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Abstract—In this paper, the performance of CMOS Hall Effect
Sensors with four different geometries has been experimentally
studied. Using a characteristic measurement system, the cells
residual offset and its temperature behavior were determined.
The offset, offset drift and sensitivity are quantities that were
computed to determine the sensors performance. The tempera-
ture coefficient of specific parameters such as individual, residual
offset and resistance has been also investigated. Therefore the
optimum cell to fit the best in the performance specifications was
identified. The variety of tested shapes ensures a good analysis
on how the sensors performance changes with geometry.
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I. INTRODUCTION

NE of the most widely used sensing technologies today

consists of Hall effect sensors, based on magnetic phe-
nomena. Many low-power applications like current sensing,
position detection and contactless switching within automotive
and industrial electronics use this kind of sensors [1], [2].

The sensitivity, offset and its temperature drift are important
figures of merit in Hall sensors performance evaluation. There
is a strong connection between the geometry and the Hall
effect sensors performance as was studied by the authors in
[3]. In order to predict and evaluate the sensors performance,
three-dimensional physical simulations have been realized in
order to facilitate the design process [4], [5] and automated
measurements systems have been developed [6].

Several of Hall effect sensors were simulated and evaluated
for numerical offset, drift, Hall voltage and sensitivity using
three-dimensional physical simulations in a recent paper by
the authors [4] .

The present paper analyzes the influence of the shape,
dimensions, on the Hall effect sensors performance, including
sensitivity, offset and drift for optimal design of Hall effect
sensors. In this sense, different Hall effect sensors were
integrated in a 0.35 ym CMOS technology. The diversity of
the shapes and dimensions analyzed allows us to have a wide
range of Hall cells amongst which to choose the one displaying
the best performance for the project requirements. This is also
a good opportunity to characterize the effect of temperature
on individual, residual offset and resistance.

Section II presents the qualitative reasoning behind choosing
the specific Hall effect sensors geometries and the design
parameters for all proposed cells. The results corresponding to
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the magnetic equivalent residual offset and its behavior with
the temperature are presented in Section III, with a compara-
tive analysis on different Hall cell types. Experimental results
for single and 4-phase residual offset voltage are also obtained
for various Hall cells.

The temperature coefficient of the individual offset, residual
offset (using 2-phase and 4-phase current spinning technique)
and resistance has been computed for several cells. This
section concludes which of the integrated shapes exhibited
the best performance. The various shapes analyzed offer an
overview on how the performance is related to the geometry.
The end of Section III presents three-dimensional physical
simulations for Hall cells performance investigation.

II. METHODOLOGY
A. Hall Cells Integration

Different Hall cells were integrated in a 0.35um CMOS
technology. All these cells are symmetric and orthogonal
structures due to the fact that any geometrical mismatch could
significantly increase the offset.

B. The Chosen Structures

The classical Greek cross used for this type of Hall cells
with progressive increase in cell dimensions (basic, L and XL
cells) and borderless cell (with small contacts situated far away
from the p-n junction) were integrated and analyzed.

C. The Qualitative Reasoning behind the Shapes Choice

The Hall cells are manufactured in a CMOS process and
they basically have a p-substrate with a n-doped active region.
On top they have a p+ diffusion layer to reduce the noise and
prevent the current to flow under the contacts.

There is reasoning behind the choice of the four different
Hall cells. The basic cell is taken as a reference, but it might
suffer from a difference in the piezo-resistance due to the
orientation of the axes. For the L and XL cells, the errors on
the contour are less due to an averaging on a bigger size. The
borderless shape might minimize the influence of any errors
that could appear on the borders but the sensitivity is as well
affected. The four tested Hall geometries (basic, L, XL and
borderless cells) are presented in Fig. 1.

The design details are presented in Tab. I, together with
measurements of the resistance, absolute sensitivity, offset drift
(with four-phase current spinning technique). For the cross
Hall cells, the geometrical correction factor G was computed
according to the formula in [7].
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Fig. 1. The four analyzed Hall cells (2D and 3D simulated structures).
TABLE I
DESIGN PARAMETERS OF THE HALL CELLS
Hall Cell Basic L XL Borderless
Ro(kQ) QT = 2.3 22 22 1.3
300K, B =0T
Sa(V/T)Qlpias = | 0.082 | 0.082 | 0.082 0.032
1mA
Offset drift (uT'/°C) 32 0.2 0.1 0.6
L (um) 21.6 324 43.2 50
W (um) 9.5 14.25 19 50
L/W 2.27 2.27 2.27 1
s (um) 8.8 13.55 18.3 2.3
G 0.86 0.86 0.86 -

L and W represent the cell length and width, respectively, of
the active N-well region while s stands for contact length. The
width of the contacts is in general imposed by the technology
used in the Hall effect sensors fabrication process. The position
of contacts with respect to borders is important in the offset
analysis as contour errors might increase it.

Dimensions, via the geometrical correction factor as ana-
lyzed by authors in a recent paper [3], and distance between
the contacts and the active region borders are important in the
evaluation of the cells offset and sensitivity.

M.-A. PAUN, J.-M. SALLESE, M. KAYAL

Fig. 2. Polarization of a Hall cell.

TABLE I
THE FOUR PHASES OF THE CURRENT SPINNING TECHNIQUE

Phases Tpias Vhail
Phase 1 atoc | btod
Phase 2 | dtob | atoc
Phase 3 | ctoa | dtob
Phase 4 | btod | ctoa

Each structure is equipped with four contacts (denoted by
a, b, ¢, d), among which two are for biasing the device and
the other two opposite ones for measurement purposes, by
collecting the voltage drop, as seen in Fig. 1. The four phases
of the current spinning technique are presented in Tab. II.

The absolute sensitivity of Hall sensor is given by the ratio

of the Hall voltage (Vi ar1) to the magnetic field induction
(B), as in the relation:
Sa = TEALL S, M
where G is the geometrical correction factor, Ip;qs is the
biasing current, rz is the scattering factor of Silicon, usually
1.15, n is the carrier density and ¢ is the thickness of the active
region [6].

III. RESULTS AND DISCUSSION

All the Hall cells were designed for targeting specific
objectives, namely the offset at 7' = 300K less than +30uT
and the offset drift less than +£0.3u7/°C. Our aim was to
see which of the shapes fits the best within the specification
interval and also has a behavior consistency. To this purpose,
the measurements were performed on several samples.

Previous tests were performed on all the Hall cells, using
an automated measurement system, presented in details by the
authors in [6]. The advantage of the fully automatic system
is the reliability, and the possibility to test all the cells, at
the same time, under the same conditions. In this case the
information on the residual offset was directly obtained.

In the present work, the structures were surrounded by
the specific electronics and subsequently electrically tested
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Fig. 3. Single phase offset (V) vs. Ip;4s for basic cell.

but the phases were manually switched. In this way, we had
information on each individual phase offset. 2-phase and 4-
phase spinning current could be analyzed, but some accuracy
can be lost. In this way, information on their circuit behavior
was obtained. A current biasing (0 — 1mA) was used for
the Hall cells polarization. Measurements in the absence and
presence of the magnetic field were performed. The offset
measurements were performed in the absence of magnetic
field while for Hall voltage and sensitivity estimations, the
magnetic induction was B = 0.57". The Hall cells offset was
evaluated at room temperature and for certain temperatures in
the interval —40° —125°C'. By accessing the latter information
we extracted the offset drift, which is incorporated in Tab. I,
after a 4-phase spinning of the sensors.

A. Measurements of the Single Phase Offset

The Hall voltage is affected by the offset through the
relation:

Vout = Vaarn(B) + Vosrset (2)

Even though the shapes are symmetric we obtain a non-zero
offset. In general, to reduce the Hall sensors offset, the current
spinning technique is used, consisting in periodic commutation
of current and voltage terminals [8].

Measurements regarding single phase offsets versus the
biasing current were performed. For the basic and XL cells,
this information is included in Figs. 3 and 4 respectively.
The corresponding results were fitted in order to prove the
parabolic behavior of the curves.

B. Measurements of the Magnetic Equivalent Residual Offset
Temperature Dependence

The residual offset is an average of the four individual
phases, as follows:

Vp, =V, Vp, =V,
V;“esidual(élphase) = re 1— P 1 3)

To obtain the magnetic field equivalent residual offset,
Bogfset the following formula is used:
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Fig. 4. Single phase offset (V) vs. Ip;qs for XL cell.

V;"esidual(élphase)
Sa
where S4 is the absolute sensitivity, according to Eq. 1.

The measured magnetic equivalent residual offset of the
Hall cells versus the temperature is presented for two currents,
Ipias = 0.5mA, and Iy, = 1mA, in Figs. 5- 8. A similar
type of graphs, but plotted against the absolute temperature
was presented by the authors in [9]. We can observe that the
XL Hall cell displayed the best behavior, by having the lowest
offset and temperature drift.

When heating a sample, depending on the heating rate
(fast or slow), the material behavior is different, due to the
fact that the intimate physical processes are slightly different.
In order to alleviate these embarrassing effects, we repeated
the experiment for the same temperatures, with measurements
taken at the natural (non-forced) cooling of the probe. Consid-
ering that these latter measurements are representative for the
studied phenomenon, the measurements used in the statistical
processing of data are the ones obtained at the natural cooling.

We had several temperature cycles. We started from room
temperature, decreased the temperature to 0° and then in-
creased it to 125°, then decreased it again to —40° and then
finally reverted to the room temperature. This is why on the
previously presented figures we have several measurements for
the same temperature point.

In order to calculate the offset drift, according to the work
in papers [10], [11], a linear region between —25° and —85°
was selected. We selected the above mentioned temperature
interval on the natural cooling measurements region and
performed a linear fit.

The offset drift is defined as the slope of the offset variation
curve with temperature:

Boffset = 4

Voffset =al + b7 (5)

where a = % is the offset drift.

Subsequently, the offset drift value presented in Tab. I is
obtained by taking the slopes of the linear fittings on curves
like the ones in Figs. 9 and 10. For the borderless cell, the
offset drift is 0.6u7"/°C, while the XL cell displayed among
the tested cells, the lowest drift, 0.1u7/°C.
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Fig. 5. Magnetic equivalent residual offset for the XL Hall cell for Ip;qs =
0.5mA a) and Ip;qs = 1mA b).

C. Measurements of the Residual Offset vs. Biasing Current

For the borderless cell, the measurements results concerning
the residual offset vs. biasing current are displayed in Fig. 11.
At this point, we have to mention that the residual offset
was tested eight times for the same cell using the automated
measurement system. Therefore, the residual offset presented
in Fig. 11 is already averaged on 4 phases.

D. Temperature Coefficient of Specific Quantities

We were interested to see if the initial offsets, residual
offset (both 2 and 4-phase) and resistance have the same
temperature drift coefficient, information useful for developing
future temperature correction blocks.

From measurements, the coefficient of variation with tem-
perature was computed for the above-mentioned parameters
and the data for three cells and two biasing currents is
summarized in the Tabs. III and IV.

From the tables below, we can observe that for the resis-
tance, the experimental results are in good agreement with the
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Fig. 6. Magnetic equivalent residual offset for the L Hall cell for Ip;qs =
0.5mA a) and Ip;qs = 1mA b).

value for provided by the technology used.

At low biasing current, the junction field effect is less, so we
could expect a linear region in which the analyzed quantities
to have a closer connection. At biasing current of 1.25mA,
indeed the residual offset for the 2 phases (for basic and XL
cells) has a higher variation with temperature, like the other
analyses for 2-phase vs. 4-phase current spinning technique
have shown before.

Among the four integrated and subsequently tested cells, XL
cell displayed the minimum offset at room temperature, the
lowest residual offset drift and the best sensitivity. So we can
observe that this particular cell is the optimum one amongst
the analyzed Hall effect sensors.

E. Hall Cells Linearity Analysis

An analysis of the linearity of some of the integrated Hall
cells, in terms of resistance variation with the current has been
performed. The following table summarizes the data regarding
this linearity, denoted by « and calculated as the ratio of
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Fig. 7. Magnetic equivalent residual offset for the basic Hall cell for Ip;qs =
0.5mA a) and Ip;qs = 1mA b).

the resistance for S4 = 0.03V/T to the resistance for null
absolute sensitivity. By consequence, a = Rz(a?('g):i)- It is to
be mentioned that R(0) was not actually recorded for null
absolute sensitivity, but for a very small experimental data,
close to 0.

Among the integrated cells, it seems that the closest linearity

to unity is displayed by the cross-like cells.

FE. Three-dimensional Physical Simulations of the Hall Cells

The TCAD Synopsys 3D physical simulator [12], based on
numerical solutions to the carrier transport in semiconductors
[13]-[15], proved to be a reliable tool to predict the Hall
effect sensors performance, by investigating, amongst other
parameters, their Hall voltage and sensitivity.

In Figs. 12 and 13, the Hall voltage (simulated values and
measurement results) plotted against biasing current, for two
different Hall cells, is presented. A good coherence between
measurements and simulation results has been obtained, as you
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Fig. 8. Magnetic equivalent residual offset for the borderless Hall cell for
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TABLE III
TEMPERATURE COEFFICIENT FOR [p;qs = 1.25mA

The
temperature
variation
coefficient

a(T1
X12-Basic
Ry = 2.37TkQ2

a(T1)
X12-XL
Ro = 2.34kQ2

a(T™h)
X12-Borderless
Ry = 1.36k$2

Resistance
(k)

0.004

0.004

0.0036

Residual
offset (mV)
4 phases

0.002

0.001

0.090

Residual
offset (mV)
2 phases

-0.011

0.02

0.016

Individual
offset (mV)
of phase P1

-0.03

-0.03

0.016

Individual
offset (mV)
of phase P2

-0.007

-0.01

0.013

Individual
offset (mV)
of phase P3

-0.007

-0.01

0.0125

Individual
offset (mV)
of phase P4

-0.027

-0.029

0.014

TABLE IV
TEMPERATURE COEFFICIENT FOR Ip;qs = 0.25mA

The
temperature
variation
coefficient

a(T™1)
X12-Basic
Ro = 2.37TkQ2

a(T™1)
X12-XL
Ro = 2.34kQ2

a(T™1)
X12-Borderless
Ro = 1.36k2

Resistance
(k)

0.004

0.004

0.004

Residual
offset (mV)
4 phases

0.025

0.006

0.031

Residual
offset (mV)
2 phases

0.011

0.011

-0.028

Individual
offset (mV)
of phase P1

-0.012

-0.0009

0.031

Individual
offset (mV)
of phase P2

-0.008

0.002

0.025

Individual
offset (mV)
of phase P3

-0.008

0.002

0.013

Individual
offset (mV)
of phase P4

-0.0123

0.001

0.015

can see in the following graphs, for two of the analyzed cells,

namely XL and borderless cells respectively.

IV. CONCLUSIONS

Different Hall effect sensors were integrated in a CMOS
technology and their performance evaluated. Four geometries
(basic, L, XL and borderless cells) have been chosen and
tested. The offset, its drift and the sensitivity are quantities
that were measured to determine the sensors performance.
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TABLE V
HALL CELLS LINEARITY

Type of Tpiqs(mA) for _
Hall Cell | Sa —0.03v/7 | @ = F(0-03)/E(0)
Basic 0.4 1.022
L 0.4 1.021
XL 0.4 1.021
Border-
less 0.95 1.033
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Fig. 13. Hall voltage (both simulated and experimental results) vs. biasing
current, for the borderless Hall cell.

The results corresponding to the residual offset and its
behavior with the temperature were presented, with a com-
parative analysis on different Hall cell types. The temperature
coefficient of the individual offset, residual offset (using 2-
phase and 4-phase current spinning technique) and resistance
has been computed for several sensors. This information might
be useful in designing future temperature correction blocks.

It was shown that there is coherence between the measure-
ment and the simulation results. We finally concluded which
of the integrated shapes exhibited the best performance.

The various shapes analyzed offer an overview on how the
performance is related to the geometry.

As future work, we aim at investigating the residual offset
prediction and spinning current technique efficiency by using
the 3D physical simulator.
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