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Figure L1 Split-Drain MAGFET

Magnetotransistor with large current gain is desirable. The newly reported
Suppressed Sidewall Injection Magnetotransistor displays a range of
sensitivities from 0.5/T to 30/T. This sensitivity exceeds by an order of
magnitude or more, than the previously reported values for comparable
magnetotransistors It can be fabricated by standard CMOS technology.
However, from previous report, this kind of magnetic field sensor is still not
able to simulatanenously measure more than two components of the
magnetic-flus-density vector B.

There are potential applications of three-dimensional magnetic field
sensor as in most of the real case the magnetic field is not simply one-
dimension. Here are some examples of possible 3-D magnetic filed sensor
applications :

* Full magnetic vector measurements on magnetic materials and

apparatus
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Figure L2 Cross section of a vertical magnetotransistor

* Earth magnetic field measurements for navigational or geological
purposes

* Proximity switches

* Contactless angular position encoders

Efforts are being made in developing the multi-dimensional magnetic
field sensors which enable the detection of the three components of the
magnetic field simultaneously. The first fully integrable 3-D magnetic field
sensor was proposed by [13] in 1986, which was fabricated in standard bipolar
technology. It combines an in-plane 2-D sensor with a lateral
magnetotransistor. The device cannot eliminate the cross-sensitivity between
x and z, or y and z direction because of the presence of the vertical component
in the lateral magnetotransistor[14]. A 3-D vertical Hall magnetic field sensor
has been reported recently[9]. The cross-sensitivity between x and z directions
disappears, but the cross-sensitivity between x and y directions remains. In

our previous work, a 3-D magnetic field sensor fabricated in standard CMOS



Figure L3 Top view of a suppressed sidewall injection magnetotransistor

technology has been developed[15]. Although the sensitivity of z direction has
been improved by the control of the base surface potential through the biasing
of the gate terminal, the cross-sensitivity could not be eliminated completely.
In designing a 3-D magnetic sensor, the basic approach is to combine different
devices in different orientations on the same chip in a single
technology[9],[13]-[16]. However, the 3-D integrable sensors are facing the
challenge of implementing the compact sensing structures for all three
components of magnetic field on a single plane with relatively lower or no
crosse-sensitivities.

In this thesis, a three dimensional magnetic field sensor is proposed,
using the Stanford merged BiCMOS technology. The design of this BiCMOS
3-D sensor discussed in this work has the following advantages compared to
previously reported 3-D magnetic field sensors[9],[13]-[16].

(1). By using the triple diffusion BiCMOS process, the sensor with the
four collector vertical npn transistors together with split drain PMOS, as a



single device, is able to eliminate completely the cross-sensitivities which
were inherent to the previously reported three dimensional magnetic field
gensors in either CMOS or bipolar technology.

(2). The designed BiCMOS sensor can operate in the voltage scale from
0-6V with satisfactory output voltage swings. The device is compatible to the
post processing circuits in the BiCMOS technology and can be connected
directly without additional voltage transfer. For example, the sensor element
can be easily integrated with the signal processing circuitry acting as "smart
sensor” in a robotic arm for position detection in a magnetic environment.

(3). In this design, a merged structure from Stanford BiCMOS process
is used to reduce the chip area . The advantage of area and number of contacts
will become more obvious when the sensing part is used as a building block of
a large sensor processing system([17].

Although much effort has been expended in the development of sensors,
proportionally less effort has been directed to make integrated arrays of
sensors, especially in the multi-dimensional high frequency sensing systems.
In this thesis, a development of a 3-D magnetic field sensor array is also
presented. The above mentioned 3-D merged BiCMOS magnetic field sensor
is used as an individual cell in the processing array system. Such an array has
many applications, for example, it can act as the compliant tactile sensor to
measure the deformation of a membrane to which small magnetic dipoles are
attached[3]. In many cases, the multi-dimensional high frequency response
sensing systems can meet the requirements of mapping a quickly varying
field. This kind of 8-D magnetic field sensor system can be used in precise
manufacturing as a position sensor in a robotic arm in & magnetic source
environment which requires that the sensor system not only be capable of

detecting absolute positions but also detecting very rapid position changes.



Another useful application is the high frequency contactless switching. We
often need a tactile sensor which can sample a quickly changing magnetic
field. Of course the sensor array can be also used in the general application
like determining the fringing fields in an electric motor.

In the following chapters, details about device working principles,
design considerations, device and circuit simulations and some test results
are presented.

Chapter 2 gives a review of integrated semiconductor magnetic field
sensors, describing the physical mechanism basic to the action of the electrons
and the main principles about sensitivity, resolution, and technology in typical
magnetic field sensors.

Chapter 3 describes the novel 3-D magnetic field sensor designed in
Stanford BiICMOS technology with and without the merged structure. The
sensors is designed together with output processing circuitry. Design
consideration, layouts, PISCES and SPICE simulation and test results are
presented.

Chapter 4 gives the design of the 3-D magnetic field array system. The
principle of the processing system and optimization through simulation are
presented.

Finally the summary and conclusion are provided in chapter 5.

All the computer simulation input data and device layouts for
fabrication are presented in Appendix.



CHAPTER 2

PRINCEPLES AND OF INTEGRATED
MAGNETIC FIELD SENSORS AND REVIEW
OF PREVIOUS WORK

2.1 Galvanomagnetic Effects in Semiconductors
Most MFSs exploit the Lorentz forceF = qV xB on electrons in a

metal, a semiconductor, or an insulator in one way or another, where g
denotes the electron charge, V the electron velocity, and B the magnetic

induction. A simple example is shown in Figure 2.1.
Bz

Figure 2.1 Example of Hall effect

As mentioned in Chapter 1, semiconductor MFSs exploit the
galvanomagnetic effects such as Hall voltage, carrier deflection,
magnetoresistance and magnetoconcentration, which are due to the action of
the Lorentz force on the charge carriers (electrons and holes). In n-type
semiconductor material, for instance, the magnitude of the sensor effect is

controlled by the product of the electron mobility and the magnetic induction.



Hence high electron mobility is crucial for achieving high sensitivity. Thus n-
type material is superior to p-type material because of mobility.

The action of the Lorentz force manifests itself in the carrier-transport
equations. We assume isotropic n-type material with zero temperature
gradient. Let us denote the electron current density for B=20 by 7 n(0) The
diffusion approximation of the Boltzman transport equation leads to

Jy = o E+(qD,Vn) (2.2)

where c, = qun denotes the electronic conductivity for B = 0, E the
electrical field, D p = MK (T/q) the electron diffusion constant, n the
electron density, and jilthe electron drift mobility. In (2.1) the term onE
describes the drift current and gD n‘_V‘n the diffusion current. For nonzero

magnetic induction B , the electron current density J » (B) obeys the equation
Jn(B) =J(0) —p.*(J(B))

Where },l.n* is the Hall mobility for electrons. Equation (2.2) can be
solved with respect to J (B) viz.

J(B) = [1,(0) +p*Bx (BeJ (0)B)][ 1+ (un*zi)z}"l (2.3)

This equation comprises the isothermal galvanomagnetic effects for
electrons. It accounts for the direct effects of temperature on carrier
concentration, diffusion, and mobility, but does not include thermomagnetic or
thermoelectric effects. An analogous equation holds for the hole current
density. In general, the electron and hole current equations have to be solved
together with the pertinent continuity equations for electrons and holes as
well as Poisson's equation.In specific configurations characterized by the
device geometry, doping, and boundary and operation conditions, the one or
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the other galvanomagnetic effect may prevail.

Equation (2.8) induces the action of the Lorentz force on both carrier
drift (terms containing E) and diffusion (terms containing vn). Diffusion is
important in the case of magnetoconcentration or space-charge effects
occurring, e.g., in magnetodiodes (injection of both electrons and holes). If
carrier concentration gradients can be neglected, as,e.g.,in n-type slabs with

ohmic contacts,(2.3) becomes

Jn(B) = o [E+p*(Bx (BeE)B)] (2.4)

' — 2 _l - . - _ Py
where 0, = 0| 1+ (1 *B)"| .1t B is parallel to E, BxE = 0
leads to J n (B) = o, BE =J n (0): this means that no longitudinal
galvanomagnetic field effect is observed in isotropic semiconductors. For B

normaltoE,B'E = (), we obtain
Jo(B) = 0, g [E+p *BxE] (2.5)

This equation describes the transverse galvanomagnetic effects in the
case of mnegligible diffusion. In terms of B = (0,0,B),
E = (E,E,0) and), (B) = (J,;.J,,0),(2.5) becomes

nx’
Tox ™ Y: (E, - P,,*B Ey) &Jny = Oup (Ey + “’:B E,) (2.6)

Two limiting cases are usually distinguished:
1) Hall field:
It is assumed that the current density has only an x-component, i.e.,
J ny ™ 0. This can be achieved approximately in a long, thin rod sample
geometry with current electrodes at the small faces. Then the Hall field
E,=-u,"BE, = RyJ B 2.7
Where



n

Ry = —-p “/o, =~y /(qn) (2.8)
denotes the Hall coefficient. this results in a rotation of the
equipotential lines by the Hall angle 0 u with

*
tan, = E /E, = -1 "B = o,RyB 2.9)

For a long Hall plate of thickness t carrying a current I, the Hall field
produces the Hall voltage V;; = R, /t. The corresponding Hall sensor has
the sensitivity V/ (IB) = Ry/t = yn/ (gnt). Thus high sensitivity
requires small carrier concentration n. This explains why semiconductors are
more useful here than metals.

2) Carrier deflection:

Now zero Hall field, £ y = 0, is assumed. This condition can be realized
approximately by a short sample of wide cross section with current electrodes
at the large faces. The carrier deflection resulting is given by the ratio

~Jpy/ Tz = W, B = tanb, (2.10)

2.2 Design Consideration

Although different applications of magnetic field sensor has different
considerations which may emphasize one or two requirements, there are some
general design criteria which should be take into account when designing a
magnetic field sensor.

First of all, we must consider the availability of technology. Such as
standard Bipolar, NMOS, CMOS, and BiCMOS technology. Second, we need to
think over total manufacturing cost, which should be as low as possible. Then
the environment to which sensor is exposed should also be taken into

consideration. This includes temperature, humidity and chemical stress,
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mechanical stress, vibrations, etc. These conditions will influence the sensor
performance.

As to the properties of magnetic field sensor, we should consider the
following aspects:

* Sensor geometry (H parallel or perpendicular to chip surface)

* Sensitivity (absolute sensitivity and relative sensitivity)

* Magnetic field resolution signal to noise ratio)

* Spatial resolution (device geometry size)

¥ Linearity (response to magnetic field)

* Time resolution (frequency response)

* Offset, temperature depéndance of offset

* Power consumption

* Stability, reliability, lifetime

2.3 Split-Drain MAGFET

Split-Drain MAGFET is a MOSFET with two or three adjacent drain
regions which share the drain current. A magnetic field perpendicular to the
chip surface can cause defection of the current lines in the channel region. By
operating the MOSFET in the 'pinch-off' mode (V5 ¢ >V ;¢ — V) the output
impedance is made very high, so that large output voltage swings may be
obtained. Beyond the ‘pinchoff region', the depletion layers formed between
drains and channel would prevent voltage changes on the drains from
affecting the channel voltages. Since the MOS transistor works as current
source, the output impedance would therefore be high and so the device would
be capable of producing high output voltages under suitable load conditions.

Moreover, this bias condition also ensure that the lateral parasitic npn bipolar
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formed by two split drains and substrate operates in the cut-off mode [10].
The first magnetic-field sensitive MOS device was the MOS element
proposed by Gallagher and Corak [25]. About 10%v/ (AT) sensitivity can be
achieved in this way. The split-drain MOS transistor configuration as
proposed by Fry and Hoey [25] shows a much higher sensitivity, viz. about
104V/ (AT), provided load resistors well within magaohm range are applied.
The structure of a split-drain MAGFET is shown in Figure 1.1. The separation
of the two drains are determined by the minimum spacing of technology. Each
drain is L-shaped to provide more drain area, which helps to shape the surface
potential for better collection of deflected electrons. The width at the middle of
the channel is taken as the minimum width of the device. The length is taken
to be the minimum distance covered by the carriers in traveling from the

source to the drain [10].

2.4 Dual-Collector Magnetotransistor

Dual-collector Magnetotransistor is a bipolar transistor whose design and
operating conditions are optimized with respect to magnetic field sensitivity of
the collector current / .- Because of the geometrical symmetry, the two collector
current should be equal without magnetic field. However, when we apply
magnetic field in a particular direction, the current flow will deflect and cause
more current in one collector and less current in the other. The first
magnetotransistor was proposed by Hudson [6] in 1968. The relative
sensitivity was about 0.057". This is the vertical two-collector bipolar
transistor, where the magnetic field causes an imbalance in the two collector
currents. A lateral magnetotransistor was first described by Davies and Wells

[7]. This device was essentially a merged combination of planar Hall plate and
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a lateral two-collector transistor. The relative sensitivity was about 0.57 LA
vertical magnetotransistor and a lateral magnetotransistor are shown in
Figure 2.2 and Figure 2.3.respectively
The sensitivity of a vertical 1-D magnetotransistor can be calculated
from Figure 2.4. The path of the total collector current /. is shifted over a
distance Ay under the influence of the lateral magnetic field B - the shift Ay
depend on the Hall angle® I
tan@, = p, B, (211)
Hall mobility of the material [ 9t and the distance L' over which the

Cyl
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Figure 2.2 Top view of a vertical magnetotrasistor

deflection takes place. L' is smaller than the thickness of the epitaxial layer
because of the presence of the buried layers, emitter and base diffusions,
depletion layers, and current spreading. The shift Ay becomes

Ay = L'tan® (2.12)
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Figure 2.3 Top view of a lateral magnetotrasistor

Ay = L'uHBx (2.13)

We assume that current to the left of the central line between the
buried layers is collected be collector C » while the current to the right is
collected by collector (', . Because of the shift, currents /, in collectorC, and

I' in the collector C' are unequal.

Ay

- (1A (2.14)
Ix (§+We)lc
, 1 Ay
r,= j“w:)lc (2.15)

W, is the emitter width. The output signal Al = I -TI, which is the
current difference between the two collectors, becomes

Ay
W,

€

Al = 21 (3) (216)

4
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Figure 2.4 One-dimensional sensor-Magnetic-flux density
Bx cause a shift in the collector profile

With (2.13) the output signal can be written as

L'
AL = 2’c“HBx(‘W‘;) (217)

In the case of a 2-D in-plan sensor Figure 2.4, the sensitivity can be



