an invalid

for the flexible AMR sensors caused by the internal

stress generated by the deformation of Ni80Fe20 film.

4 Conclusion

In summary, the flexible AMR sensors with good

linearity or sensitivity have been manufactured on

the PI substrate. By optimizing the micromachining

process, small-size sensors which had a minimum

line width of about 3 lm on the PI film were

achieved. The AMR ratio on PI substrate of about

0.52% was measured. The performance of the AMR

sensor was improved in this paper by optimization of

the structure. The sensitivity was improved by using

the arrangement of AMR strips in a series–parallel

connection to reduce the resistance, and the sensi-

tivity of sensor B was raised to 1.5 Gs-1. The use of

barber poles achieved a self-bias in the Wheatstone

bridge AMR sensor to generate linear voltage output.

The AMR sensor in an orthogonal-arranged structure

had high linearity and better voltage output perfor-

mance. A wide linear range from - 35 Gs to 35 Gs

was measured in sensor C. And the voltage output of

sensor D, which was approximately 0.08 mV, was

increased by a factor of 2.7 compared to sensor B

under 0.5 V voltage driving. Power consumption was

decreased when getting the same output perfor-

mance. The maximum bend radius of about 2.3 cm

Fig. 7 The voltage output of

the AMR sensor with magnetic

field intensity. a The voltage

output of sensor A and B.

b The voltage output of sensor

C and D. c The sensitivity of

sensor A and B. d The

sensitivity of sensor C and D
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was achieved, and the maximum output voltage was

approximately half of the flat state.
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