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Abstract—Several Hall effect sensors were modeled and 

evaluated regarding the Hall voltage and sensitivity using 3D 
physical simulations. For accurate results the numerical offset 
and its temperature drift were analyzed. The versatility of the 
simulation allows various Hall sensor implementations. The 
simulation procedure could guide the designer in choosing the 
Hall cell optimum fabrication process, shape and dimensions in 
terms of the performances envisaged to be achieved. 
 

Index Terms—Hall effect sensor, numerical offset/drift, 3D 
physical simulations 

I. INTRODUCTION 
ALL effect sensors, based on magnetic phenomena, are 
one of the most commonly used sensing technologies 

today. Therefore these sensors are primarily employed as 
current sensors and serve many low-power applications like 
position sensing and contactless switching within automotive 
and industrial electronics [1].  

The geometry plays an important role on the Hall effect 
sensors performance and was studied by the authors in [2]. A 
real Hall sensor has an offset due to geometrical errors, 
imperfections in the fabrication process, non-uniformity in 
material resistivity and thickness [3]. The offset and its 
temperature drift are important figures of merit in Hall sensors 
performance evaluation [4]. The offset is basically a parasitic 
voltage that adds to the Hall voltage.  

The present paper analyzes the influence of the shape, 
dimensions, n-well doping concentration on the Hall effect 
sensors performances, including Hall voltage and sensitivity, 
with the aid of 3D physical simulations. In this sense, the 
study proposes a numerical estimation for Hall voltage and 
sensitivity with an analysis of numerical offset. We use three-
dimensional numerical solutions to the system of partial 
differential equations governing galvanomagnetic carrier 
transport in magnetic-field-sensitive semiconductors, for 
optimal design of Hall effect sensors. 

Section II presents the experimental data support, the basic 
physical model of the carrier transport in semiconductor 
materials and the methodology used for 3D structures 
simulation, introducing the design parameters for all proposed 
Hall cells. Section III is devoted to accurate prediction of both 
Hall voltage and sensitivity based on a comparative analysis of 
different Hall cell types. Consecutively its merit is to reveal 
which of the simulated sensors exhibited the best performance. 

II. METHODOLOGY 

A. Hall effect sensors experimental data support 
In order to analyze the sensors performance an automated 

AC measurement procedure was previously developed and an  
experimental data basis was created. The testing system 
advantages are less noise, accuracy at lower frequencies and 
that the cells can be evaluated with a higher reliability under  
the same conditions. Several Hall effect sensors were 
integrated in 0.35 �m CMOS technology and evaluated for 
VHALL, sensitivity, offset, etc. A part of the experimental 
results in conjunction with the geometry influence on the 
considered devices performance were presented in paper [2].  

The offset analysis was of particular interest because in 
reality, Hall effect sensors have offset. The experimental data 
obtained for the offset at room temperature for different 
biasing currents is presented in Table I.  

TABLE I  
MEASURED STRUCTURES OFFSET (MV) 

Hall cell I=0.25mA I=0.5mA I=0.75mA I=1mA 
Basic 0.371 0.795 1.276 1.821 

L 0.248 0.529 0.836 1.172 
XL 0.033 0.091 0.167 0.258 

Borderless 0.014 0.030 0.043 0.054 
     

A first observation signals that there is an offset variance 
related to the particular sensors structures, which will be 
characterized in the modeling section. 

The aim of the present study is to investigate the sensors 
performance including Hall voltage and sensitivity by three-
dimensional physical simulations.   

B. Hall effect sensors simulation  
In semiconductor materials, the classical carrier transport 

models [5, 6] is based on the continuity equations  
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where q is the elementary electronic charge, 



nBJ ,



pBJ  are 

magnetic field dependent current densities, R is the net 
recombination rate and n, p represent particle densities for 
electrons and holes, respectively. The particle densities 
expressions in terms of Fermi energy level EF,n and EF,p are 
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where V denotes the electrostatic potential, ni is the intrinsic 
carrier concentration, T is the absolute temperature and k is the 
Boltzmann constant.  

The differential equations (1) and (2) describe the 
conservation of electric charge and the carrier recombination 
rate can be a nonlinear function R=R(V, n, p), in terms of V, n 
and p.  

In particular, the transport models differ through the 

expressions used to define the current densities



nBJ  and 



pBJ . For a complete description of semiconductor physical 

behavior, we also have to take into account the following 
equations 

�� 	
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In the last two equations, 



E  is the electric field, % is the 
material electric permittivity and & is the space charge. 

Replacing Eq. (4) in Eq. (3) and for a space charge & 
specified as � �Nnpq ��	�  with AD NNN �	  
denoting the fully ionized net impurity distribution, we get a 
partial differential equation of elliptic type 

� �NnpqgradVdiv ���	)(�  (7) 

The electrostatic potential V is the solution of the Poisson 
equation in (7). 

We can mention that the magnetic induction effect 
manifests only in the definition relations of current density. In 
other words, the continuity equations (1) and (2) and the 
Poisson’s equation (7) remain the same as well in the 
magnetic field absence. 

In fact, for gaining insight into the operating principles of 
the final artifact, the distributions of electrostatic potential and 
current density in the device are fundamental. This allows one 
to determine optimal parameters of an ideal semiconductor 
structure. 

3D Hall cells simulations were performed using Synopsys 
Sentaurus TCAD tool [7], which solves the Poisson equation, 
both electrons and holes continuity equations. A three-
dimensional numerical modeling of carrier transport process in 
the magnetic field (electrostatic potential, current 
distributions) for semiconductor magnetic sensors with 
various geometries parameters is used.  

The magnetic field acting on the semiconductor structure 
for Hall voltage generation was handled by the galvanic 
transport model. Mobility was considered via doping 
dependence formula and recombination processes were taken 
into account via Shockley-Read-Hall and Auger model. In this 

context, the ohmic contacts are assumed ideal and the contact 
regions support a sufficiently high dopant concentration. The 
carrier concentrations and electrostatic potential at the contact 
region are prescribed by the usual boundary conditions of 
Dirichlet type.  

The 3D Hall cell mesh contained a sufficient number of 
points for a good tradeoff between accuracy and simulation 
run time. Small meshing dimensions and a high number of 
points increase the accuracy of the results, but take more CPU 
time and longer to execute. The mesh refinement window 
contained a mesh step between 0.1 and 1 �m on the three axes, 
resulting in a number of 5500 points for basic cell, 13000 
points for borderless cell and 23000 for L and XL.  

The meshed structure of one of the simulated Hall cell 
structures is presented in Fig. 1. 

 
Fig. 1.   The 3D model of basic Hall cell showing the doping concentration  

of all layers 

 
Fig. 2.  An Ox cut showing the n-implantation on the p-substrate for basic 

Hall cell 

C.  Hall effect sensors implementation 
Different 3D Hall effect sensor structures were modeled. 

In general these sensors are highly symmetric structures and 
invariant to a rotation of �/2. From the beginning all the cells 
were very accurately drawn, because any geometrical 
mismatch could significantly increase the offset and affect 
some future current-spinning techniques implementations.  

Classical Greek-cross with progressive dimensions 
increase (resulting in basic, L, XL cells) and borderless cell 
were analyzed. The Hall cells were all modeled on a Silicon p-
substrate with an n-well active region. All the implemented 
structures basically follow the same fabrication process, using 
a p-substrate with a Boron concentration of 10+16 cm-3 and an 
active n-well region doped with Arsenic of concentration 10+18 
cm-3 (highly doped type) or 10+17 cm-3 (lightly doped type), in 
the form of a Gaussian profile implantation. The thickness is 3 
�m for the p-substrate and 1 �m for the n-doped layer. The 
depletion layer formed under the p-n junction reduced the 
implantation depth to 0.7 �m for Greek cross cells.  
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In general, VHALL is defined by the relation 
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for a current polarization, or  
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for a voltage polarization, respectively. 
The sensitivity of Hall sensor is given by the relation 
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where B is the magnetic field induction, G is the geometrical 
correction factor, Ibias is the biasing current, rH is the scattering 
factor of Silicon, usually 1.15, 'H n is the Hall mobility and t 
is the thickness of the active region [3]. 

Since the VHALL and therefore sensitivity are inversely 
proportional to the n-well doping concentration, a lightly 
doped n-well is normally used in the fabrication process. 
However, the two concentrations were analyzed.  

To ensure a good simulation convergence, attention should 
be given to doping profile smoothing, so the abrupt edges 
were avoided at the p-n junction, by imposing a decay length 
of a hundred of nanometers.  

For electrical tests purposes, each structure was equipped 
with four contacts, among which two are for biasing the 
device and the other two opposite ones for measurement 
purposes, by collecting the voltage drop.  

L and W represent the cell length and width, respectively, 
while s stands for contact length. The width of the contacts is 
in general dictated by the technology used in the Hall cell 
fabrication process and in our simulations it was set at 0.7 �m. 
The distance from the contacts to the n-well borders is 0.9 �m 
all-around for basic and L cells, 0.3 �m and 0.95 �m for XL 
cell contacts to the top and sides of the active region 
respectively, and 14.9 �m for borderless cell. The position of 
contacts with respect to borders is important in the offset 
analysis as contour errors might increase it. 

For each simulated Hall cell structure, the geometrical 
correction factor G was computed according to [3]. The 
resistance R is obtained by simulations for each cell. 

The design details of all the four simulated Hall cell 
geometries are given in Table II. 

TABLE II  
SIMULATED HALL CELL STRUCTURES DESIGN PARAMETERS  

Type of 
Hall cell Basic L XL Borderless 

L ('m) 21.6 32.4 42.6 50 
W ('m) 11.8 17.8 22.6 50 

L/W 1.83 1.82 1.88 1 
G 0.91 0.91 0.92 0.76 

s ('m) 11 16 20.7 2.3 
p-substate 
area ('m2) 729 1413.36 2361.96 3422.25 

R (*) 482 489 589 1164 

III. RESULTS AND DISCUSSION 
Simulations were performed on all the structures, using 

both voltage and current biasing, without and with magnetic 
field. The biasing current was considered from 0 to 1 mA or 
the biasing voltage from 0 to 1 V. The current biasing was 
finally chosen for simulations, being closer to the real 
situation.  

Dimensions, via the geometrical correction factor as 
analyzed by authors in a recent paper [2], and distance 
between the contacts and the active region borders are 
important in the evaluation of the cells offset and sensitivity. 
The fourth analyzed shape, the borderless, has very small 
contacts and they are located more to the inside of the cell and 
far away from the n-well borders. This particular shape 
minimizes the influence of any errors that might appear on the 
borders.  

The offset measurements were performed in the absence of 
magnetic field while for VHALL and sensitivity estimation the 
magnetic induction was chosen at B=0.5 T. Nevertheless, 
different magnetic field intensities were simulated for VHALL 
estimation.  

The Hall voltage is affected by the offset by the relation 

offsetHALLout VBVV �	 )(  (11) 
Even though the shapes are symmetric we obtain a non-

zero offset, which will be referred to as numerical offset 
coming from the simulator. The Hall cells numerical offset 
was evaluated at room temperature and for certain 
temperatures in the interval between 0 and 100$C. For highly 
doped n-well, the numerical offset drift was recorded at 8.41 
�V/$C for basic cell, 12.19 �V/$C for L cell and 12.35 �V/$C 
for XL cell.  

Fig. 3 - Fig. 6 present the electrostatic potential for all 
simulated cells (highly doped n-well) for 1V biasing and no 
magnetic field. This situation is equivalent to the numerical 
offset analysis. The four electrical contacts used for biasing 
and measurement purposes are depicted as well. Imposing a 
certain voltage on electrode a will force a current to flow 
between a and c contacts. The offset and VHALL are actually 
recorded as the voltage difference between the other two 
opposite contacts, b and d respectively. 

Analyzing the simulations, we can easily observe the p-n 
junction, depicted by the brown thick line on the active region 
borders as well as the distribution of electric field lines in the 
absence of magnetic field. We can also see the effect of the 
contacts position with respect to the borders on the 
electrostatic potential lines distribution. 

 
Fig. 3.  Electrostatic potential for basic cell (highly doped n-well) for 1V 

biasing,  B=0 
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Fig. 4.  Electrostatic potential for L cell (highly doped n-well) for 1V biasing,  

B=0 

 
Fig. 5.  Electrostatic potential for XL cell (highly doped n-well) for 1V 

biasing,  B=0 

 
Fig. 6.  Electrostatic potential for borderless cell (highly doped n-well) for 1V 

biasing,  B=0 

Regarding the room temperature numerical offset, the 
borderless cell displayed the minimum value, almost ten times 
lower than the classical Greek cross. Among the variations of 
Greek cross, the basic cell exhibited the lowest numerical 
offset, while the L and XL cells showed almost an equal 
offset. 

 
Fig. 7.  Simulated Voffset (V) at room temperature for all cells (highly doped n-

well) 

Fig. 8 shows a lower offset for current biasing than when 
biasing with voltage in the case of the borderless cell. We can 
also observe that for the same borderless configuration, the 
cell with a lightly doped active region has a lower numerical 
offset than for the highly doped n-well case. 

 
Fig. 8.  Simulated Voffset (V) as a function of bias voltage and current for 

borderless cell (lightly and highly doped n-well) 

The Greek cross cells, differing only in dimensions, 
preserved the same trend in numerical offset temperature 
behavior. While the basic cell exhibited the minimum 
numerical offset in this case, L and XL were very close in 
terms of the numerical offset, with a slightly less offset for XL 
cell.  This analysis is very useful for accurate sensitivity drift 
estimations. The following figure presents the simulated 
numerical Voffset(V) vs. Ibias for basic cell taken for different 
temperatures within the interval 0 to 100$C. 

 
Fig. 9.  Voffset (V) temperature behavior for basic cell  

When applying a magnetic field of intensity B=0.5 T, the 
carriers deviate under the influence of Lorentz force. This 
situation emphasized by the distribution of the electric 
potential and the shape of the electric field lines can be easily 
observed in Fig. 10 - Fig. 13, recorded for a 1 V tension 
applied on the upper electrode. 
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Fig. 10.  Electrostatic potential for basic cell (lightly doped n-well) for 1V 

biasing,  B=0.5 T 

 
Fig. 11.  Electrostatic potential for L cell (lightly doped n-well) for 1V biasing,  

B=0.5 T 

 
Fig. 12.  Electrostatic potential for XL cell (lightly doped n-well) for 1V 

biasing,  B=0.5 T 

 
Fig. 13.  Electrostatic potential for borderless cell (lightly doped n-well) for 

1V biasing,  B=0.5 T 

 

For the proposed configurations (lightly doped n-well), 
VHALL was simulated under the influence of magnetic field of  
B=0.5 T, for current biasing between 0 and 1 mA.  

Taking into account the offset investigation previously 
presented, accurate information on VHALL and sensitivity can 
be obtained. By consequence, the offset was subtracted from 
the total output voltage according to Eq. (11) and therefore 
VHALL is presented in Fig. 14. 

 
Fig. 14.  Simulated VHALL (V) vs. biasing current (lightly doped n-well) for 

B=0.5 T 

For the borderless cell (lightly doped n-well), VHALL was 
simulated for different magnetic field inductions, as we can 
see in Fig. 15. 

 
Fig. 15.  Simulated VHALL (V) vs. biasing current for borderless cell at different 

magnetic inductions 

The numerical results previously reported for VHALL are in 
good agreement with the experimental results [2], up to the 
extents of precise reproduction by simulation of the real 
structures tested. 

As the offset is a parasitic voltage that adds to the total 
output voltage, we were interested to investigate the offset and
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its temperature behavior in order to have accurate information 
for VHALL and sensitivity. Normally, the offset should be zero 
for a simulated symmetric structure but the finite elements 
numerical computation, simulator’s boundary conditions and 
meshing strategies might produce a non-zero offset in the 
absence of the magnetic field. For our simulations, meshes 
with higher number of point were also considered but the 
results were not significantly improved. For gaining accurate 
information on VHALL and sensitivity we were interested to 
correctly investigate this numerical offset.  

By dividing VHALL to the magnetic induction we obtain the 
absolute sensitivity in V/T. Table III presents this information 
for all cells, in the lightly doped n-well case. 

TABLE III  
ABSOLUTE SENSITIVITY (V/T) 

Hall cell I=0.3mA I=0.5mA I=0.7mA I=1mA 
Basic 0.034 0.062 0.095 0.151 

L 0.032 0.059 0.091 0.143 
XL 0.045 0.076 0.109 0.161 

Borderless 0.007 0.011 0.016 0.023 
 

Among the Greek cross cells, the XL cell displayed the 
highest sensitivity. For the borderless cell the doping depth 
was higher than for the other shapes, therefore we expected a 
lower sensitivity according to Eq. (10), in this case almost five 
times less than for the other shapes. 

IV. CONCLUSION 
In order to analyze the influence of the shape, dimensions, 

n-well doping concentration on the Hall effect sensors 
performance, including VHALL and sensitivity estimations 3D 
physical simulations using Synopsys Sentaurus TCAD tool 
were performed. The software allowed us to consider the 
magnetic field influence on semiconductors. Therefore, 
various Hall effect sensors following a certain fabrication 
process were modeled. 

Moreover these results suggest an extrinsic offset 
evaluation in the future by observing the artificially induced 
offset effect on particular Hall sensor shapes. Also, (and to 
this purpose) a pertinent analysis of the intrinsic numerical 
offset generated by the simulator is to be taken into account to 
be able to distinguish between both offset causes. 

Several Hall effect sensor configurations were simulated 
and evaluated for numerical offset, drift, VHALL and sensitivity. 
In particular, the simulation and experimental results are in 
good agreement. 

The simulation procedure could guide the designer in 
accurately estimating the VHALL and sensitivity and lead to 
choosing the Hall cell optimum fabrication process, shape and 
dimensions in terms of the performances envisaged to be 
achieved.   
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