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3. HALL GENERATOR

3.1. INTRODUCTION

The generation of a strong Hall effect requires a high velocity of charge carriers. This can be
either achieved by a high electric field, or by a high mobility of the quasi-free charge carriers.
Metal conductors as used at the time of the Hall effect discovery, fulfilled neither of these two
requirements. Semiconductor technology revolutionized this. Low doped semiconductor
materials possess a low density of quasi-free charge carriers. These carriers hardly interact
with the ionic impurities, giving them a high mobility. Moreover, they are few enough, which
permits us to apply a high electric drift field without thermally degenerating the material.
Both these features lead to a high velocity and consequently to a high signal level. For this
reason, Hall effect devices today, are exclusively made of semiconductor material. Since we
are concerned with the designing of an integrated Hall generator in silicon that can accurately
measure medium strength magnetic field intensities generated by the line current through a
wire-wound ferromagnetic core, it is of particular interest for us to understand which matenal

phenomena determine the behavior of the Hall effect in silicon for its successful design.

Semiconductor-integrated sensors has undergone major development over recent years and
has been driven by the need for a reduction in size and increasing efficiency of electronic
circuitry in semiconductor single chip solutions. This field has now completely revolutionized
electronic sensing and holds particularly true for magnetic field sensors (MFS). Integrated
silicon MFS’s can now be manufactured using standard IC technologies without introducing
any extra manufacturing steps or procedures such as “micromachining” or film deposition as

in the case of most mechanical or chemical sensors.

The Hall generator falls under the category of magnetic field sensors and is a transducer that
converts a magnetic field into a useful electronic signal. There exist two main groups of MFS
applications namely direct (magnetic fields, reading of magnetic tapes, etc.) and indirect also
called “tandem” transduction (mechanical displacement of magnets, current sensing, etc.).
The linear power sensor thus requires the detection of magnetic fields in the micro- and
millitesla (m7) range, which can be achieved with integrated semiconductor sensors. This
chapter will thus focus on the magnetic properties and effects of the Hall generator upon

which the design method for the Hall generator will be based.
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3.2. BACKGROUND

Semiconductor MFSs are based on galvanomagnetic effects such as Hall voltage, carrier
deflection, magnetoresistance and magnetoconcentration, all due to the action of the Lorentz
force on the charge carriers (electrons and holes) and further magnetically form part of the

low-permeability (dia- or paramagnetic) group where u = 1.

Silicon (Si) and gallium arsenide (GaAs) offer an advantage of inexpensive batch fabrication
by the integration of single or multiple sensor elements together with appropriate support and
signal processing circuitry in an advanced standard technology of established reliability, such
as bipolar or CMOS technology. Many custom chip manufacturers around the globe using
design rules of a standard chip manufacturing process have exploited this advantage. MFS
development outside these processes requires special manufacturing techniques and
appropriate test and reliability procedures. The development costs involved are usually far

beyond the financial reach of small to medium sized companies.
3.3. GALVANOMAGNETIC EFFECTS IN SEMICONDUCTORS

For the designing of effective and efficient Hall generators, an understanding of the
mechanism of galvanomagnetic effects in semiconductors is necessary. This chapter describes
the bulk integrated Hall device for its widely explored and well-understood behavior as the
benchmark for performance measurement of the proposed Hall generator. The device will be
analyzed in terms of device sensitivity, noise performance, offsets, linearity, electrical

functionality and technological compatibility with standard CMOS processes.

3.3.1. The Hall Effect

Figure 3.1 shows the generation of the Hall effect and is the occurrence of a current
component perpendicular to a control current /, and magnetic field B, as a direct result of the
Lorentz force [8, 9, 10, 11, 12, 20]. Charge carriers are deflected by the magnetic field. To
ensure that the transverse current is zero, an electric field called the Hall field is established. If
the magnetic field is zero, the two points y; and y, have the same potential, i.e., the voltage

difference between the two points is zero and thus no Hall voltage is present.

Electrical, Electronic and Computer Engineering 18
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If B, # 0, there will be a voltage difference between points y; and y, which is proportional to

the magnetic field and

I, B,
V,=R| = (3.1)

where [, = current in direction y,
¢t = semiconductor thickness,

Ry = proportionality factor (Hall coefficient).

The Hall coefficient is inversely proportional to the density of free carriers. To obtain a large

Hall voltage, a material with a small carrier density is required.

Figure 3.1 The Hall effect in a piece of semiconductor material

The Hall effect, like other galvanomagnetic effects, is thus a manifestation of the charge
carrier transport phenomena in condensed matter when carriers are under the influence of the
Lorentz force. We assume isotropic n-type material with zero temperature gradient. Further,
we denote the electron current density for B = 0 by J,(0). The diffusion approximation of the

Boltzmann transport equation thus reduces to [8, 9, 10, 11],

J Oy=0,E+q9D Vn (3.2)

Where o, = qu.n, denotes the electronic conductivity,
B =0, denoting the magnetic field,
E, the electric field,

g=16x 107" A.s, the magnitude of electron charge,

Electrical, Electronic and Computer Engineering 19
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u kT
q

x 10 J/K and temperature 7, in Kelvin,

D, = . the electron diffusion constant with Boltzmann’s constant, £ = 1.380658

n, the electron density and

Uy, the electron drift mobility.

In equation (3.2) the term o,£, describes the drift current and gD, Va, the diffusion current.

For nonzero magnetic induction B, the electron current density J,(B), obeys the equation

J (BY=J (0)—w (J,(B)XB) (3.3)

Where 1, is the Hall mobility for electrons. The Hall mobility is proportional to the drift
(z,)

2 0*

i

mobility u, and tt,” = ryit,. The scattering factor is defined as r, = where 7, denotes

the free time between collisions. The energy-band structure and the underlying scattering
processes determine the value of r,, which is about 1.15 for n-type silicon at room

temperature for low donor concentrations.

Solving equation (3.3) with respect to J,(B) vields,

J,(0) =, (BxJ, (0)+(w,)* (B.J,(0)B
1+ (0, By

J,(B)= (34)
This equation comprises the isothermal galvanomagnetic effect for electrons and accounts for
the direct effects of temperature on carrier concentration, diffusion and mobility excluding
thermomagnetic and thermoelectric effects. The hole current density is defined in the same
way. Poisson’s equation as well as the pertinent continuity equations for electrons and holes is

generally solved together with the electron and hole equations.
It is evident from equation (3.4) that the Lorentz force is included in both carrier drift and

diffusion terms. Neglecting carrier concentration gradients as with n-type slabs with ohmic

contacts reduces equation (3.4) to,

J (B)=0,[E+(BXxE)+ 1" (B.E)B] (35)

Electrical, Electronic and Computer Engineering 20
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3.4.3. Sensitivity

The absolute sensitivity of a Hall plate can be reported in one of two ways, supply-current-

related sensitivity (equation (3.27)) and supply-voltage-related sensitivity (equation (3.28)).

19V, rG
B =2—V/AT :
v =728, gm[ | (3.27)
1ov,!  Lw
S, ==t =y —GT
R¥ 1V aB_,] eu:zl { ] (3.28)

The theoretical limit for the sensitivity established from equation (3.26) and taking », = 1,

with appropriate mobility constants at room temperature yields [9],

0.12877" —Si
R¥ ,max = ( 3.29 )

1072577 = Gads

for the two material types.

3.4.4. Noise

One of the major and dominant performance parameters of sensors is the signal to noise ratio

(SNR). The voltage noise spectral density across the Hall electrodes is given by
SV(f)ZSrfa(f')_f'SVT (3.30)

where Syg, represents the f" noise and Sy, the thermal noise, the first dominating at low

frequency and the other at high frequencies respectively.

Maximizing the SNR over the frequency spectrum can thus be divided into, low and high
frequencies. The SNR at low frequencies is increased when the Hall plate contains a large
number of carriers and is made of a material with a high mobility and a low Hooge o-
parameter. Geometrically, the SNR can be improved by designing for an aspect ratio of

L3
W
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High frequencies is dominated by thermal noise and increasing the Hall generator bias
current, directly increases the SNR and is limited by the maximum allowable power
dissipation in the plate. Using a high mobility material also results in a larger SNR at high

frequencies.

3.4.5. Offset Voltage

Offset voltage in Hall generators embed themselves as a constant voltage present at the signal
contacts in the absence of a magnetic field. The offset voltage is usually reported as an

equivalent offset magnetic field or
B = R (3.31)

with S, denoting the absolute sensitivity.

Offsets in Hall plates come from a contribution of a number of factors. The dominant factors
come from imperfections in the manufacturing process e.g. misalignment and fluctuations in
material characteristics, and piezoresistive effects. These two effects are usually modeled as a
simple resistive bridge incorporating asymmetry as shown in figure 3.4. Typical applications

require offsets of Bp e, < 10 mT.

y
R+AR R—AR
cI C2
R—AR R+AR
gnd

Figure 3.4 Bridge circuit model of Hall plate

The second most important source of offset voltage contribution comes in the form of

mechanical stress introduced during packaging. Up to Bo,, = 8.4 mT, can be introduced here

Electrical, Electronic and Computer Engineering 29
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3.4.8. Hall Generator Design

It is desired to design the Hall generator for sensing a vertical magnetic field with the

following specifications:

e An expected magnetic field range of 0.1 mT to 100 mT,
o Magnetic field frequency of 45 to 325 Hz, inclusive of the 5™ harmonic,

¢ Within specified accuracy for a temperature range of -25°C to 70°C.

With these specifications in mind, it was found that the cross-shaped Hall plate was well
suited to the design criteria and specific application. The device is discussed with reference to
the different criteria namely, sensitivity, noise performance, offsets, temperature stability,
linearity and technological compatibility with standard CMOS processes. The assumption
made now is that the chosen process is based upon a standard silicon 1.2 pum CMOS, double

metal, double poly process.

electrodes

Figure 3.6 Top and cross-section view of the Hall generator geometry
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3.6. EXPERIMENTAL VERIFICATION

A Hall effect device was manufactured in the proposed standard CMOS 1.2 pm technology
and used to verify all the performance characteristics of the device. This section presents
measurements of the electrical and magnetic device parameters of the cross-shaped Hall

generator with dimension as illustrated in figure 3.12.

electrodes

Figure 3.12 Cross-shaped Hall generator illustrating dimensions implemented

Mathematical approximations in paragraph 3.3, and 3.4. are now combined for comparison
with physical behavior. Any deficiencies can thus be revealed and discussed and suggestions
can be made for rectifying any under performance of the device. The device was tested
according to the characteristics set out in paragraph 3.4.8. For most of the test procedure,
unless otherwise specified, the characterization of the sensor was done at room temperature
using a wire-wound ferromagnetic core as a magnetic transducer providing magnetic flux

densities of up to 100 mT.

3.6.1. Sensitivity

The first parameter measured was the sensitivity of the device and to maximize the sensitivity
for easier measurement, a biasing current of 1 mA was used. Passing current through the
conductor of the wire-wound ferromagnetic core generated the magnetic field required for the
measurements. A total of 12 devices were measured and the results of 4 chosen at random are

presented in table 3.1 and figure 3.13.
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Hall Voltage (mV)
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Figure 3.16 Graph showing linear regression models of the Hall generator transfer functions versus

magnetic field

Table 3.3 shows the linear first-order transfer functions for devices 1 to 4 presented in figure
3.13 respectively where V| represents the predicted Hall voltage in mV for a given magnetic
field strength of B Gauss. The slope indicates the sensitivity of the device in V/G and the
constant offset in mV at the given bias conditions. The R* factor represents how well the
model defines the experimental data where R? = 1 represents and ideal linear fit. As seen from

this, the sensors appear to show a high degree of linearity and will be fit for the application.

Table 3.3 Table showing first-order transfer functions determined through linear regression

Sensor 1 Sensor 2 Sensor 3 Sensor 4
Transfer function | ¥;=0.0159B+ | V,=0.0159B+ | V;=0.0159B | V,=0.0159B +
(mV) 0.5488 0.2276 +0.5847 0.3282
R’ value R*| =0.9999 Ry=1 R =0.9998 | R%=0.9999

3.6.4. Temperature Behavior

The experiment was divided into two parts, the first to test the influence of temperature on the

offset voltage and the second to test the influence of temperature on the sensitivity. The

Electrical, Electronic and Computer Engineering 43
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