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ABSTRACT

This paper presents a three-dimensional finite element method
(FEM) model of horizontal Hall sensor in COMSOL Mul-
tiphysics. The model aims to simulate the sensors perfor-
mance in a straightforward way and provides a means to
simulate more complex applications with other physics mod-
ules. Compared with traditional two-dimensional models, the
three-dimensional model is more flexible in designing Hall
sensor and shows great significance in verifying the perfor-
mance of sensors with different materials and geometries. By
changing model parameters and comparing simulation result-
s, an optimal design solution can be achieved effectively and
economically. The presented Hall sensor achieves a sensitiv-
ity of 0.0669 V/(VT). Basic circuit modules of a complete
sensor system are also introduced.

Index Terms— COMSOL, finite element method, Hall
effect, magnetic sensor

1. INTRODUCTION

Magnetic sensors have been widely used in many areas in-
cluding automobiles, electronic devices, medical equipmen-
t, etc. So far there are many types of magnetic sensors that
have been popular in the market, including Hall Effect sen-
sors, anisotropic magnetoresistance (AMR) sensors, tunnel-
ing magnetoresistance (TMR) sensors, fluxgate sensors, su-
perconducting quantum interference device (SQUID) sensors
and some others [1, 2]. Among all types of magnetic sensors,
Hall sensor maintains the largest market share due to its low
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Fig. 1. Hall effect.

cost, simple structure, and high stability. Hall sensor works
on the principle of Hall effect. Hall effect means, in an elec-
trical conductor with a current flowing through, an external
magnetic field perpendicular to the current will cause a volt-
age difference proportional to the magnetic field. This voltage
difference is called Hall voltage, see Fig. 1.

The manufacturing and testing process of Hall sensors
usually cost a lot of time and money, and many more attempts
are needed to explore the actual performance of Hall sensors
with different materials and structures. By means of finite
element analysis method, Hall sensor is modeled and simu-
lated in COMSOL Multiphysics. This 3D COMSOL model
effectively simulates the sensors performance under different
sensor structure and material conditions, and therefore being
able to find a relatively good design scheme while greatly re-
ducing the cost and time of research and development [3, 4].

This paper presents a 3D FEM model of horizontal Hal-
l sensor in COMSOL Multiphysics. Geometric influence on
Hall sensors sensitivity is studied, and an example of design-
ing more complex system with the Hall plate model is demon-
strated. The structure of this paper is organized as follows:
Section II demonstrates the fundamental of horizontal Hal-
l sensor and its 3D finite element method model, as well as
a feasible Hall sensor measurement system design solution.
Section III discusses the geometric influence on sensitivity by
changing geometric parameters of the sensors structure. Sec-
tion IV draws the conclusions and mentions some possible
future working directions.



Fig. 2. Hall sensor measurement system.

2. FINITE ELEMENT METHOD MODEL OF HALL
SENSOR

Sensitivity is one of the most important performance indexes
for sensors, this paper presents a FEM model which can help
verify the sensitivities of Hall sensors with different struc-
tures. Cross-type Hall sensor structure usually has a higher
geometric factor than the rectangular structure [5]. The sensi-
tivity of horizontal hall devices with voltage bias is as follow:

Sv = G
W

L
µH (1)

Where µH is hall mobility, and the structure factor G is
affected by the ratio of width to length W
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is given by (2):
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Therefore, we get the equation for voltage related sensitivity
as in (3):

Sv =

[
1− 16

π2
e−

πL
2W

(
1− 8

9
e−

πL
2W

)(
1− θ2H

3

)]
W

L
µH

(3)
For a voltage biased cross-shape hall device, there exist-

s an optimal ratio of length to width that enables the Hal-
l elements to reach a relatively high voltage-related sensi-
tivity [5, 6]. This paper compares Hall voltage and voltage-
related sensitivity of the Hall element model under different
finger lengths ranging from 1 µm to 19 µm, and concludes
that the best voltage-related sensitivity of 0.0669 V/ (VT) can
be obtained when the finger length is 9 µm for Hall element
with a size of 40 µm.

A complete Hall sensor measurement system requires not
only a Hall element to convert magnetic signals into electric
signals, but also some necessary interface circuit to further
process the electric signal [7–10]. This paper presents a Hal-
l sensor measurement system matched with relevant circuit
modules including: Hall element, current spinning circuit, t-
wo stages of chopper circuits, differential amplifier circuit,
and filter circuit. Fig. 2 is the structure diagram of the hori-
zontal Hall sensor measurement system. The current spinning

Fig. 3. Simulation of Hall plate in COMSOL.

circuit is of great significance in eliminating offset generated
in the manufacturing procedure of Hall devices due to process
nonideality. Two opposite clock signals control the switching
of biasing terminals and sensing terminals, and the output sig-
nals at each phase are then combined to eliminate offset. D-
ifferential amplifier circuit serves to amplify the Hall voltage
as it is usually on the order of microvolts. Chopper circuit-
s can eliminate flicker noise and offset from the differential
amplifier circuit by modulate them to high frequency and fil-
ter them out with a low pass filter. Hall signals are modulated
to high frequency first by 1st stage chopper, and then demod-
ulated back to its original frequency by 2nd stage chopper, so
that they remain constant after passing through the low pass
filter.

The 3D finite element method (FEM) model of the hor-
izontal Hall sensor is the focus of this paper. Fig. 3(a)
shows the geometric model of the horizontal Hall plate built
in COMSOL Multiphysics [11, 12]. This model has a 90◦

rotationally symmetric cross shape, with a length size of 40
µm and a thickness of 5 µm. The material of the Hall sensor
model is silicon with an N-type doping concentration of 2
E+16cm−3. Floating potential condition is used on Hall plate
contacts. Necessary corresponding physical conditions were
added to simulate the Hall sensor working environment. By
changing finger length Alpha from 0 µm to 19 µm, this pa-
per researches the sensitivity influence of different horizontal
Hall plate structure. The Hall effect of the Hall device on the
COMSOL Multiphysics platform is simulated by adjusting
the anisotropic conductivity of the material as follow: Jx

Jy
Jz

=

 σxxσxyσxz
σyxσyyσyz
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Fig. 4. FEM model of Hall plates with (a) a circular hole, (b)
a rectangular hole, or (c) multiple holes in the middle.

Where:
σxx=σyy=

σ0

1 + (σ0RHBz)
2 (5)

σxy = −σyx =
σ0

1 + (σ0RHBz)
2 (σ0RHBz) (6)

σxz = σyz = σzx = σzy = 0 (7)

σzz = σ0 (8)

Where σ0 is the n-well conductivity, RH is the hall factor,
and Bz is the magnetic flux density perpendicular to the Hall
plate.

Once finished computing the Simulation Study, the volt-
age distribution of the Hall device is shown as Fig. 3(b). The
Contour line on the Hall device surface represents multiple
points with the same voltage value. Fig. 3(b) clearly shows
that there exists a voltage difference between Vo1 and Vo2
when 0.5T external magnetic field is applied to the Hall plate.

This model can also be used to verify the performance of
Hall sensors of novel structures. This paper presents some
new possible design solutions for improving Hall plates per-
formance. For example, unlike traditional designs, Hall plates
with a hole or multiple holes in the middle are modeled in
COMSOL Multiphysics, as shown in Fig. 4, and the per-
formance of these new designs and the influence of different
amounts and shapes of the holes will be further researched
in the future. In addition, the influence of different material-
s of Hall plate can also be simulated in the FEM model by
changing the conductivity parameters according to the mate-
rial characteristics.

Another promising feature is that the 3D COMSOL model
can be incorporated into complex applications. 3-axis IMC-
based Hall sensor is a good example of complex system de-
sign and simulation in COMSOL. As shown in Fig.5, the pre-
viously designed Hall plate model is applied to comprise a
more complex measuring system. The thin disk in Fig.5 is an
integrated magnetic concentrator (IMC) which changes par-
allel magnetic flux into perpendicular direction [13, 14]. As
presented in [14], by placing 4 horizontal Hall plates on the
edges of IMC disk and process output signals, the strength
of magnetic field in 3 axis can be measured respectively. This
measuring system can be simulated based on the 3D Hall plate
model. Influence of some key factors, such as the dimension
of IMC disk and the distance between Hall elements and IMC,
can therefore be well simulated to optimize the design. This

Fig. 5. An IMC-based Hall sensor application.

case is just the epitome of great potential of Hall plate 3D
COMSOL model. Design of Hall sensors’ application with
some other physics modules, such as heat module and force
module, are also available for the 3D COMSOL model.

3. ANALYSIS OF SIMULATION RESULTS

The 3D FEM model of horizontal Hall sensor presented in
this paper is very helpful in simulating sensors performance
while saving a lot of cost and time. By using Parameter Sweep
function and sweeping finger length Alpha, the geometric in-
fluence of different ratio of width to length on sensitivity is
discussed, while other sensor characteristics stay constant in
the mean time [12]. A cross-shaped silicon Hall plate with
a doping concentration of 2E+16cm−3 is designed and sim-
ulated in the case. Silicon Hall plate has been popular due
to factors such as its cheap price and compatibility to stan-
dard CMOS technology. The size of Hall plate is chosen as
40 µm. Generally a smaller size of Hall plate would result in
decrease of sensitivity and offset performance, while a larger
size would cause increase of chip size, so a Hall plate size of
40 µm is chosen as a trade-off. The thickness of Hall plate is
5 µm. A bias voltage of 5 V is added to one sensor terminal,
as it is a proper value and accessable in 0.18 µm CMOS tech-
nology, and the output voltage on sensing terminals would
be around 2.5 V. The opposite terminal is connected to the
ground.

The resulted Hall voltage and voltage-related sensitivity
are given in Fig. 6 as finger length Alpha varying from 0 µm
to 19 µm. The Hall voltage is directly measured by subtract-
ing the two sensing terminal voltages Vo1 and Vo2. Voltage-
related sensitivity of the model is calculated by (9) :

Sv =
VHall

VbiasBz
(9)

Where, as mentioned above, bias voltage Vbias is 5 V, and
applied perpendicular testing magnetic field Bz is 0.5 T.

Fig. 6 shows the graphical results of output voltages Vo1
and Vo2 on Hall plates sensing terminals. When finger length
Alpha is 9 µm, which means the width of Hall plate is 22 µm
and the ratio of width to length is 0.55, the voltage difference
between output voltages Vo1 and Vo2 reaches a maximum
value of 0.3348V, which means the sensitivity also reaches a
maximum value of 0.0669 V/(VT).



Fig. 6. The output voltage of Hall plates under different finger
length.

Reference [4] presented a 2D COMSOL model of a
current-mode hall sensor. This paper developed a 3D COM-
SOL model that allows the design and simulation of a more
complex sensor structure, and provides a means to simulate
not just Hall plate but also some of its applications with other
physics modules. The rectangular Hall plate model men-
tioned in [3]] shows a sensitivity of 0.058 V/(VT), while the
Hall plate model presented in this paper reaches a maximum
sensitivity of 0.0669 V/(VT) when the ratio of width to length
is 0.55.

4. CONCLUSION

A three-dimensional finite element method (FEM) model of
horizontal Hall sensor in COMSOL Multiphysics is present-
ed in this paper. This model provides an inside look at Hal-
l sensors working condition and shows great significance in
designing Hall sensors and studying the influence of relevant
factors. By analyzing the simulation results as finger length
varying from 0 µm to 19 µm, an optimal width to length ra-
tio of 0.55 is achieved, and the corresponding sensitivity is
0.0669 V/(VT).
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