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This paper presents a new framework for integrating a planar three-dimensional (3D) magnetometer, featur-

ing high accuracy and reduced size. Sensing elements in this design are magnetoresistance (GMR) sensors,

which generally exhibit good in-plane sensitivity but limiting performance when working out-of-plane. There-

fore, to improve the out-of-plane sensing ability of the GMR sensors, we design a flux guide (FG) to redirect the

out-of-plane magnetic field component to the sensitive plane of the sensors. In doing so, a Ni-Zn cubic FG, com-

bined with a full-bridge of GMR, is exploited for z-sensing axis detection. The cross-detection minimization of

in-plane magnetic fields is optimized by an FG rotated by 45o in the x-y axes. Moreover, for boosting the planar

sensitivity, two half-bridge GMRs are incorporated into a cross-shaped flux concentrator, working as a full-

bridge sensor. The performance of the proposed design is simulated, as well as estimated the sensing features.
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1. Introduction

Magnetoresistance (MR) sensors have recently attracted

much attention due to their high potential in a wide range

of applications, including biomedical devices, flexible

electronics, contactless switches, navigations, and smart

transportations [1-3]. Notably, in the new era of the 4.0

industry [4], electronic devices tend to be upgraded

towards multifunctional and efficient devices, also called

smart devices, which are highly demanded in smart things,

including homes, healthcare systems, or transportations

[5]. The critical factor toward a world of smart devices is

the possibility of collecting a tremendous amount of

information by using sensors. Therefore, sensors with

advanced features, e.g., multidimensional detection, low-

cost, low-power consumption, miniature size, and com-

patible with integrated circuit (IC) technology, will be the

chosen candidates.

In fulfilling the above requirements, the magnetic sensor

needs to be developed with criteria, including multiple

sensing axes, high sensitivity, and high resolution, while

using the planar fabrication fully compatible with recent

IC technology [6]. In the three-dimensional (3D) magneto-

meter structure, three sensors are traditionally used by

aligned orthogonally to each other along three coordinates

x, y, and z. Such designs lead to a critical limitation in

miniaturizing and integrating the MR system into portable

devices. So far, many designs of the 3D-magnetoresistive

sensor using planar technology have been realized, e.g.,

anisotropy magnetoresistance (AMR) sensor on a V-

groove substrate [7], giant magnetoresistance (GMR) with

a slope flux guide (FG) [8], S-shaped FG for unidirec-

tional GMR [9], or cubic FG [10]. Despite such designs

have different benefits, several critical points that need to

be improved and redesigned;

For instance, in the V-groove AMR design [7] or slope

FG for GMR [11]: (1) the out-of-plane sensitivity is

limited by the angle of the crystalline silicon (Si) wafers

and the wafer thickness; (2) the anisotropic etching to

form V-groove uses a unique type of (100) silicon wafer;

(3) the uniformity of thin films that are fabricated on the

slope depends strongly on the slope roughness and

deposition technique. Jue Chen et al. [9] have simulated

the design of an S-shaped FG, which allows us to solve a

complicated process in defining the pinned sensing

direction of the GMR. However, the S-shaped FG usually

requires a large space facing spatial resolution and

significant angle error. Besides, the fabrication of the S-
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shaped FG for the vertical detection is practically com-

plicated.

In our previous work [10], we proposed a design of a

3D-magnetometer that used a cubic FG and a single

GMR bridge. One prominent point is that a single full-

bridge is formed to detect three magnetic field compo-

nents. However, the time switching between each sensing

axis appeared as a drawback, limiting the real-time

response of the sensor.

In tackling the above challenges, we propose in this

report a new design of 3D-magnetometer using the planar

technique, flux-concentrator for in-plane GMR sensor,

and a cubic FG for z-component detection. In such an

approach, the step of anisotropic etching of silicon wafer

is no longer necessary. The sensing circuits x, y, and z are

separated, where x and y sensing axes are formed using

two half-bridge working as a full-bridge for enhancing the

sensitivity, and z-axis using a single full-bridge to cancel

out the cross-detection by the x and y field components.

The features of the design are simulated using the finite

element method and analyzed in the following sections.

2. Sensor Design

2.1. Flux guide principle

The concept of the 3D-magnetometer is illustrated in

Fig. 1. In the x-y plane, the flux concentrators (FC) are

made from Mu-metal (NiFeCuMo) with an ultra-high

permeability (~100,000). In our previous work [12], the

relative permeability of sputtered Mu-metal thin film

could reach up to ~8000. When the FC is placed in x-y

magnetic field components, the flux is concentrated by

the Mu-metal films. Consequently, the flux density in the

FC's gap is significantly amplified, which promotes a

high sensitivity of the GMR sensors. An intrinsic feature

of GMR sensors is in-plane sensitivity, and there are two

typical structures of GMR sensors, including a multilayer

structure (superlattice) with the antiferromagnetic coupling

effect and a pinning spin valve (PSV). The response of

the GMR multilayer is V-shaped and unipolar output.

Whereas, the output of the PSV type is bipolar response

and is very sensitive to the zero-field region. However,

the PSV type is more complicated to fabricate than the

multilayer type because of the complicated fabrication

processes (e.g., either post field annealing or bias field

during deposition). Additionally, PSV requires high-cost

materials, such as FeMn, IrMn, Ru. In this work, therefore,

we aim to use the multilayer GMR structure for sensing

elements and propose an innovative technique that

provides the bipolar response from unipolar GMR and

simultaneously enhance the sensitivity for multilayer

GMR.

For sensing the vertical magnetic field component (z-

axis), a cubic FG is made of Ni-Zn with a high perme-

ability of ~2000. When the z-axis magnetic field com-

ponent is applied along the vertical direction of the FG,

the flux will be bent to the x-y plane, and GMR can detect

easily. To replace the method that uses the decoupling

Fig. 1. (Color online) The design concept of the 3D-magnetometer.
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magnetic field component by combining of x and y

sensors for the z-axis detection, we use a full-bridge

separately for the z-axis. The GMR element of the z-

bridge is located near the outer edge at the bottom of the

cubic FG. A current line is proposed to bias the response

of the multilayer GMR elements from unipolar into

bipolar outputs, as shown in Fig. 2(b). The magnetic field

strength induced by a current line can be estimated via the

following equation:

 (1)

where B is the magnetic field, I is the biased current, and

r is the distance to the current line, and 

T.m/A is the permeability of free space.

2.2. Simulation of the proposed design

Cubic FG is designed in the dimension of 1000 × 1000

× 1000 µm3; thus, its aspect ratio is one, as shown in Fig.

2(a). It has been proved that the apparent permeability of

the FG is dependent on the given aspect ratio and the

initial permeability of the Ni-Zn material [13]. A

magnetic field of 50 µT is applied vertically to predict the

sufficient flux at the GMR positions and to estimate the z-

axis sensitivity.

Since the measurement of the flux gain in the gap of the

FC is an experimental challenge. The finite element

method is considered to validate the design and estimate

the flux gain factor in the gap of the FC and the flux

bending factor of the FG. Based on our previous works on

the FC [12], the simulation is set up under the technical

parameters consisting of a length of L = 1500 µm, a width

of W = 300 µm, aspect ratio W/L = 0.2, µr = 8000, T varied

from 1 µm to 6 µm, the gap width from 10 µm to 50 µm,

under a static magnetic field of 50 µT, as illustrated in

Fig. 3. The gain factor can be estimated using the follow-

ing equation:

(2)

The simulated materials, including Ni-Zn, Mu-metal,

and vacuum, are used in the available library of the
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Fig. 2. (Color online) (a) The design of the flux guide for z-sensing axes, and (b) the current line is to bias the operation points of

the GMR sensors. 

Fig. 3. (Color online) The design of the flux concentrator for

x-y sensing axes.
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simulator. The boundary box is set in a dimension of 10

mm × 10 mm, and the mesh is set automatically.

The magnetic vector potential can be defined as follows:

 (3)

The polar vector field  is proportional to the current.

So, the positive ( ) and negative ( ) vector potentials

can be defined by the current direction. Suppose, we set

the intensity of the vector potential  at the boundary of

 and  to  and , respectively. The

following equations can estimate the relationship between

the magnetic field and vector potential :

 (4)

 (5)

So, for example, at x0 = 10 mm, and the applied mag-

netic field is , thus, the boundary of the vector

potential is . The  values are

used to set the boundary of the 50 µT applied field in the

simulator. The flux concentrator is located at the position

.

3. Results and Discussion

3.1. In-plane detection

The intrinsic feature of the GMR is the in-plane

sensitive response. The FC is used to boost the sensitivity

and suppress the cross detection between the x and y

sensing axis. The distribution of the flux density for the x-

sensing axis exposing in the Bx is illustrated in Fig. 4.

Flux density is concentrated and uniform in the x-axis

gaps. Whereas, in the other gaps (y-axis), the flux density

is attenuated. The high concentrated flux is denoted by

the high density of the flux lines in Fig. 4(a) or the green

color in Fig. 4(b). In contrast, the flux attenuation is

denoted by the few flux line in the gap (Fig. 4a) or dark

blue color (Fig. 4b). The influences of the gap size on the

flux gain factor under different thicknesses of the FC is

estimated, as shown in Fig. 5. The simulation results

show that with a larger gap size (g), the gain factor is

lower. Besides, the higher thickness of the FC enhances

the gain factor. However, in the practical implementation,

a thick FC fabricated via physical vapor deposition

(sputtering deposition) is not feasible, and thicker FC will

raise the hysteresis problem [12]. So, in mitigating such a

B A 
��

A
�

0
A

0
A

A
�

0
x x 

0
x x 

0
A

0
A

0
A

0

0

0

ˆ ˆ
y y

A
B B a a

x

�

= =

0 0 0
A B x

0
50B T

6

0
0.5 10 /A wb m

 
0

A

0x 

Fig. 4. (Color online) The distribution of the flux density of the designed FC for x-y sensing axes; (a) shown in flux lines distri-

bution, and (b) shown in Bmag.

Fig. 5. (Color online) The gain factor of the flux densities

under various gap size and thickness (1-6 µm) of the concen-

trator.
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problem, a thickness of less than 1 µm is considered. The

gain factor can also be improved by narrowing the gap as

small as the width of the GMR element.

In the x- and y-axis, two gaps of the FC are incorpo-

rated with two half-bridges of GMR sensors. Since the

output of the GMR multilayer is a V-shaped curve that is

a unipolar response, thus, it cannot be used directly for

vector measurements. Interestingly, the V-shaped response

of the GMR multilayer can be biased to the linear

response sides [14]. Figure 6 shows the schematic of the

combined sensor using two half-bridge GMR. The work-

ing principle of the circuit can be briefly interpreted as

follows;

Suppose that SHIELD1 = SHIELD2 = R, and GMR1 =

GMR2 = R+ΔR. Hence the output of a half-bridge is

expressed as follows:

(6),

Similarly, the U2 is with a minus sign due to the

opposite bias of two half-bridges.

(7)

Hence, the output of the combined sensor is given by:

(8)

According to the Eq. (8), the output of the combined

sensor is double, so that its sensitivity can be duplicated.

Besides, the bipolar response of the combined sensor is

established, and the V-B curve action like a full-bridge

configuration. Figure 7 shows the responses of the GMR

multilayer, i.e., the V-B curves consisting of the bare

GMR sensor without magnetic bias, the GMR sensor with

a negative and positive bias, and a bipolar response of the

combined sensor for the in-plane sensing axes. When the

bias magnetic field is zero, two bare GMR sensors are

balanced, and they have V-B response in V-shaped curves

resulting in their different output is zero, as shown by the

open black square curve in Fig. 7. In contrast, when the

bias magnetic field is applied, the responses of two GMR

sensors are oppositely biased, leading to their different

output is unbalanced, and the V-B response of the

different output is a bipolar curve, as illustrated by the

close green pentagon curve in Fig. 7. It means that the
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Fig. 6. (Color online) The combined circuit of two half-bridge

GMR sensors.

Fig. 7. (Color online) The responses of the GMR sensor,

including a bare GMR output, GMR sensors with a negative

and positive bias, and the combined GMR sensor with a bipo-

lar response.

Fig. 8. (Color online) The distribution of the flux density of

the cubic flux guide under a uniform static magnetic field of

50 µT, and the field strength of 25 µT at GMR positions (near

the outer edge of the FG).
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proposed circuit can develop a highly sensitive and

bipolar sensor.

3.2. Out-of-plane detection

A flux guide is introduced to redirect the magnetic flux

from out-of-plane to in-plane components, which can

easily detect co-planar GMRs. Figure 8 shows the

bending effect of the flux line induced by the cubic FG.

The effective redirection at the GMR cell location is also

estimated using the simulation. In practice, the efficient

redirection of the FG is impossible to reach 100 %. In the

simulation, the boundary condition of 50 µT applied

magnetic field generates an attenuated field of 25 µT at

the GMR locations; thus, the redirection factor is estimated

at 0.5. In other words, the flux gain is about 0.5.

In the z-sensing axis, four GMR elements are biased, as

shown in Fig. 9. Besides, the GMR elements are con-

nected to form a full bridge that provides additional

advantages as the following interpretations. Suppose that

four GMR elements are equal to R because they are

fabricated in the same conditions, and R is the MR

change of the GMR under an applied magnetic field B.

Then the output of the z-axis is given by:

(9)

Firstly, with  leads to ,

and . Consequently, 

 at all value of the Bx, making the output

. It means that the z-bridge is insensitive to

the x-axis magnetic field component.

Secondly, that is similar to  makes 

, and , conse-

quently,  with any of By, thus, the output

of the bridge . It means that the z-axis circuit

cancels out the  component.

Finally, with , we have , 

, , and . Hence,

, and  result

to the output  indicating that the

circuit configuration of the z-bridge is selectively sensi-

tive to the Bz while canceling out the x and y magnetic

field components [10].

Based on the hyperbolic tangent model of a GMR full-

bridge sensor in our previous report [6]. The sensitivity of

the z-bridge (V/V/Oe) can be expressed via the following

equation;

(10)

where gain is the flux amplification, sB is the sensitivity,

MR% is the MR ratio, and BS is the saturation field.

For example, with a gain factor of 0.5, a 5 % MR can

provide a z-axis sensitivity of approximately 0.1 mV/V/

Oe. Figure 10 shows the V-B response of the z-axis bridge

sensor using the proposed FG with a linear range of ± 50

Oe.

4. Conclusion

We have proposed a new integrated 3D magnetometer

using GMR sensors and FG technology. The x- and y-

sensing axes are designed using two half-bridge of GMR

sensors working as a full bridge and a planar flux con-

centrator for boosting the device sensitivity. The z-sensing

axis is developed by a cubic FG to redirect the flux lines

from the vertical direction to the in-plane sensitivity of
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Fig. 9. (Color online) Top view of the z-bridge configuration

with the designed flux guide.

Fig. 10. (Color online) The V-B response of the z-axis sensor

under a gain of 0.5 and an MR ratio of 5 %.
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the GMR sensors. The bias point of GMR is well

controlled by a current line generating the bias magnetic

fields. The notable advantage of the z-axis detection is

that the bridge is selectively sensitive to the z- magnetic

field component while canceling out the x and y-magnetic

fields. Our future work focuses on how to precisely cut

the cubic flux guide and building up an alignment system

to locate flux guides accurately.
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