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Abstract

The experimental analysis and an analytical model of a ncovel
microelectronic magnetic -sensor are presented. Known as the Suppressed
Sidewall Injection MagnetoTransistor (SSIMT) this device is manufactured in a
standard CMOS technology and has produced the highest sensitivities reported for
a linear magnetotransistor. The analytical model based, on the assumption of the
dominance of carrier deflection as the operating mechanism, successfully predicts
the bias dependance of the SSIMT and provides considerable insight into the
physical cause of the very high measured sensitivities. Experimentally a large
variety of devices are characterized and the SSIMT is operated under two different
biasing conditions. The SSIMT is compared systematically to a simpler more
traditional magnetotransistor in order to determine the effect of its unique
structure, on the magnetic behavior of the collector currents. The structure of the
SSIMT provides the opportunity of analyzing the relative roles, in the magnetic
operation of the device, of simple current deflection and the modulation of the
emitter injection by a Hall field in the base region. An experimental study of the

two effects determines carrier deflection to the dominant mechanism of magnetic

operation.



ACKNOWLEDGEMENTS

It is a pleasure to thank my supervisor, Dr. Lj. Ristic, who first introduced
me to semiconductor devices. Without his constant help and encouragement this
work would never have been completed. I would also like to thank Dr. Igor

Filanovosky, whose careful reading of the text was of great assistance.

In addition, I would like to thank Ken Westra for keeping me sane and
Graham McKinnon and Alan Mitchell for helpful discussions. I would also like to
thank all the students and staff at AMC for putting up with my idiosyncrasies and

making my stay a pleasure.

Finally, I wish to express my gratitude to AMC and NSERC for financial

support.



Table of Contents

1.0 Introduction

2.0 Microelectronic Magnetic Field Sensors

2.1 Current flow in a semiconductor with an
applied magretic field

2.2 Magnetic field sensors
2.2.1 Hall plates
2.2.2 MagFETs
2.2.3 Magnetodiodes
2.2.4 Magnetotransistors

2.2.5 Carrier domain magnetic field
Sensors

3.0 Magnetotransistor Theory
3.1 Carrier deflection
3.1.1 Carrier deflection in a VMT
3.1.2 Carrier deflection in an LMT
3.2 The emitter modulation effect
3.2.1 Hall voltage generation
3.2.2 Collector current response
3.3 Magnetoconcentration
3.4 Numerical modeling of magnetotransistors
3.5 Figures of merit
3.5.1 Relative sensitivity
3.5.2 Absolute sensitivity

3.5.3 Signal to noise ratio

page

13
14
15
18

25
25
29
33
34
35
36

38
39
41
41



3.5.4 DC zero field offset

4.0 SSIMT Operation and device geometries
4.1 Basic SSIMT structure and operation
4.1.1 Biased stripes
4.1.2 Floating stripes
4.2 Device Models
4.2.1 LMT operation
4.2.2 SSIMT operation with
stripes floating
4.2.3 SSIMT operation with
stripes biased

4.2.3.1 Analytical model

4.2.3.2 Effect of Bias parameters
on device sensitivity
4.2.3.2.1 Influence of Vr
4.2.3.2.2 Influence of V§
4.2.3.2.3 Influence of IR

5.0 Experimental results
5.1 Process and Geometrical variations
5.1.1 CMOS processes

5.1.2 Device geometries

5.1.2.1 Basic SSIMT structure

5.1.2.2 The LMT

5.1.2.3 Emitter geometries

5.1.2.4 Base width variation

5.2 LMT and SSIMT with stripes floating

§.2.1 Electrical Characteristics

42

47
47
48
49
51
51
55

58

6!

66
69
71

80
80
80
81
81
81
81
81
83
84



5.2.2 Magnetic Characteristics
5.3 SSIMT with stripes biased

5.3.1 Electrical Characteristics

5.3.2 Magnetic Characteristics
5.4 Device Geometry variations

5.4.1 Emitter geometry variations

5.5 DC zero field offset control

6.0 On the injection modulation effect
6.1 The emitter modulation effect
6.1.1 Hall voltage generation
6.1.2 Collector current response
6.2 Experimental Results
6.2.1 Hall voltage generation

6.2.2 Collector current response

7.0 Conclusion

References

84
86
88
89
91
94
94

125
126
126
128
131
13
133

137

140



Figure

Fig. 2-1

Fig. 2-2

Fig. 2-3

Fig. 2-4

Fig. 2-5

Fig. 2-6

Fig. 2-7

Fig. 2-8

Fig. 2-9

Fig. 3-1

Fig. 3-2

Fig. 3-3

Fig. 3-4

List of Figures

Ideal Hall plate.

Hall plate in bipolar technology.

Vertical Hall device.

MOS Hall plate.

Ideal Magnetodiode.

CMOS based magnéetodiode.

VMT fabricated in a bipolar process.

LMT fabricated in a CMOS process.

LMT sensitive to a perpenicular magnetic field.

Two collectur npn VMT.

Electron current flow in collector region of VMT.

Electron current flow in base region of CMOS LMT.

LMT a) top view b) crossection

page
20

20

21

21

22

22

23

23

24

43

43

45



Fig. 3-5 LMT analysed by Mitnikova et al. 46

Fig. 4-1 Basic SSIMT structure a) crossection b) planview. 73
Fig. 4-2 Circuit diagram for SSIMT with stripes biased. 74
Fig. 4-3 Circiut diagram for SSIMT with stripes floating. 74
Fig. 4-4 Electron flow for a) LMT b) SSIMT stripes floating 75

c) SSIMT with stripes biased.

Fig. 4-5 a) Electron current flow in base region of the LMT. 76
b) Electron current deflection due to an applied

magnetic field B.

Fig. 4-6 Electron current flow in base region of the SSIMT 77

with stripes floating

Fig. 4-7 a) Electron current flow in base region of SSIMT with 77

stripes biased

Fig. 4-8 a) electron flow in base region responsible for collector 78

current, b) magnetic response of this electron flow.

Fig. 4-9 a) L-shaped model of the flow of electrons responsible 79

for the collector current, b)current deflection through



Fig. 5-1

Fig. 5-2

Fig. 5-3

Fig. 5-4

Fig. 5-5

Fig. 5-6

Fig. 5-7

Hall angle of linear current flow.

SSIMT emiter structure a) 30x100 pm b) 30x30 pm.

SSIMT 50 um base width.

I as a function of IB for the LMT with stripes
floating VC=5V.1) V§=5V. 2) Vg=10 V.
3) Vs=15 V.

Ic as a function of I for the SSIMT with stripes
floating Ve=5V.1) V§=5V. 2) Vs =10 V.
3) Vs=15 V.

VB as a function of IB for both the LMT (dashed)

and the SSIMT with stripes floating (solid)
Ve=5V.1)V§=5V. 2)Vg=10V.3) Vg=15 V.

Ig as a function of IB for both the LMT (dashed)
and the SSIMT with stripes floating (solid)
Ve=5V.1)Vg§=5V. 2)V§=10V.

3) V§ =15 V.

IC as a function of V§ for both the LMT (dashed)
and the SSIMT with stripes floating (solid)
Ve=5V.1)Ig=1mA. 2)Ig =2 mA.

3) I =3 mA.

98

99

100

100

101

101

102



Fig. 5-8

Fig 5-9

Fig. 5-10

Fig. 5-11

Fig. 5-12

Fig. 5-13

Fig. 5-14

IS as a funetion of V§ for both the LMT (dashed) 102

and the SSIMT with stripes floating (solid)
Vc=5V.1)Ig=1mA. 2)Ig =2 mA. 3) Ig =3 mA.

Current response, AIC, as a function of B. a) LMT 103
b) SSIMT with stripes floating:VC =5V, I = 1 mA,
Vs=15V.

Absolute sensitivity versus Ig, VC =35V a) LMT 104
b) SSIMT. 1) V§=5V,2)V§=10V,3)Vg=15 V.

Relative sensitivity versus I, VC =35V 105
a) LMT Vb) SSIMT. 1) V§=5V,2) V§=10V,

3) Vs = 15 V. Relative sensitivity versus V§ VC =3

c) LMT V d) SSIMT. Absolute sensitivity versus VC,

Vs =10¢) LMT{) SSIMT. 1) IB=1mA, 2) I =2 mA

3)IB = 3 mA.

IC as a function of Vg, V§ =5V, Vr=0V: 108
1) Ig =6 mA, 2) Ig = 8 mA, 2) Ig = 10 mA.

IC as afunctionof Ig V§=5V,VCc=5V: 108
DV, =00V,2)V; =-02V,2) V; =-04 V.

Ic as afunctionof Vr, V§ =5V, VCc=5V: 109
1) I =7 mA, 2) Ig = 8 mA, 2) Ig =9 mA.



Fig. 5-15

Fig. 5-16

Fig 5-17

Fig 5-18

Fig. 5-19

Fig 5-20

a) VR as a function of Ig, b) Is as a function of I, Vr = ov, 109

Ve=5V: l)Vs=5V,2)‘Vs=IOV,3)Vs=15V.
¢) Ic as a function of Vg, Vy =0V, Vc=5V:
1) Ig =7 mA, 2) Ig = 8 mA, 2) Ig =9 mA.

Collector current response as a function of the
applied magnetic field. a) V§ =5V, Vr=-025V,
Ig=8.5mA, VC=5V.b) Vs =5V, Ig =7 mA,
Ve=5V:1) Vr=-198 mV, 2) Vr=-193 mV,

3) Vr=-150 mV.

Absolute sensitivity versus stripe potential,

V§=5V,Ig=7mA,VC=5V,B=30mT.

Relative sensitivity versus stripe potential,

V§=5V,Ig=7mA,VCc=>5V,B=30mT.

Theory shown in solid.

a) Wefr and L1 + L2 as a function of Vr, b) X1

and X7 as a function of Vr, Bias conditions as in

Fig. 6-18.

Absolute sensitivity versus VS, IB =7 mA,
Vc=5V,B=30mT. 1) Vy=0.0mV, 2) Vr =-50 mV,
3) Vr =-100 mV.

111

112

112

113

114



Fig 5-21

Fig. 5-22

Fig 5-23

Fig 5-24

Fig. 5-25

Fig 5-26

Fig. 5-27

Relative sensitivity versus V§, IB =7 mA,
Vc=5V,B=30mT. 1) Vr =0.0 mV, 2) Vr =50 mV,
3) Vr =-100 mV, 4) Vr = -180 mV. Theory shown in solid

a) Wefrand L1 + L2 as a function of Vy IB =7 mA,
Vc=5V,Vr=-180mV.

Absolute sensitivity versus I, V§ =5V, Vc=5YV,
B =30mT. 1) Vr=0.0 mV, 2) Vp =-198 mV,
3) Vr =-460 mV

Relative sensitivity versus IB, V§ =5V,
Vc=5V,B=30mT. 1) Vr =0.0 mV, 2) V¢ =-198 mV,
3) Vr =-460 mV. Theory shown in solid.

a) Wesfand Ly + L2 as a function of IR, V§ =5V,
VCc=5V,Vr=-198 mV.

a) Absolute sensitivity versus VC . b) Relative
sensitivity versus VO, V§ =5V, V=0V,
B =30 mT, I =8 mA.

Electrical and magnetic characteristics of 5 pum SSIMT
a) I§ versus IB, b) Vp versus IB, ¢) Sr versus IB,

d) Saversus IB, Vr =0V, VC =5V,1) V§=5V,
2)Vs=10V,3) Vg=15V.

114

115

116

116

117

118

119



Fig. 5-28

Fig. 5-29

Fig. 5-30

Fig. 5-31

Fig. 5-32

Fig. 5-33

Fig. 5-34

Fig. 6-1

Fig. 6-2

IBc as a functionof AE VS =15V,VC =35V,
IB=10mA, Vr =00V

Sa as afunction of Lg, V§ =15V, VCc=35V,
IB = 10 mA, Vr =0.0 V 1) square devices
2) devices for which Wg

is a constant.

AIC as a function of B, V§ =5, IB = 1 mA, stripes
floating, V§ =5 V. LE =20, 40, 60, 80 and 100 pm.

Sy as a functionof AEVS =15V, VC=3V,
Ig=10mA, Vr =00V

Sa asafunctionof AEVS =15V,VCc=5YV,
Ig=10mA, Vy =00V

The offset as a function of Vy when both p* stripes

are at the same potential. VC =5V, Vs =5 V.

The potential difference as a function of Vr for offset

elimination. VC =5V, V§ =35 V.

RH as a function of the injection ievel, a, b=3,

NA=1016cm3,r=12.

Hall voltage distribution along emitter/base junction

120

121

122

123

123

124

124

134

134



Fig. 6-3

Fig. 6-4

Fig. 6-5

Fig. 6-6

Hall voltage versus applied base current at a
magpnetic field of 500 mT, LE = 100 pm,
1) substrate disconnected, 2) Vs=5 V.

Hall voltage versus magnetic field, I =5 mA,

LE = 100 um, 1) substrate disconnected, 2) Vg =5 V.

Hall voltage versus emitter length Ig =5 mA,

B = 500 mT, 1) substrate disconnected, 2) Vg=35 V.

Al as a function of B, I = 5 mA, LE = 100 um,
1) substrate disconnected, 2) V§ =5 V. IM1 and
IM2 correspond to equation 3.29 for conditions

1) and 2) respectivily

135

135

136

136



Symbol

Boff

Ico

J nx
Tny
Ino
Js

List of Symbols

Name

Magnetic induction vector

Effective zero field magnetic field offset
Electron diffusion coefficient

Hole diffusion coefficient

Electric field vector

Electric field vector in x direction
Electric field vector in y direction
Accelerating electric field

Laterally accelerating electric field
Geometrical Hall factor

Magnetic field vector

Collector current

Collector current at zero magnetic field
Collector current change due to a magnetic field
Substrate current

Base current

Emitter current

Current through p* stripes

Critical base current

Electron current density vector
Electron current density in x direction
Electron current density in y direction
Electron current density at zero magnetic field

Reverse biased junction saturation current

Unit

tesla

tesla

m?/s

m?/s
volts/meter
volts/meter
volts/meter
volts/meter
volts/meter
amp/meter
amp

amp

amp

amp

amp

amp

amp

amp
amp/m2
amp/m?
amp/m2
amp/m?

amp/m?



Boltzmann constant

Injection modulation coefficient
Acceptor doping concentration
Donor doping concentration
Electron carrier concentration
Hole carrier concentration
Elementary electronic charge
Hall scattering Coefficient
Hall coefficient

Relative sensitivity

Absolute sensitivity

Signal to noise ratio

Hall voltage

Collector voltage

Emitter voltage

Base voltage

p* stripe voltage

Substrate voltage

Critical p* stripe voltage
Critical substrate voltage
Thermal voltage

Effective width of lateral electron flow
Emitter crowding parameter

Injection coefficient

DC current gain of the vertical transistor
DC current gain of the lateral transistor

Electron drift mobility

m3
m3
m-3
m3
coulomb

m-3coulombs-]
% / tesla
amp/tesla
volts
volts
volts
volts
volts
volts
volts
volts
volts

meter

meter2/volt-sec



Hole drift mobility

Electron Hall mobility

Hole drift mobility

Magnetic permeability of free space
Relative magnetic permeability
electrical conductivity in n region
electrical conductivity in p region
Hall angle

resistivity

meter2/volt-sec
meter2/volt-sec
meter2/volt-sec

amp/meter-tesla

(Q - m)1
(Q - m)]
radians

volt-meter/amp



1.0 Introduction

The rapid decrease in feature size for digital microelectronics technologies
has produced an astounding increase in the signal processing power available to
the design engineer. In particular, real time signal processing and complex control

applications are possible which could not have even been contemplated 10 years

ago.
Generally, any real time electronic system consists of 3 distinct sections:

1) an input section consisting of an interface device, either, human
interface devices (such as electronic keyboards) or, sensors providing a signal
relating to a particular state of the environment of interest, examples of this are

magnetic field sensors and electro-mechanical devices such as position sensors;

2) A signal processing stage often consisting of an analog to digital
stage to convert incoming data, a central digital processor and a digital to analog

stage to allow for an output interface;

3) An output stage consisting of either information output devices

(typically a cathode ray tube or equivalent), or actuators such as stepper motors.

The application of modern VLSI technologies to the fabrication of the
processing section of an electronic system has produced a substantial drop in the
cost of this stage. Therefore, the cost of an electronic system is often dominated by

the cost of the input and output stages. A typical control system will consist of a



number of large expensive sensors providing information to an inexpensive mass

produced signal processing unit.

This discrepancy in relative costs has provided the impetus for research
into the use of microelectronic fabrication techniques in the production of a variety
of sensors. Micromachining techniques are being used to produce mechanical
sensors and a variety of chemical sensors have been produced. Microelectronic
temperature and optical sensors are well developed. An obvious area of interest
and application is microelectronic magnetic sensors and it is with a particular type

of magnetic sensor that this thesis will deal.

A large variety of magnetic field sensors (MFS) have been fabricated using
microelectronic iechnologies (see [1,2] and ref. therein). These vary widely both in
operation and in fabrication. Basically, all standard integrated circuit fabrication
technologies have been exploited from standard complementary metal oxide silicon
(CMOS) processes to a variety of bipolar technologies. Devices have also been

fabricated in a number of unusual materials such as InSb.

All microelectronic magnetic sensors have as their fundamental operating
principle the action of the Lorentz force on the carriers flowing in the device [1,2].

The Lorentz force is given by,
F=qv xB (1.1

where q is the charge on a carrier flowing through a region of the device, V is the

velocity of the carrier and B the magnetic induction present in the region. The

magnetic induction, B, is related to the applied magnetic field, H, by the relation



- —

B =y loH, where ji is the relative permeability of the device region and o the

permeability of free space. The Lorentz force manifests itself in a variety of effects
in semiconductor devices. These include carrier deflection, Hall field generation,
injection modulation effects and magnetoconcentration [1,2]. These effects are
present to a greater or lesser degree in a particular device determined by the
device structure and biasing configuration. A number of these effects are a function
of the mobility of the carriers in certain regions of the device. This has promoted
the use of materials such as InSb and GaAs. Of interest is the relationship
between I_?: and ﬁ It can be seen from equation (1.1) and this relationship that a
sensor fabricated out of a material with a large pr would have a large sensitivity.
Unfortunately, all semiconductors have relative permeability of approximately 1

and metals, that do have a large p;, are unsuitable for magnetic sensor use, due to

their high conductivitics.

The use of an established semiconductor technology to fabricate an MFS
does, however, have other advantages despite the small yr. An extremely wide
variety of devices, varying from simple Hall plates to complex active devices such
as magnetotransistors can be fabricated by the use of regions doped with acceptor

and donor atoms to form n and p doped areas.

Particular interest has been focussed on the fabrication of MFS using
standard semiconductor technologies such as CMOS. This interest is due to a
number of reasons. A standard process has the advantage of being a known
technology with well understood device characteristics. In addition the process is

presumably reliable, and predictable, facilitating sensor development. Finally, the



sensor, its bias electronics and any signal processing can be integrated on the

same chip allowing for inexpensive batch fabrication of the final product [3].

A number of devices have been fabricated using standard processes. These
include field effect transistors (MagFET), bipolar transistors and Hall plates in
MOS technologies and Hall plates and bipolar devices in bipolar technologies.
Perhaps the most promising of all the devices fabricated in standard technologies
is the magnetotransistor (MT), a bipolar transistor optimized for magnetic

operation [1,2].

This work will deal with the characterization, modelling and optimization of
a magnetotransistor fabricated in CMOS technology. Known as the Suppressed
Sidewall Injection MagnetoTransistor (SSIMT) this device has displayed
extremely high sensitivities [4,5]. In addition, to the characterization of the device,
the device will be used to provide a means of analyzing the relative roles of the
responsible mechanisms of operation [6]. Due to the geometric and operational
complexity numerical Simulation of device operation is unpractical. Therefore, in
order to allow for an understanding of the SSIMT a simple analytical model of the
device will be presented and compared to experiment [4]). The purpose of this
model will be to promote an intuitive understanding of the device operation in order

to allow for an intelligent development of the device.

The contents of the following sections of the work will now be described.
The second chapter Will be a basic revision, of first, the fundamental effects
present in a semiconductor with an applied magnetic field and, secondly, of the
various devices produced to respond to this effect. Typical devices such as Hall

plates [7,8], Magnetodiodes [9], MagFETs [10,11] and Magnetotransistors



[12,13] will be described. Simple explanations of their operation will be provided

and an indication of their range of sensitivity given.

Chapter 3.0 will present a description of the previous research on
magnetotransistors. The chapter will deal first with the analytical work presented
in the literature. This section will be broken up into parts dealing with each
proposed mechanism of operation for the magnetotransistor. The three principles
dealt with are carrier deflection, the emitter modulation effect and
magnetoconcentration. An overview of the current state of numerical modelling of
microelectronic MFS will also be given. Finally, in this chapter, a discussion of the
figures of merit used to characterize microelectronic magnetotransistors will be

presented. This discussion will deal with both relative and absolute sensitivities

and other concerns such as zero field offset.

The basic SSIMT structure and operation will be presented in chapter 4.0.
The method of fabrication of ihe device will be outlined. A qualitative description of
the both the electrical and magnetic operation of the device will be presented. The
various biasing options of the device will be discussed. In the second section of
this chapter a quantitative model of the SSIMT will be presented. The device's
operation will be analyzed under two fundamentally different biasing arrangements
and compared to the operation of a simpler more basic magnetotransistor

structure.

The experimental characterization of the device is presented in chapter 5.0.
First the electrical and magnetic behavior of the basic SSIMT and a simple lateral
magnetotransistor is given. Experimental confirmation of the theory developed in

chapter 4.0 is then presented. A large variety of devices differing in geometry, and



process technology, were fabricated and experimental results from a number of

different devices will be presented to elucidate the SSIMT operation.

In chapter 6.0 a theoretical and experimental study of the role of carrier
deflection and emitter injection modulation in the SSIMT will be presented. The
unique SSIMT geometry presents the opportunity of measuring the Hall field
produced in the base region of the device and then determining the role of this field

in SSIMT operation.

Chapter 7.0 is the conclusion of the work and will deal with the implications
of both the theoretical model and the experimental results. Results from an
application of the SSIMT will be outlined. Lastly, a proposal for further work will
be given.



2.0 Microelectronic Magnetic Field Sensors

2.1 Current flow in a semiconductor with an applied magnetic field.

The action of the Lorentz force on the current flow within a semiconductor
device can best be illuminated by the simple case of a homogeneous, isotopic
sample of a n-doped material with no temperature variation [1]. Incorporation of

the Lorentz force expression into the zero field diffusion approximation of the

Boltzmann transport equation

leads to the general expression for electron flow in the presence of a magnetic field

7a(B) = 1n(0) - pi(u(B) x B) (2.2)

where J,(0) is the zero field current flow, lln* the Hall mobility of electrons, oy the
zero field electrical conductivity, q the fundamental electric charge and Dy the
electron diffusion coefficient. This expression is difficult to manipulate due to the

cross product on the right hand side. However, a weak field approximation of Jn(B)

can be obtained for (Hn|B)? << 1

[12(0)+L5B X 7n(0)+{up)2(B-1:(0))B]

Wn(B) = i
1+ (uB)

(2.3)

This equation, along with the corresponding equation for hole current density,
describes the isothermal current dependance on the magnetic field. It only

considers first order temperature effects taking into account the temperature



variation of carrier concentrations and the diffusion and conductivity coefficients.
Second order effects are neglected. To solve for the current flow within a
semiconductor device it is needed to solve equation (2.3) and its complementary

equation for holes, with the pertinent continuity equations and Poisson equation.

In order to obtain a physical feel for the effect of a magnetic field on current
flow, in a semiconductor, equation (2.3) can be further simplified. If current flow
due to diffusion is neglected, true for a simple Hall plate with ohmic contaéts, and if

we also assume that B is perpendicular to the applied electric field then equation

(2.3) becomes
J (B) =05 [E +t,(BXE)] 2.4)

w2 - -
where 6, g=6,J1+ (U B) ] L Defining B = B, and E =E,i+Ej we obtain for

the individual current components:

Jox=0m (E -1, B,E)) (2.5)

Joy= Orp (By- Iy B,E,) (2.6)

At this point it is needed to assign a particular geometry for the
semiconductor sample in question. Two extreme geometries are enlightening. For
the case of a long thin Hall plate (I>>w) with a current passing through the length
of the sample it can be assumed that the current flow across the width of the
sample is small, ie Jpy =0 .We can now solve equations (2.5) and (2.6). Obtaining

the Hall field Ey



E,=-u,B,E, @2.7)

*
Defining the Hall coefficient as Ry = -l /0, equation (2.7) becomes,

Ey = - RH Jnx Bz (28)

The net result of the applied magnetic field is the rotation of the equipotential lines

across the width of the Hall plate by the tangent of the Hall angle

tan @y = E% =6,RyB, - (2.9)
X

The second easily solvable geometry is a short thick slab where w>>l in
this case we can assume there is no confinement of thiz carrier flow and therefore

no generation of a Hall field (Ey = 0). Equations (2.6) and (2.7) can now be solved
and we obtain the result that the current flow in the sample is deflected by the

tangent of the Hall angle
tan @y = _Jny/Jnx = - 1B, (2.10)

As the electrons flow from x=0 to x=l in the sample they travel a greater distance

due to their deflection by the magnetic field. This results in a larger effective

resistance of the semiconductor plate and a lower effective conductivity G,



Op

= (2.11)
1+ B,

OB

This effect is known as the geometric magnetoresistance effect [1].
2.2 Microelectronic Magnetic Field Sensors

A large variety of microelectronic magnetic field sensors have been
proposed varying widely in operation and geometry. In this section we shall

review a number of typical sensors manufactured using microelectronic processes.

2.2.1 Hall Plates

The Hall plate is the simplest of all the proposed microelectronic magnetic
sensors. Easily implemented by integrated circuit technologies, the Hall plate
consists of a slab of semiconductor of length I width w and thickness t. A current [
is passed along the length of the slab and the sensor is oriented such that the
magnetic signal to be measured is perpendicular to the slab. One voltage contact is
placed on each side of the slab. Ideally these contacts would be negligibly small,
however, due to technological reasons this is not the case and they are of a finite

width s (see Fig. 2-1).

As current can not pass across the sides of the plate and the slab is of a
finite width the application of a magnetic field perpendicular to the plate produces a
rotation of the equipotential lines within the plate by the tangent of the Hall angle.

This rotation gives rise to a potential difference VH between the two voltage
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contacts. For the ideal plate described in the previous section (I>>w) this voltage

can be determined from equations (2.8), (2.9) and (2.10),

R,IB

(2.12)
H™

where I is the current passed through the plate.

In the previous section the plate was considered n-type, the minority hole
current flow was ignored and Ry was determined to be -jy/0y. If both the carrier
types, minority and majority, need to be taken into consideration the situation is

more complicated and the Hall coefficient becomes [14]

-[r(ﬁ)zn-rpp]
Ry= (2.13)
gl +p1° |
I,

* »
With l'n=l»ln/l»1n and l'p=}»lp/l-lp. As can be seen Ry shows a strong

dependance on the relative levels of the carrier concentration n and p. In fact, if

p=r,/1,(y/ 1) 1 then Ryy=0

In a real Hall plate the presence of current and sensor contacts cause a
degradation of the Hall voltage predicted by the expression calculated for the ideal
Hall plate [15]. This effect is usually taken into account by the incorporation of a

geometrical factor G and we obtain for the Hall voltage

11



R,IB
t

Vy= G(/w, s/w, YN, B (2.14)

where G = V;/V_ and V,, is the Hall voltage obtained as w/1 = 0.

Both bipolar and CMOS technologies have been used to fabricate Hall plate
sensors [7,16]. Fig. 2-2 shows a simple implementation in bipolar technology [13].
The plate is formed using the n-epilayer, current and voltage contacts being

implemented using n* and p* diffusions respectively.

Two quite different implementations are fabricated in MOS technologies.
One, known as the vertical Hall device (VHD), is unusual, both with regards to its
geometry and its sensitivity to the B field parallel to the chip surface [8,17].
Shown in Fig. 2-3, a central current contact is formed using a n* source/drain
diffusion in the n-substrate. Current flows from this central contact through the
substrate to two nt outside contacts. Between each outside current contact and
the central contact is placed an n* voltage contact. This device, despite its
unusual geometry, functions as a simple Hall plate, however, with somewhat

difficulty to quantify geometric factors such as 1, w and t.

A device proposed by Takamiya et al [20] incorporates a transistor
amplifier directly into the Hall plate structure. Manufactured in bipolar technology a
Hall plate is formed out of a n-epilayer, as with the previous example, and a
current is passed through the device by the use of two base contacts. However,
instead of using two nt diffusions as voltage contacts, two emitters are formed
using p™* diffusions. Two collectors are then fabricated using p* diffusions at the

edge of the base region. The electrical operation of this device is quite straight
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forward. The current passed from one base contact to the other results in the two
emitter junctions being forward biased. Holes are injected into the base region by
each emitter and then collected by the nearest collector. In the presence of a
magnetic field the electron current, the flow of majority carriers, produce a Hall
voltage in the base region. A potential difference is present between the two base
regions in the vicinity of each emitter. This results in one emitter being more
forward biased then the other and there is a resulting asymmetrical injection of

holes into the base region. This asymmetrical injection causes a current difference,

Ic2-Ic1.
2.2.2 MagFETs

A more conventional use of the CMOS technology, than the fabrication of
the VHD, is the MagFET [10,18,19]. In this device a Hall plate is formed by
applying a voltage to the gate region between a source and a drain. An inversion
layer forms at the silicon surface under the gate, effectively producing a very thin
conductive plate between the source and the drain ( see Fig. 2-4). The source and
the drain are used as current contacts and small nt diffusions are placed at the
edges of the gate region to act as voltage contacts. These contacts are then used
to measure the Hall field produced by a magnetic field perpendicular to the chip

surface.

A variation on this device, also known as a MagFET, is the split or triple
drain MagFET. This device is nearly identical to the Hall plate MagFET described
above, however, the voltage contacts are removed and the drain is split into two or
threc portions. Under zero field conditions the device is symmetrical and the drain

currents are balanced. In the presence of a magnetic field, however, the symmetry
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of the current flow is disturbed and a current difference can be measured between

the relevant drain currents.
2.2.3 Magnetodiodes

It was shown by Suhl et al [21] that for large applied magnetic fields the
conductivity of a bar of semiconductor is a stronger function of the magnetic field
then could be explained by magnetoresistance. This strong dependance in
conductivity was attributed to local variation of the carrier concentrations within
the semiconductor sample. With an appropriate choice of magnetic field the
electron and hole distributions within the semiconductor will be concentrated along
the surface of the sample. This will result in an increase of the carrier
recombination due to surface effects and therefore a reduction in the average

conductivity of the bar as a whole.

This "magnetoconcentration” effect has been exploited in a device known
as the magnetodiode. The basic magnetodiode structure is shown in Fig. 2-5. It
consists of a small p* region used as an anode and a larger n° region as a cathode
[1]. The diode is operated under forward bias and a current is passed from the
cathode to the anode across the p*/n junction. The unique feature of the diode is
that it has two different recombination rates on the top and bottom surfaces of the
n- region (in early devices this was done by grinding one surface and polishing the
other [22]). Under the presence of a magnetic field both the holes and the
electrons will be concentrated against either the top or bottom surface of the
diode. The different recombination rates of the twe surfaces will result in the V-1

curve of the diode being a function of the applied magnetic ficld.
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The first magnetodiode manufactured in an IC technology was proposed by
Lutes et al [23]. This device was manufactured in a Silicon on Sapphire technology
and used a Si/Si02 interface as the top recombination surface and Si/Sapphire
surface as the bottom. A magnetodiode compatible with a CMOS process was
investigated by Popovic et al [24]. This device was conceived slightly differently.
The basic structure (shown in Fig. 2-6) consists of a bipolar transistor formed
using a p-well as the base region, the substrate as a collector, an n* diffusion as
an emitter and a p* diffusion as base contact. In the operation of the device a
current was passed through the p-well from the base contact to the emitter which
was grounded. The substrate/p-well junction was reverse biased and acts
effectively as a high recombination surface for the minority carriers in the base, the
SiO2/p-well surface at the top of the device acts as a low recombination surface. In

this device the sensitivity of the VB - Ig curve to the magnetic field was

determined.
2.2.4 Magnetotransistors

A number of devices known as magnetotransistors have been fabricated
[1,2]. The magnetotransistor is a bipolar transistor, either npn or pnp, optimized
so that its response to a magnetic field is maximized. The operation and
geometries of magnetotransistors differ greatly. Traditionally, magnetotransistors
have been categorized by the direction of the flow of current responsible for the
magnetic operation of the device. If the flow of the magnetically dependant current
is lateral, parallel to the chip surface, the device is known as a lateral
magnetotransistor (LMT). Conversely, if the dominant current flow is vertical,
perpendicular to the chip surface, the device is called a vertical magnetotransistor

(VMT).
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The magnetic operation of both VMTs and LMTs is complicated and three

basic principles have been proposed [1,2]:

1) carrier deflection - the deflection of either minority or majority carriers

through the Hall angle within a region of the device;

2) emitter modulation - the presence of a Hall voltage, in the base region of
the device, causes an asymmetrical injection of minority carriers into the

base of the device;

3) magnetoconcentration - the concentration of carriers within a particular
region of the device causes a local modulation of the conductivity in this

region.

A more detailed description of each of these effects will be given in the following

chapter.

A typical VMT is shown in Fig. 2-7. The device was fabricated in a bipolar
technology and consists of a central emitter, a thin base region with two base
contacts and a single collector region with two contacts [12]. The operation of the
device is dominated by carrier deflection and is as follows. Electrons are injected
from the emitter into the base across the forward biased emitter junction. These
electrons are then collected at the base/collector junction immediately below the
emitter. The electrons then flow away from the chip surface down towards the two
n* buried layers. These buried layers provide a low resistance path for the
electrons to flow to the two contacts C1 and C2. In the absence of a magnetic field

I will equal IC1. However, if a B field is applied parallel to the chip surface, the
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electrons flowing through the collector region between the emitter and buried

layers are deflected. This deflection results in a difference between IC1 and IC2 ,

AlC, that is proportional to the magnetic field.

An example of a simple LMT in which the carrier deflection of the minority
carriers in the base is the dominant mechanism is shown in Fig. 2-8 [25]. The
device was fabricated in a standard CMOS process. A p-well was used to form the
base region of the device, p* diffusions are used as base contacts and nt
source/drain diffusions formed the emitter and coilector. An ohmic substrate

connection is provided by the use of n* diffusion.

The electrical operation of this device can conceptually be broken up into
two bipolar transistors. A vertical npn transistor formed from the emitter, base and
substrate, and a lateral npn transistor consisting of the emitter, base and collector.
In the operation of the device both the collector/base junction and the
substrate/base junction are reverse biased. The emitter/base junction is forward
biased and electrons are injected across this junction into the base. These
electrons then flow either to the collector, and form the collector current, or to the
substrate where they form the substrate current. In order to improve the ratio of
the substrate current to the collector current a second base contact (B-) is placed
to the left of the emitter, this contact is grounded and the flow of holes from the
base contact B* to the contact B- establishes an accelerating electric field which
sweeps the injected electrons towards the collector. If a magnetic field is applied
parallel to the chip surface a deflection of these electrons will occur as they flow
towards the collector. For a magnetic field as shown in Fig. 2-8 this will result in

the electrons being deflected away from the chip surface and towards the
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substrate. A resulting decrease in Ic and increase in Is will be apparent and this

change in current will be a linear function of the magnetic field.

A similar LMT [26], but sensitive to a magnetic field perpendicular to the
chip surface, is shown in Fig. 2-9. The electrical operation is very similar to the
device in Fig. 2-8. However, two collectors are fabricated, instead of one. Once
again electrons are injected from the emitter and swept towards the collectors by
an accelerating electric field. In the absence of a magnetic field I¢; = Ic2 because of
the device's symmetry. If a B field is applied perpendicular to the chip surface, a

change in the current Alc = Icg - Icy will be realized due to the deflection of

electrons towards one collector and away from the other.
2.2.5 Carrier domain microelectronic magnetic sensors

The device shown in Fig. 2.7 can be operated in such a way as to produce a
carrier domain within the device [27]. A carrier domain is a region in which the
majority and minority carriers are not in equilibrium and n = p due to the charge
neutrality equation. In order to achieve this condition the p- substrate is forward
biased with respect to the n-collector region, while in the previous case this
junction is reverse biased. The result of this is to inject holes into the n- region
between the nt* buried layers. The interaction of this flow of holes with the
electrons being collected at the p/n- junction results in a potential distribution in
the n- region which will produce a current filament (formed from both holes and
electrons) flowing between the p- substrate and the p base region. The position of
this filament is affected by the presence of a magnetic field parallel to the chip

surface. Any displacement of the carrier domain results in a measurable change in

18



the bias currents of the device. A number of carrier domain devices have been built

(see [1] and ref. therein).
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3.0 Magnetotransistor Theory

As mentioned previously, the fundamental effect on which all magnetic field
sensors are based is the Lorentz force. The operation of the Lorentz force in a
magnetotransistor (MT) manifests itself in three basic forms, current deflection,
emitter modulation and magnetoconcentration. Current deflection is the deflection
of carriers in the neutral base or collector region of the device [12]. The emitter
modulation model proposes that a Hall voltage is produced along the emitter/base
junction, which in turn causes an asymmetric injection of minority carriers [13].
Magnetoconcentration is the asymmetrical concentration of carriers within the
device, causing a local modulation of the conductivity [28]. Of these three effects
the last two involve a non-linear magnetic response. Previously reported MTs that
display a linear response to the magnetic field have had relative sensitivities
(change in collector current / change in magnetic field normalized by the total
collector current) varying from 1 %/T to 150 %/T [25]. An MT displaying non-linear
behavior has been reported with a sensitivity of 400 %/T [29]. However, this

sensitivity was reported for large fields of 1 Tesla and very small collector currents

of 20 nA.
3.1 Carrier Deflection
3.1.1 Carrier Deflection in a VMT

A theoretical analysis based on carrier deflection of the device shown in
Fig. 3-1 was proposed by Zieren and Duyndam in 1982 [12]. The basic operation
of the device, as described in the previous section, is that electrons are injected

from the emitter across the forward biased emitter/base junction. They flow down



through the base to the base/collector junction where they are collected. From this
junction they flow through the collector region down away from the chip surface to
the buried layers below. The n* buried layers then provide a high conductivity
region for the electrons to flow to the collector contacts C; and Cj. In the absence
of a magnetic field Ic; will equal Ic2 due to symmetry. However, a magnetic field
applied in the z direction will result in a deflection of the electron flow in the
collector region through the Hall angle, causing a reduction in one collector current

and corresponding increase in the other.

The theoretical analysis of this structure by Zieren et al [12] assumed that
this current deflection was the dominant magnetic effect. In addition, to this

assumption, the authors made the following four simplifications:

1) There is a hypothetical dividing line centered between the two n* buried
layers, to the right of this line electrons are assumed to flow into the nt* buried
layer on the right and will form the collector current Ica, conversely any electrons

to the left of this line will form I¢;.

2) The electrons collected at the base/collector junction flow directly down
along the center line towards the buried layers with no current spreading. The
authors therefore treat the electron flow in the collector region of the device as a

current beam.

3) The emitter current density distribution can be described in the presence

of current crowding effects by the parameter Z, where Z is defined by



I;(1-0) ,, Wg
8V, WpLp

ZtanZ= (3.1)

and V| = kT/q, pB is the average base resistivity, Wp the base width, WE the
emitter width, Lg the emitter length, o the common base current gain, and Ig the

DC emitter current. The current density along the emitter junction JEx can then be

described in terms of Z.
4) Magnetothermal effects are ignored.

A depiction of the assumed electron flow in the collector region, based on these
assumptions, is shown Fig. 3-2. The electron flow is assumed to be a "beam" of
current of width Wg and length L. The current density of the beam is Jgx. The

relative change in the collector currents due to an applied magnetic field can be

shown to be
Al _Icy-ley _ tan(kZ) ,
o I+l tan(Z) (3.2)
with
2L B
———W—E— (3.3)

where B is the magnitude of the applied magnetic field



If we assume the simple case of a uniform current density (Z=0) we obtain for

the collector current response

We can see from equation (3.4) that the change in current is linear with respect to
the magnetic field if there is no current crowding due to a potential drop along the

emitter junction.

We can define a relative sensitivity for the device of

Alq 1
=% (3.5)

T IC B

and we obtain (for the simple case of uniform current)
2L
Hn
S.=

T WE (36)

Experimental results obtained from this device were presented in [12].
Sensitivities were approximately 2.5 times smaller then the calculated values.
This discrepancy was attributed to the spreading of the current "beam" due to the

physical separation of the huried layers in real devices. Sensitivities of 3 %/T were

measured.



3.1.2 Carrier deflection in an LMT

Carrier deflection was proposed by Popovic and Widmar as an explanation
for the operation of a single collector npn lateral MT fabricated in standard CMOS.
The device shown in Fig. 3-3 consists of an n* emitter and collector placed in a p-
well base region separated by a length L. A p* base contact is placed at either
end of the p-well. The emitter and base contact adjacent to it are grounded and the
other base contact is biased with a constant current source. This current forward
biases the emitter/base junction and produces a laterally accelerating field E, in
the base region between the emitter and collector. This electric field is due to the

flow of holes from the base contact B* to the grounded base contact B-.

In order to determine the magnetic sensitivity of the device Popovic and
Widmar analyzed the flow of minority carriers in the base region of the device.
Electrons are injected into the base from the emitter. A portion of these electrons,
injected from the right sidewall of the emitter and the section of the bottom of the
emitter adjacent to this sidewall, is swept towards the collector by the lateral

electric field, Ea. However, the remaining portion of the injected electrons is

collected by the reverse biased p-well/n-substrate junction.

To simplify the analysis the following model of the electron flow in the base
was used. A plane y = -Y is assumed to divide the base region between the
emitter and the collector, such that all minority current density lines reaching the
plane x = L above this plane contribute to the collector current and all beneath it
the substrate current (see Fig. 3-3). It was assumed that the hole current in the
base region between the collector is due only to the accelerating field. We can then

calculate the hole current densities in this region



Jpox =qHpP E, (3.7a)

pr=0 (3.7b)

These conditions will produce a Hall field due to the flow of holes

H *
Epy= p.szEa (3.8)
where up* is the Hall mobility of the holes in the base and B the applied magnetic
field. The authors neglected the Hall field produced by the flow of electrons, as n

<< p for the base region of the device, and assume the effect of the magnetic field

on the diffusion component of the minority current flow is small.

Simple expressions for the electron current flow in the base are obtained
by the assumption that the electron current flow, with an applied field, can be
obtained by a simple rotation of the zero field current flow through the Hall angle
with an additional electric field component due to the Hall field generated by the
flow of holes through the base. We can then derive

T o= Tox Mo By oy (3.92)

nx

*

Jny=Jnoy' “nBanox (3.90)

with

d
Jnox=unana+ana—:- (3.10a)



H
Jooy=Haqn(Eg+Epy) +an-g% (3.10b)

where Ey, is the built in electric field due to the nonuniform doping of the p-well

base region.

The substrate current I can be expressed in terms of the y component of

the electron current density

IS:U fo Ty dx , (3.11)
0 y=-

where the integral is taken over the plane y = -Y which divides the base region. A

change in this current due to a small magnetic field can be expressed as

dlg= [ f [, (3.12)
° Y
[ y=-

As it was assumed that an applied magnetic field will produce a redistribution of

the electron current, such that electrons once flowing to the collector will now flow

to the substrate, and we have

= - .= -[ f fozaJ,,,dx (3.13)
[ y=-Y



The authors made the assumption that the magnetic field has no effect on the

electron diffusion current and using equations (3.8) and (3.9) we obtain for dlny

J *
aJny:= ( ll;ox - ”‘anox) aBz (3.14a)
z
or
* * 0
Yy =My qHan E,- My (Q U, nE,+ an—a%) (3.14b)

In order to obtain the relative sensitivity of the device it is needed to to obtain an

expression for the collector current at zero magnetic field. It can be expressed as

0
0) ' :
Ic =[f fanydde (3.16)
-Y x =L

To obtain tractable expressions the authors assumed that Jnox is @ Constant over
the region of integration in equations (3.13) and (3.16). We then obtain for the

relative sensitivity

* » a
L Ivaq Hpn Ea'un(q Hp1 Ea+ an-gj(}—)

Ty on
MnqnE,+q Dy

S (3.17)




Two obvious simple cases of this expression are apparent. One if the drift

component of Jnox is dominant, ie ppnEy >> Dp on/ox, in which case Sr becomes

= “ML (3.18)

S, Y

Conversely if diffusion is dominant (Dp dn/ox << pp n E,) we have

S,=(u;-u:)—IY‘— (3.19)

It remains in both these equations to calculate the parameter Y. This
parameter was fitted to experimental results to be 6 um, a reasonable value given
a p-well depth of 15 um. The sensitivity is obviously a direct linear function of the
length L and this was confirmed by experiment with a typical sensitivity of 100 %/T

for L = 50 um.
3.2 Emitter modulation effect

In 1982 Vinal and Masnari proposed the modulation of the emitter injection
of minority carriers as the dominant mechanism of operation for two LMTs
[13,30,31]. The mechanism immediately became the center of some controversy as
to its relative role in the operation of MTs [32,33], with other researchers

suggesting carrier deflection and magnetoconcentration as more important effects.

A typical LMT structure is shown in Fig. 3-4, An analysis of the device
presuming emitter injection as the dominant mechanism of operation is presented

in the following section. The first section deals first with the Hall voltage



generated 1n the base region beneath the emitter and the second with the magnetic

response of the collector current due to this Hall field.
3.2.1 Hall voltage generation

Following the approach used by Vinal and Masnari in [30] the collector
current variation due to the magnetic field can be determined. The generation of a
Hall voltage in the base region along the emitter is assumed to be similar to that
produced in a Hall plate (the Hall voltage in the n* emitter region is assumed
negligible due to the high electron concentration in this region). This Hall voltage
will cause an asymmetrical biasing of the emitter base junction, with one side of
the junction being more forward biased then the other. This will in turn cause a
higher level of injection of carriers on the more forward biased side, with the result

of the collector current being increased.

The basic equation for the Hall voltage produced by current flow through a

semiconductor Hall plate is [15]

Vy=KRyIB (3.20)

where K is a geometric constant, Ry is the Hall coefficient, 1 the current through
the device and B the magnetic induction perpendicular to the Hall plate. This

equation can be adapted to the base region of the LMT near the emitter [34].

Under these conditions the current I is replaced then by the emitter current Ig and

Bby Bx



The actual Hall voltage produce in the base region is a function of both the
geometry and operating conditions of the device. The variation with geometry is
contained in the constant K. For the case of the LMT in Fig. 3-4 it is difficult to

evaluate K due to the complicated geometry of the base region of the device. It is

obvious that Vi will vary directly with changes in the emitter current of the device,
but it was also noted by Popovic and Baltes [34] that Ry is also highly dependant

on the injection level at which the device is operating. The Hall coefficient is

defined as [14, 35]
2
RH= 1 _p_LI.l_b__ (3.22)

where r is the Hall scattering coefficient, q the fundamental electron charge, and n
and p are the electron and hole carrier concentrations respectively, and b the ratio

of the electron mobility to the hole mobility in the base.

3.2.2 Collector current response

In order, to calculate the collector current change due to an applied magnetic
field, the authors assume that the presence of the Hall field Vy will cause an

additional biasing of the base/emitter junction by Vy.If the zero field collector

current is represented in the form

qQVeE
1(0) = Ise(ﬁ) (3:23)
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then the collector current with a magnetic field present is given the assumptions

above [34]

q{VBE"'Vl-“
I0)=Igel mT | (3.24)

Defining the sensitivity of the device as the ratio of these two currents we find that

the sensitivity is

qVy
s, = e ot (3.25)

Both of these expressions indicate a nonlinear dependence on the magnetic field.

3.3 The magnetoconcentration effect

In 1978 Mitnikova et al. [22] proposed a combination of carrier deflection
and magnetoconcentration effect as the basic principles responsible for the
magnetic operation of a lateral transistor (shown in Fig. 3-5). This MT displayed a
markedly nonlinear response to the magnetic field when operated under high

injection conditions. The collector current could be expressed in the form [22]

where the term Kcp B takes into account the change in the collector current due to
carrier deflection. The second term f(B) was determined to be a nonlinear even
function of B, the magnetic field. This term can not be explained by emitter

modulation as it would produce a collector current response that is a symrmetrical
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and odd function of the magnetic field. The local concentration of carriers in the

base region of the device does, however, explain the nonlinearity.

As holes flow from the emitter to the collector through the base region (and
likewise electrons from the base contact to the emitter) the presence of positive B
field will deflect both carriers to the chip surface between the emitter and collector.
Under condition of high injection and large magnetic fields, there will be a
concentration of carriers in this region causing a decrease of the resistivity of the
base region between the emitter and the collector. This resistance change will
provide a low resistance path for holes flowing from the emitter to the collector and
in conjunction with the carrier deflection effect will increase the change in the
collector current. Conversely, if B is negative the carriers will be concentrated in a
region deep with in the base region well away from the chip surface. This would
have the tendency to widen the flow of electrons from the emitter to the collector

and degrade the effectiveness of the carrier deflection effect.
3.4 Numerical modeling of magnetotransistors

The mechanisms of operation described in the previous sections of this
chapter were simple intuitive models of the device behavior, based on an
understanding of how the fundamental electromagnetic equations manifest
themselves in the current flow and carrier distributions within a device. However,
due to the complex interaction of galvanomagnetic effects and bipolar action a

simple model might be misleading.

Ideally, a full understanding and an exact prediction of device behavior could
be obtained by the solution of the carrier continuity equations and the Poisson

equation. Due to the inherent complexity of the carrier transport in a semiconductor
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and the geometric complexity of microelectronic devices an analytical approach to
the solution of these equations is unsuitable. However, a numerical solution of the

relevant equations has been done [38-41].

An investigation of the carrier transport and potential distribution in a
variety of MTs is presented in ref. [40,41]. The basic approach of the model was
the use of a finite element technique to solve the steady-state galvanomagnetic
equations. Nathan et al used a combination of numerical techniques and
experimental results to analyze the operating mechanisms of a LMT with two
collector contacts (similar in design to the device in Fig. 3-1). The basic conclusion
of this paper was that the Hall field produced along the emitter/base junction was
too small to generate a significant amount of asymmetrical emitter injection [40].
The authors conclude that carrier deflection is the dominant mechanism of
operation of similar MTs with any nonlinearities being due to magneto-

concentration.

Due to the large size and high current densities present in the devices dealt
with in this thesis a numerical solution of their operation seems at this present
time infeasible. Because of this simple analytical or empirical models of device
operation, confirmed by experimental results, are the only tool the researcher has

at his disposal in the intelligent development of such devices.
3.5 Figures of Merit

In the previous sections of this chapter the concept of sensitivity has
arisen. It is useful when developing a sensor to have a number of measurable
parameters that can be used to compare different devices. Magnetotransistors

have traditionally been characterized with respect to relative sensitivity, absolute
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sensitivity, signal to noise ratio and zero field offset [1,2]. Due to the complexity

of MT operation a large number of differing definitions for both types of sensitivity

have been used.

3.5.1 Relative sensitivity

The relative sensitivity of a magnetic sensor is usually defined as the

derivative of the signal with respect to the magnetic field normalized by the

magnitude of the signal

X 1

S’—?’_B_i; (3.27)

where X is the magnetically sensitive signal and Xo the zero field value of this
quantity. For microelectronic magnetic sensors X is usually a current.

For the case of a simple two collector MT the relative sensitivity is often

approximated by the expression

= Icz(B) = IC](B) l (3.28)
T Icy(0)+1c40) B

where Icy,2(0) are the zero field collector currents and Ic,2(B) the collector
currents with an applied magnetic field B present. This equation is sufficient if B is
small and the collector currents a linear function of B. However, the usefulness of

this equation becomes suspect if this is not the case.
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Nonlinear MTs present difficulties with respect to the use of equation
(3.28). If Ic is a nonlinear function of B then the expression for Sy will also be
nonlinear, and Sy must be defined at a parucular field in order to allow for
comparison. Most sensitivities have been reported for a B field of 1 Tesla, this
field is however very large [28,34]. Using an equation similar to (3.28), but for
single collector devices, nonlinear LMTs have been presented as having very high
sensitivities, however, all of these devices had very small collector currents
(order of 1 pA) and the sensitivity was given for B = 1 T. If a more appropriate

approximation of (3.27) is used

_1B-10 1 (3.29)
"7 I B) B

then the measured sensitivity drops by several orders of magnitude, due to Ic(B)

being much larger than Ic(0).

For the more complex LMTs there may be considerable current flow
through the device in addition to the the collector current [5,25]. This is due the
action of parasitic transistors and the low current gain of the LMT. Under these

condition the use of the Ic(0) in equation (3.27) as the normalizing factor can be
misleading and the equation can instead be normalized with respect to the emitter

current [5].
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3.5.2 Absolute sensitivity

The absolute sensitivity of a device is defined as simply the ratio of the
change in signal to the change in magnetic field [1,2]. For the case of collector
current variation in an MT we have

avC
Sa==g" (3.29)

where V. is linearly related to the collector current through the collector load

resistor.

For a nonlinear device S, must, like Sy, be defined at a particular field. The
only basic variation in the definition of S; for MTs is thc choice of a collector
current as the measured quantity and the substitution of I¢ for V¢ in equation
(3.29). If possible the use of I¢ is preferred as it avoids the ambiguity of the choice
of the value of the load resistor. In this thesis the absolute sensitivity is defined in

terms of the collector current directly and is

ol

=3B

(3.30)

3.5.3 Signal to noise ratio

The minimum resolvable magnitude of an AC magnetic field is determined

by the signal to noise ratio of the device and is defined as
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S
S/ _ VPa 1
/N <N> (3.31)

where <N> is the noise voltage or noise current as determined by the units of the

absolute sensitivity.

At low frequency the dominant noise mechanism is 1/f noise and at high frequency

shot noise and thermal noise dominate [42-44].
5.3.4 DC zero field offset

The minimum detectable DC magnetic field is determined by either, the zero field
offset of the sensor, or if this quantity can be nulled the drift of this offset. Given a
two collector MT the signal Alcg = Ic2(0) - Ic3(0) is indistinguishable from an
applied magnetic field of the magnitude Bogf = Alcg/ Sa . This Bogr is therefore an

indication of the DC resolution of the magnetic sensor.

The main causes of offset in microelectronic devices are imperfections in the
process technology including mask misalignment [45], and strain introduced by
packaging and aging [46]. Thus, one of the approaches for offset reduction is based
on the improvement of process technology, but because of technological limitations
it is not possible to eliminate offset completely. Other offset-reduction methods are
calibration {47], which demands the presence of a known value of the measurand,
compensation [48], which demands the use of two sensors where one of them is
used as a reference, and the sensitivity variation offset reduction method [49,50],
where the difference between the response of the sensitivity and the offset signal

to a sinusoidal excitation is used to reduce the offset.
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Fig. 3-5 LMT analysed by Mitnikova et al [22].
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4.0 SSIMT Operation

4.1 Basic SSIMT structure

The basic SSIMT (suppressed sidewall injection magnetotransistor) is
shown in Fig. 4-1 The novel feature of the device is the two p* stripes placed along

the edges of the emitter, parallel to the collectors. All of the SSIMT variants were

fabricated using a standard CMOS process.

The initial device structure was fabricated in a standard 4 pm CMOS
process. The base region was formed by a p-well. The emitter and both collectors
were realized using the standard doping procedure for the source and drain of a n-
channel MOS transistor. The p+* stripes at the side of the emitter and the base

contacts B1 were formed using the standard doping procedure for a p-channel MOS
Transistor. The p-well diffusion depth is 10 um, collector and emitter diffusion

depths are 1.5 um. The p-well doping is 10 16 cm-3,

The biasing circuit of the SSIMT is shown in Fig. 4-2. The values of Iy, Vs,
V¢, Vi1 and Vi determine the operating point of the device. In the operation of the

device two distinct bias configurations are used, one with the stripes biased to a

voltage V:and the other when the stripes are unbiased. We refer to these two

bias configurations as "stripes biased" and "stripes floating". In normal operation

slightly different values for Vi1 and Vg are used for offset elimination, and we

define, Vi = (Vp1 + Vp2) / 2, for convenience.
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4.1.1 Biased stripes

The basic electrical operation of the device with biased stripes (stripe
grounded or biased slightly negative with respect to the emitter) is as follows. The
emitter base junction is forward biased by the applied base current and electrons
are injected into the neutral base region. This injected current is then collected by
either the two collectors or the substrate, which is in effect a third collector.
Therefore the device can be thought of as a two npn transistors, a vertical one
formed by the emitter, base and substrate and a differential lateral transistor

formed by the emitter, base and collectors.

The p* stripes play a twofold role. First, they suppress carrier injection
from the emitter in the lateral direction towards the collectors. If the p* stripes are
biased with a voltage Vy and V; is less then or equal to the potential of the emitter
Vg this effect is obvious. The suppression of laterally flowing electrons is a
consequence of the reverse biasing of the junction between the p* stripe and the
emitter, in fact a small portion of the bottom of the emitter next to each stripe will
also be reverse biased. The width of this reverse biased portion will increase with
increasing negative Vy. At the same time carrier injection from the emitter is
confined to the vertical direction, due to the formation of a potential hill (for
electrons) around the p* stripes. The second effect of biasing the p* stripes is the
creation of a lateral electric field, Ej, in the neutral base region. This field is due to
the difference in potential between the base contacts By and Bj. When the device
is operated normally with Vy< VE < V1, this field will be orientated in such a
way as to sweep the injected electrons laterally towards the collectors, (Fig. 4-
1a). The application of a larger negative potential to the stripes amplifies the

effect of the p* stripes pushing the minority current further into the device and then
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establishing a lateral flow of current out to the collectors. In the absence of &

magnetic field, the collector currents Ic10 and Icgg are equal because of the devices

symmetry, and the device is balanced.

For the SSIMT it can be expected due to the long emiiter that only a small
portion of the emitter is responsible for the injected electrons which comprise the
collector currents. This portion consists of two small segments of the emitter
adjacent to the p* stripes. The remaining portion of the emitter bottom injects

electrons that are collected by the substrate and form the substrate current.

The application of a magnetic field, B =B;, parallel to both the chip surface
and the collectors, will produce an imbalance in the two collector currents Icy and
Ico due to the following "double-deflection” effect. The Lorentz force acts on all
three current compone:.:s i3, Icy, and I¢ . The Is component is deflected in the y
direction, increasing Iy and decreasing ic1. Moreox-r. the cutrent components Iy
and Iy are deflected in the "+ x" and "- x" directions resp-ctively, causing a
furthe: increase of icy and a decrease of Ic;. These two deflections will combine
to cause one collector current to increase at the expense of the substrate current
and the other to decrease with a corresponding gain in the substrate current. The

net effect on the substrate current should be zero.

4.1.2 Floating stripes

In the discussion above the p* stripes placed at the edges of the emitter
were biased either to ground or to a small negative voltage, in order to suppress
the injection of electrons out of the emitter sidewalls. A second biasing
arrangement is possible in which the p* stripes are left unbiased and float at a

voltage determined by the potential distribution inside the base region of the
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device. This arrangement still provides suppression of the laterally injected
electrons, due to the larger built in voltage across the n*/p* junction relative to the
n*/p-well junction. This bias arrangement is shown in Fig. 4-3. The electrical
operation of the device will be very similar to the operation of the device with the
stripes biased. However, there will be no current flow through the p* stripes and
no potential hill in the base region around the p* stripes. This will produce a less
effective shaping of the electron flow in the base to the collectors, resulting in a

reduced sensitivity.

The operation of the device in this manner has one major advantage. As a
magnetic sensor it's use and implementation will be simpler due to the need for
two less voltage sources. In order to achieve this simplicity we will sacrifice

sensitivity.

The role of the p* stripes is crucial in the determination of the sensitivity of
the SSIMT and this sensitivity is in turn determined by the flow of the minority
cutrent in the base region. In Fig. 4-4 the electron flow within base regions of a
simple LMT (an SSIMT with out siripes) and the SSIMT for both stripes floating
and biased is shown. This clearly shows the effect of the stripes. For the LMT the
electron flow from the emitter to the collector is a wide diffuse flow and primarily
composed of the electrons injected from the sidewall of the emitter. In Fig 4-4b the
effect of the stripes when unbiased can be seen and the injection from the sidewall
is suppressed, resulting in a more focussed flow of current. The biasing of the
stripes slightly negative (Fig. 4-4c) produces a potential hill for electrons on the
stripe and the injected electrons are forced deeper into the device with a sesulting

narrower and more concentrated electror flow to the collectors.
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4.2 Device Models

The section 4.1 outlined qualitatively the basic operation of the SSIMT
under a number of different biasing configurations. In the section 4.2 quantitative
models of the device operation will be developed. These models will presume the
dominance of carrier deflection as the mechanism of magnetic operation. Models
will be developed for the following three cases. First a simple model of the LMT
will be presented. Secondly a model of the operation of the SSIMT with stripes

Joating will be presented and finally a full and detailed description of the operation

of the SSIMT with biased stripes will be given.

4.2.1 LMT operation

An obviously interesting variation in the SSIMT geometry was that of a
simple LMT (an SSIMT without the p* stripes) of exactly identical dimensions.
This device would allow, by a simple comparison of sensitivities and electrical

characteristics, for the determination of the role of the p* stripes in the operation of

the SSIMT.

The electrical operation of the LMT is identical with that of the SSIMT with
the exception that electrons are injected from the sidewall of the emitter. The LMT
can be thought of as two npn transistors, a vertical one formed by the emitter-
base-substrate and a lateral one formed by the emitter base collectors. An
analysis of an LMT structure was done in [25]. Using a similar approach we can

derive an analytical model of the collector current flow within the base region.
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As with the SSIMT only a small portion of the emitter of the LMT is
responsible for the injected electrons which comprises the collector currents. This
portion consists of the vertical edges of the emitter parallel to the collectors and a
small segment of the bottom of the emitter adjacent to these edges. The remaining
portion of the emitter bottom injects the electrons that produce the substrate

current.

In order to analyze the flow of electrons in the device it is seeded to define
the plane X'. This plane, shown in Fig 4-5, divides the base region of the device
into two regions, above this plane injected electrons are collected by the collector
and beneath it by the substrate We can now calculate the total collector current by
integrating the electron current density in the y direction over the region defined by

plane X', the chip surface and the emitter width Wg

‘VE
2

X
Ie,= f oy = Wi x,2) dx dz @1
0

We
2

where Jpy is the electron current density in the y direction and Wg is the base

width, If we now assume that J,y is a constant in the area of integration we obtain

for the collector current

Iep=T o X' W 4.2)

where Jnyp is the average collector cusrent Gensity.



The effect of a magnetic field on the operation of the LMT is to alter the
current flow described above. The flow of electrons in the base region undergo a
deflection as they drift from the emitter to the collector. The current flowing
towards C; is deflected down towards the substrate and the electron current
flowing towards Cgzis deflected up towards the chip surface. Due to these
deflections Icj is reduced by Alc as electrons are pushed down past the plane X'
and Ic is increased by Alc as electrons are deflected up over the plane X'. A
signal, 2Alc, proportional to the magnetic field can then be measured. The net

result on the substrate current should be zero as the increase in current from Ic) is

offset by the loss to Ic2,

To calculate this current change we note that the electron current near the
plane X' is the current responsible for the magnetic response of the device.
Assuming constant current density in the region near X', the amount of deflected
current is equal to, the current density of the electrons at the plane X' moving in
the y direction multiplied by the area of the region defined by the Hall angle, the

distance between the emitter and the collector Wy and the emitter width Wp (see

Fig. 4-5b).
The change in current of I¢2 can then be calculated as

Algy=tan @y Wy, (X) Wy (4.3)

where @y is the Hall angle. We have that tan@y can be expressed as tan@y =

Hn* B [1,25] where p,* is the Hall electron mobility and B the magnetic field in the

z direction



*
Aly=p, BWpI, (X)W (4.4)
We now define the relative sensitivity following [25] as

_Alg 1 y
r IC2 B ( . )

and with (4.2) and (4.4) we obtain

W
S = . "X' B (4.6)

The effect of varying Ip on the relative sensitivity is felt through a change in
the position of the plane X'. At very low values of I the current flow to the
collector is mainly due to diffusion, this results in a wide weak current flow and X'
is large and the sensitivity low. As Ip is increased, however, E. becomes
significant and the drift component of the electron flow to the collector starts to
dominate. We expect that initially the change from current flow due to diffusion to
one primarily due to drift will result in a sharper better shaped flow of electrons to
the collector and X' will decreases, causing S,rise. As Ip is further increased the
potential in the base increases, the collector current becomes large and X'again
increases. The net result of this is that the sensitivity can be expected to first

increasc to a peak and then decrease as Ip increased further.



4.2.2 SSIMT operation with stripes floating

The operation of the second structure, the SSIMT with the stripes unbiased
is similar to that of the LMT. The operation of the vertical transistor is little
changed from that of the LMT. However, the additional p* stripes have a

substantial effect on the flow of the minority current to the collectors.

The basic effect of the additional p* stripes is to suppress the injected
current flow from the vertical sides of the emitter. This can readily be understood
as a consequence of the different built in voltage produced across the emitter
junction. At the edge of the emitter we have a p*/n* junction this produces a
Jarger built in voltage Vpi* , than the n*/p on the bottom of the emitter. The

electron current density across the emitter junction can be expressed in the form

[14]

q(V; -Vei) -qVei  qVj
Jni=Jhioe xt =Jnio€ kT €%kT (4.7)

where Jnio e-VBi’kT is the reverse bias saturation current, Vg the built in voltage
of the junction and Vj the voltage across the junction. Assuming a step junction we

can express the built in voltage in terms of the base and emitter doping [14]

N,Np
2 (4.8)

n;

kT
Vgi= q In(

with Np being the doping of the base region, N the doping of the n* emitter and n;
the intrinsic concentration. Due to the high conductivity of the p* region we can

assume that the potential of the base region at the emitter/base junction near the



stripe is equal to that of the p* stripe. If this is the case we can obtain an
expression for the attenuation of the laterally injected current. We define this
attenuation A as the ratio of the laterally injected electron current density injected
into the p* stripe over the electron density injected from the bottom of the emitter

near the stripe. Using equation (4.7) we have

" qVsi

A = Jni - €T
ni qVa; (4.9)

€ kT

where Jo* and Vgi* are the injected electron current density and built in voltage
across the n*/p+ junction and J, and Vp;j are the same quantities across the nt/p

junction. Using equation (4.8) we can then obtain for the attenuation

+ 4.10)

where Na and Na* are the doping levels in the p-well and p* stripe respectively.
Using the values for doping given above, we obtain for A a figure of 10-4 which
indicates that the p* stripes suppresses the laterally injected current very
effectively. The net effect then of the stripes is to force the electron current flow
responsible for the collector current deeper into the device (see Fig 4-6). In order
to analyze the device’s response to a magnetic field it is needed to introduce a
second plane X in addition to the ;lane X' defined for the LMT. The plane Xy is
placed such that a majority of the electron flow which forms the collector current

flows between it and the plane X2 (which was previously designated X' for the



case of the LMT). We can now define an effective width, Wegr = X2 - X of this

current flow and express the collector current in terms of this width

X2
Iep= f Jo(y=Wpx,z)dx dz (4.11)
X

wE
2

Assuming a constant current density we have.

The basic effect of a magnetic field on this device is the same as that for the LMT.
As before Ic is reduced through the deflection of carriers towards the substrate

and I is increased through the deflection of carriers from the substrate to the

collector. The change in the collector current can be expressed in terms of the

applied field and the electron current density in the y direction Jpy(X2) at the plane

X2

and using the same definition of sensitivity as before we have

Sr = u:]WB
Werr 4.14)

It can be seen when equation (4.6) is compared to equation (4.14) that a gain in

sensitivity is obtained if Wegf is substantially smaller then Xj. This result is a



simple manifestation of the current deflection principle. The magnitude of the

deflection is inversely proportional to the effective width of the current flow.

The effect of increasing the substrate potential Vg is to push the position of
the plane Xj towards the chip surface. This is due to the increase in the depletion
width of the substrate base junction. The consequences of this effect is seen in two
ways. Equation (4.12) indicates that the collector current decreases as Wefr is
reduced and equation (4.14) suggests that the sensitivity increases as Wegr is
reduced. It can be expected that the substrate potential has a greater effect on the
operation of the device with additional p* stripes, rather than on the LMT, due to

the flow of electrons being pushed deeper into the device.
4.2.3 SSIMT operation with stripes biased

The effect of biasing the p* stripes to ground, or to a slightly negative voltage, on
the operation of the SSIMT is to magnify the previously considered effects of the
stripes The application of a potential to the stripes less than that of the emitter
potential will reverse bias the p*/n+ junction between the stripes and the emitter
and also two regions of the emitter/p-well junction adjacent to the stripes. A
negative potential applied to the stripes will also cause a potential hill for
electrons, to be produced in the base region surrounding each stripe. Electrons
injected into the base from the bottom of the emitter will have to flow around this
potential hill to the collectors. This lateral flow of electrons will be enhanced by the
formation of a strong laterally accelerating electric field, due to the flow of holes

from the base contact to the p*stripe.

As with the LMT and the SSIMT with stripes floating, a theoretical model

of the SSIMT can be developed. It is based on the assumption that a magnetic flux



density B causes a linear displacement of the minority carriers in the neutral base
region [5] (see Fig. 4-7). This deflection of the minority carriers is due to the
action of the Lorentz force. To obtain the magnetic response of the SSIMT we shall
only consider the action of the magnetic field on one half of the device. The flow of
the minority carriers within half of the device is shown in a cross section of right
half of the structure, (Fig. 4-7). We analyze the part of the electron flow which
contributes to the collector current, (Fig. 4-8). For simplicity we assume that this
flow of electrons from the emitter to the collector, consists of a current tube of
constant cross-sectional area. We model this current flow as first a vertical flow
and then a lateral flow, (Fig. 4-9a). The vertical flow is a consequence of the
negative potential applied to the p+ stripes and the lateral flow is due to the strong

lateral electric field in the neutral base region.

To facilitate the analysis of the deflection of the carriers, the L-shaped
current flow can be further broken down into two boxes, one vertical and the other
horizontal, Fig. 4-9b. The corresponding current densities within these two boxes
are Jnx and Jpy for the vertical and lateral directions respectively. It remains to
determine the boundaries of these boxes. The top and bottom edges of the
horizontal box arc defined by two planes x = X; and x = X> as for the previous
case of floating stripes. The first plane x = X7 is defined so as to provide a means
to analyze the effect of the negative potential V; applied to the p* stripes. The
negative potential applied to the stripes will block the injection of electrons from
the emitter into the p* stripes and also the injection across a small region of the
bottom of the emitter next to each stripe. This will have the effect of preventing
movement of the injected electrons laterally and forcing the minority current flow

down into the device. The plane x = X; is positioned such that a majority of the

laterally flowing electron current will flow below this plane. We also assume that



OA = X (the penetration of the negative potential is equal in all directions). The
plane x = X3 is used to analyze the effect of the substrate potential Vg on the
electron flow. Electron current above this plane is presumed to be collected by the
collector, conversely, electron current below this plane is collected by the
substrate. This definition is similar to the one presented in [25]. According to this
model all of the electron current flow contributing to the collector current will flow

in the region
XleSX2. (4.15)
The distance between these two planes X; and X2 is defined as Wegr = X3 - X,

and can be thought of as the effective width of the stream of laterally flowing

electrons. We assume that all the electrons flowing in the region defined by

equation (4.15) that reach the plane y = Wp are collected by the collector and form

the collector current.

The length L; of the vertical box can be expressed in terms of the two

planes defined above as

\/
L =X1+22"'—ff (4.16)

With the assumptions given above L can be expressed as

A\
Ly=Wet X, +5- (4.17)

or



L1=T. (4.18a)
L,=Wp+L, (4.18b)

4.2.3.1 Analytical Model

The total current Ic2g collected by the right collector at zero magnetic field

can be expressed in terms of the current density Jqy of laterally flowing electrons

W

2 X
Icp= f I ny(%;y = Wp, 2) dx dz (4.19)
xl
WE
2
with WEg denoting the emitter width. If we presume that a uniform current
distribution exists in the region between the two planes X; and X5 then

Jny(x,y=WB, 2) = Jnyp, and equation (4.19) simplifies to

Ica=Wegrd nyo W (4.20)

To obtain the current change Alc due to a change in the magnetic field AB
we have to determine the effect of the magnetic field on both the vertical and
lateral electron flows. Both flows will be deflected through an angle @y = Hn*B
where pp* is the electron Hall mobility [14]. This is shown in Fig. 4-8b. The

change in the vertical current can be calculated by integrating the current density

Jnx in the plane x = L over the area defined by AY and the emitter width WEg. It is



Wg
e
-X2+AY
Alcy, = f Jux(x=Lyy2z)dydz (4.21)
X,
WH
5

where ( for small @y and tan@y = On)
AY =L, B (4.22)

If we assume AY is small and therefore Jnx(x= L1, ¥, z) = Jnx(x =L1, y = X2, 2)

over the region of deflection y = -X2to y =-X3 +AY, we obtain from equation

(4.21) that
Al =p,BL I (x =L} y=X)2) Wg (4.23)

The change of the lateral current can be calculated by integrating the current

density Jqy in the plane y = Wg over the area defined by AX and the emitter length

WE

X2

AIC2| = Jny(x, y= WD Z) dx dz (4.24)

X;+AX

where
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AX =L, B (4.25)

If we assume, as before, a uniform current distribution in the area of integration we

have

Our analysis presumed a continuous current flow of constant cross-
sectional area and if we presure2 Jnx(x =L1,y =X2,2) = Jny(x =X3,y =L, 2) =

Jny(X2) we can then obtain the total cu:rent change as the sum of Alcyp and Alcay
*
Aley=t, B (L +Lp) T o W (4.27)

If we also assume a uniform current density in both boxes, then the current
density in both boxes must be equal and Jnx = Jpy = Jnyo. Using equation (4.20) to

express Jnyo as a function of Icyg we express equations (4.23) and (4.26) as

Alco,=Hy, W1“ Icy0B (4.28a)
€
. L] IJZ
Aley = “n'w—“ IeyoB (4.28b)
e

The total current change is then

Alcy=Hy, W IcpoB (4.29)
" eff




Defining the relative sensitivity as

Al~y 1
' IC20 B
and using equation (4.29) we have
“thh—~— (4.31)
' Weff

The above results for the magnetic response of the collector currents and
the relative sensitivity were derived for the current flow of half of the device. In the

actual device there are, of course, two collector currents Icy and Ic2 and the

1¢]ative sensitivity is defined as

S, = A1 (4.32)
r -3 T .ot o
Ico B
with Alc = Alcs - Al and Icg = Ic10 + Ic20. The structure is symmetrical and we
can assume Alc; = - Alea and Icig = I¢20. The final expression for sensitivity is

therefore unaffected as both the current change and the total current are increased

by a factor of two.

We can express the collector currents Ici and Ico as a function of the

magnetic field in terms of the zero field current and Al and Alcy, namely
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and

Ic2= Iczo'f' AIC2 (4.34)

Using ¢y = - Al and defining AB = B we have

Iy =Ieudd - Iy 2B)  (Wip>0) (4.352)

eff

Iep=leafl+My—7—B)  Wer>0) (4.35b)
eff

The last two equations suggest that both collector currents are linear functions of

the magnetic induction and can be expressed as

Icy=Ici(1-5,B)  (Wer>0) (4.362)

where S; is defined by equation (4.30). From equations (4.36a) and (4.36b) it is

obvious the higher the sensitivity the higher the change in the ¢ollector currents.

4.2.3.2 The effect of the bias parameters on sensitivity

Eguation (4.31) suggests that in order io obtain high sensitivities Weff
should be made as small as possible. The definition of planes X1 and X2 used to
derive Wepr imply that Werr is a function of the applied potential the siripe

potential V; and the substrate potential Vg. It is therefore expected that by



altering these ptentials it will be possible to enhance the sensitivity of the device.
It can also be expected that the applied base current Ig will also influerce the

magnitude to Wegr. We analyze th influence of each of these parameters when the

others are held constant.
4.2.3.2.1 Influence of V,

The negative potential V; applied to the pt stripes can be expected to
influence the positions of both planes Xy and X». The functional dependence of the

two planes on Vy should be a linear, as the stripes make an ohmic contact with the

neutral base region. This dependence can be expressed as

where X10 and Xzq represent the position of the planes when Vr = 0 and ¢ and ¢2
are proportionality constants. The magnitudes of X and X7 therefore increase with
an increase in IVl (Vr is negative). Using equations (4.37a,b) Weff can be

expressed as

where Wesrg = X20 - X10 and K¢ = ¢ - c2. From equation (4.3R) it is obvicus that at
some critical value Vo Wegr will be reduced to zero, and the collector current is

shut off. In that case we have from equation (4.38) that
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wcffO
Vrc= - % (4.39)
r
Then (4.38) can be expressed in terms of Vi as
We“-= KI‘ (Vr - V“‘) qul < I VI'CI) (4.40)

Using equations (4.38) and (4.31) we can express the sensitivity as

+» L,+L
- 1 2 4.41)
oy (Vi<Iv
Equation (4.41) indicates that V; will have a dramatic effect on the relative

sensitivity. It is necessary to note that the sum Lj + L is also a function of V and

using (4.18a) and (4.18b) as well as (4.37a) and (4.37b) can be expressed as

L,+L,=Ly-K,V, (4.42)

where Lo = Wp + X0 + X320 and KL = + c2. When V; approaches V the value
of Werr approaches zero and the sensitivity tends towards infinity. This is of
course physically unsound and the maximum sensitivity attainable with Vp = V¢
will need to be determined by experiment. However, in the region where V; is
slightly less then Vi the sensitivity will be very high. In this region of Vy, Wefrs
will be rcduced for incfeasing V; whereas L1+ Ly will increase slightly. These two
results »'iow us to assume that Lj + Ly is a constant. Using equaticns (4.18a) and
(4.18b) the sum Ly + Lo can be expressed as Wg + 2 L; and we assume for L a

likely value of one half of the p-well depth. We can now obtain V. and K; from the
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experimental data. Once these two parameters are determined we can obtain

W.sro from equation (4.39) and Wer as function of V; from equation (4.38).

A check of the above assumptions can be made by the following procedure.
From equation (4.35a) it is obvious that Icy can be driven to zero if B is increased
sufficiently to B, it is only for B < B that the device will exhibit linear behavior. If

B = B, then Ic) = 0 and we have from (4.35a)

1 -Sch=0 (4.43)
which gives

1

cz's_r

B (4.44)

where Bg is a the critical value of the magnetic induction at which Ic) approaches

2cro. From (4.18a) it follows that

and using equation (4.44) and (4.30) we determine L; as a function of Weff, to be

Werr Ve (4.46)

21, B,

Once L is determined for a number of stripe potentials L2 can be determined using
(4.18a) and the position of the two planes X and X2 can be plotted as a function of

Vr.
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4.2.3.2.2 Influence of Vg

The substrate potential Vg provides for the reverse polarization of the p-

well junction. This junction can be approximated by a linear junction. The functional

dependence of the two planes X3 and X1 on Vg can be expressed through a linear

relation with the depletion region of the p-well/n-substrate junction

A

X2= Xzs" Csz—z-E (4.473)
A\

X, =Xs- CSI'—Z_L (4.47b)

where X2s and Xgs represent the positions of the two planes for an arbitrary value
Vg = Const., Cs2 and Cs are proportionality constants, and WL/2 is the width of
the depletion region on the p-well side of the junction. The p-well/n-substrate

junction can be considered as a linearly graded junc*'on and Wy, expressed [14] as

where € is the dielectric permittivity for silicon, a is the impurity gradient at the
junction, q is the electron charge, Vp; is the built in junction voltage and Vpy, is the
voltage in the neutral base region at the edge of the depletion region. Substituting
VB = Vpi - Ven and Cw = (12 € /qa) 13 into equation (4.48) WL can be expressed

as



Y

Using equations (4.47a), (4.47b) and (4.49) Wesr can be expressed as

Weg=Xp- Xy = Wer- Ks¥(Vs-Vy (4.50)

where Wesrs = Xog -X15 and Kg = (Cs2 -Cs1) Cw/2. Increasing Vs will decrease
Wesr and at some critical value Vg, Wefr will be reduced to zero and the collector

current shut off. We can therefore express Wefgo as

Using (4.50) and (4.51) we have that

Werr=Ks[MVsc-Vg) -MVs-Vg]]  (Vs<Vso) (4.52)

Using equation (4.31) we can express S; as

* L1+L2
Sr=“n
K(|¥ (V- Vp - ¥ (V- VB)}

qu; “1}'%"-&]) {4.53)

where V. is a critical substrate voltage at which Wegr reduces ¢ zero, Vi3 = Vpp -
Vi and Kg is a constant. For this case the sum L; + Ly can be expicted to be
relatively insensitive to changes in Vg and the behavior of S; is duminated by the
reduction in Wesg S; is an increasing function of Vs. Kg can be determined from the

experimental data, L from equations (4.45) and (4.46), and L3 from (4.18a).



4.2.3.2.3 Influence of Ig

A constant base current Ig is used to forward bias emitter base junction of
the device. It can be predicted that an increase in the magnitude of Ig will have an
effect on Wegr that is equivalent to a decrease in the magnitude of the apphed
potential V. The base contacts are laterally placed and we assume that Ig affects
both planes X1 and X5. A decrease in the base current will bring about an increase
in X1 and correspondingly a decrease in X5 with the net result of decreasing Wegf.
The sum L; + Ly will be a weak function of Ip if, as we assume, the change in both
planes is nearly equal. The functional dependence of the two planes X; and X2 of Ip
should be a linear function as the base contact is an ohmic contact in the neutral

base region. This dependence can be expressed as

XI=X1B- CBI IE (4.54b)

where X1 and Xop represent the positions of the two planes for an arbitrary value
of Ig and Cp; and Cypy are proportionality constants. Using equations (4.54a) and

(4.54b) Werr can b: expressed as

Weff= X2 - X1 =W4:?:}‘B+ CBIB (4.55)

where Werrg = Xop - X1p and Cp = Cpy -Cp. Decreasing Ig will decrease Wegr and

at some critical value I , it will be reduced to zero and the collector current is shut

off. We can, in that case, express Wegp as
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Using equations (4.55) and (4.56) Wef can be expressed as
W=Kglp-1p)  (Ip=Ip) (4.57)

where Ip is a critical value of the base current at which the effective width reduces

to zero. Therefore in order to “open” up a lateral path for the electrons to the

collectors it is necessary to apply a minimal base current Ibc . For all values of In
< Ip the collector currents will be zero. Using equations (4.57) and (4.31) we can

obtain for the sensitivity as a function of Ip

(IgzIgo (4.58)

Thus Sy is a decreasing function of Ig. Kp ¢an be determined from the experimental

data, L; from equations (4.57) and (4.58), and L2 from (4.18a).
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Abstract

The experimental analysis and an analytical model of a ncovel
microelectronic magnetic -sensor are presented. Known as the Suppressed
Sidewall Injection MagnetoTransistor (SSIMT) this device is manufactured in a
standard CMOS technology and has produced the highest sensitivities reported for
a linear magnetotransistor. The analytical model based, on the assumption of the
dominance of carrier deflection as the operating mechanism, successfully predicts
the bias dependance of the SSIMT and provides considerable insight into the
physical cause of the very high measured sensitivities. Experimentally a large
variety of devices are characterized and the SSIMT is operated under two different
biasing conditions. The SSIMT is compared systematically to a simpler more
traditional magnetotransistor in order to determine the effect of its unique
structure, on the magnetic behavior of the collector currents. The structure of the
SSIMT provides the opportunity of analyzing the relative roles, in the magnetic
operation of the device, of simple current deflection and the modulation of the
emitter injection by a Hall field in the base region. An experimental study of the

two effects determines carrier deflection to the dominant mechanism of magnetic

operation.
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1.0 Introduction

The rapid decrease in feature size for digital microelectronics technologies
has produced an astounding increase in the signal processing power available to
the design engineer. In particular, real time signal processing and complex control

applications are possible which could not have even been contemplated 10 years

ago.
Generally, any real time electronic system consists of 3 distinct sections:

1) an input section consisting of an interface device, either, human
interface devices (such as electronic keyboards) or, sensors providing a signal
relating to a particular state of the environment of interest, examples of this are

magnetic field sensors and electro-mechanical devices such as position sensors;

2) A signal processing stage often consisting of an analog to digital
stage to convert incoming data, a central digital processor and a digital to analog

stage to allow for an output interface;

3) An output stage consisting of either information output devices

(typically a cathode ray tube or equivalent), or actuators such as stepper motors.

The application of modern VLSI technologies to the fabrication of the
processing section of an electronic system has produced a substantial drop in the
cost of this stage. Therefore, the cost of an electronic system is often dominated by

the cost of the input and output stages. A typical control system will consist of a



number of large expensive sensors providing information to an inexpensive mass

produced signal processing unit.

This discrepancy in relative costs has provided the impetus for research
into the use of microelectronic fabrication techniques in the production of a variety
of sensors. Micromachining techniques are being used to produce mechanical
sensors and a variety of chemical sensors have been produced. Microelectronic
temperature and optical sensors are well developed. An obvious area of interest
and application is microelectronic magnetic sensors and it is with a particular type

of magnetic sensor that this thesis will deal.

A large variety of magnetic field sensors (MFS) have been fabricated using
microelectronic iechnologies (see [1,2] and ref. therein). These vary widely both in
operation and in fabrication. Basically, all standard integrated circuit fabrication
technologies have been exploited from standard complementary metal oxide silicon
(CMOS) processes to a variety of bipolar technologies. Devices have also been

fabricated in a number of unusual materials such as InSb.

All microelectronic magnetic sensors have as their fundamental operating
principle the action of the Lorentz force on the carriers flowing in the device [1,2].

The Lorentz force is given by,
F=qv xB (1.1

where q is the charge on a carrier flowing through a region of the device, V is the

velocity of the carrier and B the magnetic induction present in the region. The

magnetic induction, B, is related to the applied magnetic field, H, by the relation
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B= u,uoH, where |, is the relative permeability of the device region and po the
permeability of free space. The Lorentz force manifests itself in a variety of effects
in semiconductor devices. These include carrier deflection, Hall field generation,
injection modulation effects and magnetoconcentration [1,2]. These effects are
present to a greater or lesser degree in a particular device determined by the
device structure and biasing configuration. A number of these effects are a function
of the mobility of the carriers in certain regions of the device. This has promoted
the use of materials such as InSb and GaAs. Of interest is the relationship
between I_?: and ﬁ It can be seen from equation (1.1) and this relationship that a
sensor fabricated out of a material with a large pr would have a large sensitivity.
Unfortunately, all semiconductors have relative permeability of approximately 1

and metals, that do have a large p;, are unsuitable for magnetic sensor use, due to

their high conductivitics.

The use of an established semiconductor technology to fabricate an MFS
does, however, have other advantages despite the small yr. An extremely wide
variety of devices, varying from simple Hall plates to complex active devices such
as magnetotransistors can be fabricated by the use of regions doped with acceptor

and donor atoms to form n and p doped areas.

Particular interest has been focussed on the fabrication of MFS using
standard semiconductor technologies such as CMOS. This interest is due to a
number of reasons. A standard process has the advantage of being a known
technology with well understood device characteristics. In addition the process is

presumably reliable, and predictable, facilitating sensor development. Finally, the



sensor, its bias electronics and any signal processing can be integrated on the

same chip allowing for inexpensive batch fabrication of the final product [3].

A number of devices have been fabricated using standard processes. These
include field effect transistors (MagFET), bipolar transistors and Hall plates in
MOS technologies and Hall plates and bipolar devices in bipolar technologies.
Perhaps the most promising of all the devices fabricated in standard technologies
is the magnetotransistor (MT), a bipolar transistor optimized for magnetic

operation [1,2].

This work will deal with the characterization, modelling and optimization of
a magnetotransistor fabricated in CMOS technology. Known as the Suppressed
Sidewall Injection MagnetoTransistor (SSIMT) this device has displayed
extremely high sensitivities [4,5]. In addition, to the characterization of the device,
the device will be used to provide a means of analyzing the relative roles of the
responsible mechanisms of operation [6]. Due to the geometric and operational
complexity numerical Simulation of device operation is unpractical. Therefore, in
order to allow for an understanding of the SSIMT a simple analytical model of the
device will be presented and compared to experiment [4]). The purpose of this
model will be to promote an intuitive understanding of the device operation in order

to allow for an intelligent development of the device.

The contents of the following sections of the work will now be described.
The second chapter Will be a basic revision, of first, the fundamental effects
present in a semiconductor with an applied magnetic field and, secondly, of the
various devices produced to respond to this effect. Typical devices such as Hall

plates [7,8], Magnetodiodes [9], MagFETs [10,11] and Magnetotransistors



[12,13] will be described. Simple explanations of their operation will be provided

and an indication of their range of sensitivity given.

Chapter 3.0 will present a description of the previous research on
magnetotransistors. The chapter will deal first with the analytical work presented
in the literature. This section will be broken up into parts dealing with each
proposed mechanism of operation for the magnetotransistor. The three principles
dealt with are carrier deflection, the emitter modulation effect and
magnetoconcentration. An overview of the current state of numerical modelling of
microelectronic MFS will also be given. Finally, in this chapter, a discussion of the
figures of merit used to characterize microelectronic magnetotransistors will be
presented. This discussion will deal with both relative and absolute sensitivities

and other concerns such as zero field offset.

The basic SSIMT structure and operation will be presented in chapter 4.0.
The method of fabrication of ihe device will be outlined. A qualitative description of
the both the electrical and magnetic operation of the device will be presented. The
various biasing options of the device will be discussed. In the second section of
this chapter a quantitative model of the SSIMT will be presented. The device's
operation will be analyzed under two fundamentally different biasing arrangements
and compared to the operation of a simpler more basic magnetotransistor

structure.

The experimental characterization of the device is presented in chapter 5.0.
First the electrical and magnetic behavior of the basic SSIMT and a simple lateral
magnetotransistor is given. Experimental confirmation of the theory developed in

chapter 4.0 is then presented. A large variety of devices differing in geometry, and



process technology, were fabricated and experimental results from a number of

different devices will be presented to elucidate the SSIMT operation.

In chapter 6.0 a theoretical and experimental study of the role of carrier
deflection and emitter injection modulation in the SSIMT will be presented. The
unique SSIMT geometry presents the opportunity of measuring the Hall field
produced in the base region of the device and then determining the role of this field

in SSIMT operation.

Chapter 7.0 is the conclusion of the work and will deal with the implications
of both the theoretical model and the experimental results. Results from an
application of the SSIMT will be outlined. Lastly, a proposal for further work will
be given.



2.0 Microelectronic Magnetic Field Sensors

2.1 Current flow in a semiconductor with an applied magnetic field.

The action of the Lorentz force on the current flow within a semiconductor
device can best be illuminated by the simple case of a homogeneous, isotopic
sample of a n-doped material with no temperature variation [1]. Incorporation of

the Lorentz force expression into the zero field diffusion approximation of the

Boltzmann transport equation

7:0)= 6, E +qD,Vn (2.1)

leads to the general expression for electron flow in the presence of a magnetic field

7a(B) = 1n(0) - pi(u(B) x B) (2.2)

where J,(0) is the zero field current flow, lln* the Hall mobility of electrons, oy the
zero field electrical conductivity, q the fundamental electric charge and Dy the
electron diffusion coefficient. This expression is difficult to manipulate due to the

cross product on the right hand side. However, a weak field approximation of Jn(B)

can be obtained for (Hn|B)? << 1

[12(0)+L5B X 7n(0)+{up)2(B-1:(0))B]

Ww(B) = o
1+ (uB)

(2.3)

This equation, along with the corresponding equation for hole current density,
describes the isothermal current dependance on the magnetic field. It only

considers first order temperature effects taking into account the temperature



variation of carrier concentrations and the diffusion and conductivity coefficients.
Second order effects are neglected. To solve for the current flow within a
semiconductor device it is needed to solve equation (2.3) and its complementary

equation for holes, with the pertinent continuity equations and Poisson equation.

In order to obtain a physical feel for the effect of a magnetic field on current
flow, in a semiconductor, equation (2.3) can be further simplified. If current flow
due to diffusion is neglected, true for a simple Hall plate with ohmic contaéts, and if

we also assume that B is perpendicular to the applied electric field then equation

(2.3) becomes
J (B) =05 [E +t,(BXE)] 2.4)

— 2 . -
where 6, g=6,J1+ (U B) ] L Defining B = B, and E =E,i+Ej we obtain for

the individual current components:

Jox=0m (E -1, B,E)) (2.5)

Joy= Orp (By- Iy B,E,) (2.6)

At this point it is needed to assign a particular geometry for the
semiconductor sample in question. Two extreme geometries are enlightening. For
the case of a long thin Hall plate (I>>w) with a current passing through the length
of the sample it can be assumed that the current flow across the width of the
sample is small, ie Jpy =0 .We can now solve equations (2.5) and (2.6). Obtaining

the Hall field Ey



E,=-u,B,E, @.7)

*
Defining the Hall coefficient as Ry = -l /0, equation (2.7) becomes,

Ey = - Rt Jnx B (2.8)

The net result of the applied magnetic field is the rotation of the equipotential lines

across the width of the Hall plate by the tangent of the Hall angle

tan @y = E% =6,RyB, - (2.9)
X

The second easily solvable geometry is a short thick slab where w>>l in
this case we can assume there is no confinement of thvz carrier flow and therefore
no generation of a Hall field (Ey = 0). Equations (2.6) and (2.7) can now be solved

and we obtain the result that the current flow in the sample is deflected by the

tangent of the Hall angle
tan @y = _Jny/Jnx = - 1B, (2.10)

As the electrons flow from x=0 to x=l in the sample they travel a greater distance

due to their deflection by the magnetic field. This results in a larger effective

resistance of the semiconductor plate and a lower effective conductivity G,



Op

= 2.11)
1+(uB,)

OB

This effect is known as the geometric magnetoresistance effect [1].
2.2 Microelectronic Magnetic Field Sensors

A large variety of microelectronic magnetic field sensors have been
proposed varying widely in operation and geometry. In this section we shall

review a number of typical sensors manufactured using microelectronic processes.

2.2.1 Hall Plates

The Hall plate is the simplest of all the proposed microelectronic magnetic
sensors. Easily implemented by integrated circuit technologies, the Hall plate
consists of a slab of semiconductor of length I width w and thickness t. A current [
is passed along the length of the slab and the sensor is oriented such that the
magnetic signal to be measured is perpendicular to the slab. One voltage contact is
placed on each side of the slab. Ideally these contacts would be negligibly small,
however, due to technological reasons this is not the case and they are of a finite

width s (see Fig. 2-1).

As current can not pass across the sides of the plate and the slab is of a
finite width the application of a magnetic field perpendicular to the plate produces a

rotation of the equipotential lines within the plate by the tangent of the Hall angle.

This rotation gives rise to a potential difference VH between the two voltage

10



contacts. For the ideal plate described in the previous section (I>>w) this voltage

can be determined from equations (2.8), (2.9) and (2.10),

R,IB

(2.12)
H™

where I is the current passed through the plate.

In the previous section the plate was considered n-type, the minority hole
current flow was ignored and Ry was determined to be -jy/0y. If both the carrier
types, minority and majority, need to be taken into consideration the situation is

more complicated and the Hall coefficient becomes [14]

-[r(ﬁ)zn-rpp]
Ry= (2.13)
gl +p1° |
I,

* »
With I,= N,/ H, and l'p=}»lp/l-lp. As can be seen Ry shows a strong

dependance on the relative levels of the carrier concentration n and p. In fact, if

p=r,/1,(y/ 1) 1 then Ryy=0

In a real Hall plate the presence of current and sensor contacts cause a
degradation of the Hall voltage predicted by the expression calculated for the ideal
Hall plate [15]. This effect is usually taken into account by the incorporation of a

geometrical factor G and we obtain for the Hall voltage

11



R,IB
t

Vy= G(/w, s/w, YN, B (2.14)

where G = V;/V_ and V,, is the Hall voltage obtained as w/1 = 0.

Both bipolar and CMOS technologies have been used to fabricate Hall plate
sensors [7,16]. Fig. 2-2 shows a simple implementation in bipolar technology [13].
The plate is formed using the n-epilayer, current and voltage contacts being

implemented using n* and p* diffusions respectively.

Two quite different implementations are fabricated in MOS technologies.
One, known as the vertical Hall device (VHD), is unusual, both with regards to its
geometry and its sensitivity to the B field parallel to the chip surface [8,17].
Shown in Fig. 2-3, a central current contact is formed using a n* source/drain
diffusion in the n-substrate. Current flows from this central contact through the
substrate to two nt outside contacts. Between each outside current contact and
the central contact is placed an n* voltage contact. This device, despite its
unusual geometry, functions as a simple Hall plate, however, with somewhat

difficulty to quantify geometric factors such as 1, w and t.

A device proposed by Takamiya et al [20] incorporates a transistor
amplifier directly into the Hall plate structure. Manufactured in bipolar technology a
Hall plate is formed out of a n-epilayer, as with the previous example, and a
current is passed through the device by the use of two base contacts. However,
instead of using two nt diffusions as voltage contacts, two emitters are formed
using p™* diffusions. Two collectors are then fabricated using p* diffusions at the

edge of the base region. The electrical operation of this device is quite straight

12



forward. The current passed from one base contact to the other results in the two
emitter junctions being forward biased. Holes are injected into the base region by
each emitter and then collected by the nearest collector. In the presence of a
magnetic field the electron current, the flow of majority carriers, produce a Hall
voltage in the base region. A potential difference is present between the two base
regions in the vicinity of each emitter. This results in one emitter being more
forward biased then the other and there is a resulting asymmetrical injection of

holes into the base region. This asymmetrical injection causes a current difference,

Ic2-Ic1.
2.2.2 MagFETs

A more conventional use of the CMOS technology, than the fabrication of
the VHD, is the MagFET [10,18,19]. In this device a Hall plate is formed by
applying a voltage to the gate region between a source and a drain. An inversion
layer forms at the silicon surface under the gate, effectively producing a very thin
conductive plate between the source and the drain ( see Fig. 2-4). The source and
the drain are used as current contacts and small nt diffusions are placed at the
edges of the gate region to act as voltage contacts. These contacts are then used
to measure the Hall field produced by a magnetic field perpendicular to the chip

surface.

A variation on this device, also known as a MagFET, is the split or triple
drain MagFET. This device is nearly identical to the Hall plate MagFET described
above, however, the voltage contacts are removed and the drain is split into two or
threc portions. Under zero field conditions the device is symmetrical and the drain

currents are balanced. In the presence of a magnetic field, however, the symmetry

13



of the current flow is disturbed and a current difference can be measured between

the relevant drain currents.
2.2.3 Magnetodiodes

It was shown by Suhl et al [21] that for large applied magnetic fields the
conductivity of a bar of semiconductor is a stronger function of the magnetic field
then could be explained by magnetoresistance. This strong dependance in
conductivity was attributed to local variation of the carrier concentrations within
the semiconductor sample. With an appropriate choice of magnetic field the
electron and hole distributions within the semiconductor will be concentrated along
the surface of the sample. This will result in an increase of the carrier
recombination due to surface effects and therefore a reduction in the average

conductivity of the bar as a whole.

This "magnetoconcentration” effect has been exploited in a device known
as the magnetodiode. The basic magnetodiode structure is shown in Fig. 2-5. It
consists of a small p* region used as an anode and a larger n° region as a cathode
[1]. The diode is operated under forward bias and a current is passed from the
cathode to the anode across the p*/n junction. The unique feature of the diode is
that it has two different recombination rates on the top and bottom surfaces of the
n- region (in early devices this was done by grinding one surface and polishing the
other [22]). Under the presence of a magnetic field both the holes and the
electrons will be concentrated against either the top or bottom surface of the
diode. The different recombination rates of the twe surfaces will result in the V-1

curve of the diode being a function of the applied magnetic ficld.
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The first magnetodiode manufactured in an IC technology was proposed by
Lutes et al [23]. This device was manufactured in a Silicon on Sapphire technology
and used a Si/Si02 interface as the top recombination surface and Si/Sapphire
surface as the bottom. A magnetodiode compatible with a CMOS process was
investigated by Popovic et al [24]. This device was conceived slightly differently.
The basic structure (shown in Fig. 2-6) consists of a bipolar transistor formed
using a p-well as the base region, the substrate as a collector, an n* diffusion as
an emitter and a p* diffusion as base contact. In the operation of the device a
current was passed through the p-well from the base contact to the emitter which
was grounded. The substrate/p-well junction was reverse biased and acts
effectively as a high recombination surface for the minority carriers in the base, the
SiO2/p-well surface at the top of the device acts as a low recombination surface. In

this device the sensitivity of the VB - Ig curve to the magnetic field was

determined.
2.2.4 Magnetotransistors

A number of devices known as magnetotransistors have been fabricated
[1,2]. The magnetotransistor is a bipolar transistor, either npn or pnp, optimized
so that its response to a magnetic field is maximized. The operation and
geometries of magnetotransistors differ greatly. Traditionally, magnetotransistors
have been categorized by the direction of the flow of current responsible for the
magnetic operation of the device. If the flow of the magnetically dependant current
is lateral, parallel to the chip surface, the device is known as a lateral
magnetotransistor (LMT). Conversely, if the dominant current flow is vertical,

perpendicular to the chip surface, the device is called a vertical magnetotransistor

(VMT).
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The magnetic operation of both VMTs and LMTs is complicated and three

basic principles have been proposed [1,2]:

1) carrier deflection - the deflection of either minority or majority carriers

through the Hall angle within a region of the device;

2) emitter modulation - the presence of a Hall voltage, in the base region of
the device, causes an asymmetrical injection of minority carriers into the

base of the device;

3) magnetoconcentration - the concentration of carriers within a particular
region of the device causes a local modulation of the conductivity in this

region.

A more detailed description of each of these effects will be given in the following

chapter.

A typical VMT is shown in Fig. 2-7. The device was fabricated in a bipolar
technology and consists of a central emitter, a thin base region with two base
contacts and a single collector region with two contacts [12]. The operation of the
device is dominated by carrier deflection and is as follows. Electrons are injected
from the emitter into the base across the forward biased emitter junction. These
electrons are then collected at the base/collector junction immediately below the
emitter. The electrons then flow away from the chip surface down towards the two
n* buried layers. These buried layers provide a low resistance path for the
electrons to flow to the two contacts C1 and C2. In the absence of a magnetic field

Ic2 will equal IC1. However, if a B field is applied parallel to the chip surface, the

16



electrons flowing through the collector region between the emitter and buried

layers are deflected. This deflection results in a difference between IC1 and IC2 ,

AlC, that is proportional to the magnetic field.

An example of a simple LMT in which the carrier deflection of the minority
carriers in the base is the dominant mechanism is shown in Fig. 2-8 [25]. The
device was fabricated in a standard CMOS process. A p-well was used to form the
base region of the device, p* diffusions are used as base contacts and nt
source/drain diffusions formed the emitter and coilector. An ohmic substrate

connection is provided by the use of n* diffusion.

The electrical operation of this device can conceptually be broken up into
two bipolar transistors. A vertical npn transistor formed from the emitter, base and
substrate, and a lateral npn transistor consisting of the emitter, base and collector.
In the operation of the device both the collector/base junction and the
substrate/base junction are reverse biased. The emitter/base junction is forward
biased and electrons are injected across this junction into the base. These
electrons then flow either to the collector, and form the collector current, or to the
substrate where they form the substrate current. In order to improve the ratio of
the substrate current to the collector current a second base contact (B-) is placed
to the left of the emitter, this contact is grounded and the flow of holes from the
base contact B* to the contact B- establishes an accelerating electric field which
sweeps the injected electrons towards the collector. If a magnetic field is applied
parallel to the chip surface a deflection of these electrons will occur as they flow
towards the collector. For a magnetic field as shown in Fig. 2-8 this will result in

the electrons being deflected away from the chip surface and towards the
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substrate. A resulting decrease in Ic and increase in Is will be apparent and this

change in current will be a linear function of the magnetic field.

A similar LMT [26], but sensitive to a magnetic field perpendicular to the
chip surface, is shown in Fig. 2-9. The electrical operation is very similar to the
device in Fig. 2-8. However, two collectors are fabricated, instead of one. Once
again electrons are injected from the emitter and swept towards the collectors by
an accelerating electric field. In the absence of a magnetic field I¢; = Ic2 because of
the device's symmetry. If a B field is applied perpendicular to the chip surface, a

change in the current Alc = Icg - Icy will be realized due to the deflection of

electrons towards one collector and away from the other.
2.2.5 Carrier domain microelectronic magnetic sensors

The device shown in Fig. 2.7 can be operated in such a way as to produce a
carrier domain within the device [27]. A carrier domain is a region in which the
majority and minority carriers are not in equilibrium and n = p due to the charge
neutrality equation. In order to achieve this condition the p- substrate is forward
biased with respect to the n-collector region, while in the previous case this
junction is reverse biased. The result of this is to inject holes into the n- region
between the nt* buried layers. The interaction of this flow of holes with the
electrons being collected at the p/n- junction results in a potential distribution in
the n- region which will produce a current filament (formed from both holes and
electrons) flowing between the p- substrate and the p base region. The position of
this filament is affected by the presence of a magnetic field parallel to the chip

surface. Any displacement of the carrier domain results in a measurable change in
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the bias currents of the device. A number of carrier domain devices have been built

(see [1] and ref. therein).
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3.0 Magnetotransistor Theory

As mentioned previously, the fundamental effect on which all magnetic field
sensors are based is the Lorentz force. The operation of the Lorentz force in a
magnetotransistor (MT) manifests itself in three basic forms, current deflection,
emitter modulation and magnetoconcentration. Current deflection is the deflection
of carriers in the neutral base or collector region of the device [12]. The emitter
modulation model proposes that a Hall voltage is produced along the emitter/base
junction, which in turn causes an asymmetric injection of minority carriers [13].
Magnetoconcentration is the asymmetrical concentration of carriers within the
device, causing a local modulation of the conductivity [28]. Of these three effects
the last two involve a non-linear magnetic response. Previously reported MTs that
display a linear response to the magnetic field have had relative sensitivities
(change in collector current / change in magnetic field normalized by the total
collector current) varying from 1 %/T to 150 %/T [25]. An MT displaying non-linear
behavior has been reported with a sensitivity of 400 %/T [29]. However, this

sensitivity was reported for large fields of 1 Tesla and very small collector currents

of 20 nA.
3.1 Carrier Deflection
3.1.1 Carrier Deflection in a VMT

A theoretical analysis based on carrier deflection of the device shown in
Fig. 3-1 was proposed by Zieren and Duyndam in 1982 [12]. The basic operation
of the device, as described in the previous section, is that electrons are injected

from the emitter across the forward biased emitter/base junction. They flow down



through the base to the base/collector junction where they are collected. From this
junction they flow through the collector region down away from the chip surface to
the buried layers below. The n* buried layers then provide a high conductivity

region for the electrons to flow to the collector contacts C; and Cj. In the absence
of a magnetic field Ic; will equal Ic2 due to symmetry. However, a magnetic field
applied in the z direction will result in a deflection of the electron flow in the
collector region through the Hall angle, causing a reduction in one collector current

and corresponding increase in the other.

The theoretical analysis of this structure by Zieren et al [12] assumed that
this current deflection was the dominant magnetic effect. In addition, to this

assumption, the authors made the following four simplifications:

1) There is a hypothetical dividing line centered between the two n* buried

layers, to the right of this line electrons are assumed to flow into the n* buried

layer on the right and will form the collector current Ica, conversely any electrons

to the left of this line will form I¢;.

2) The electrons collected at the base/collector junction flow directly down
along the center line towards the buried layers with no current spreading. The
authors therefore treat the electron flow in the collector region of the device as a

current beam.

3) The emitter current density distribution can be described in the presence

of current crowding effects by the parameter Z, where Z is defined by



I;(1-0) ,, Wg

8V, Wg L, @.1)

ZtanZ =

and V| = kT/q, pB is the average base resistivity, Wp the base width, WE the
emitter width, Lg the emitter length, o the common base current gain, and Ig the

DC emitter current. The current density along the emitter junction JEx can then be

described in terms of Z.
4) Magnetothermal effects are ignored.

A depiction of the assumed electron flow in the collector region, based on these
assumptions, is shown Fig. 3-2. The electron flow is assumed to be a "beam" of

current of width Wg and length L. The current density of the beam is Jgx. The

relative change in the collector currents due to an applied magnetic field can be

shown to be
Al _Icy-ley _ tan(kZ) ,
o I+l tan(Z) (3.2)
with
2L B
———W—E— (3.3)

where B is the magnitude of the applied magnetic field



If we assume the simple case of a uniform current density (Z=0) we obtain for

the collector current response

We can see from equation (3.4) that the change in current is linear with respect to
the magnetic field if there is no current crowding due to a potential drop along the

emitter junction.

We can define a relative sensitivity for the device of

Al 1
=% (3.5)

T IC B

and we obtain (for the simple case of uniform current)
2L
Hn
S.=

T WE (36)

Experimental results obtained from this device were presented in [12].
Sensitivities were approximately 2.5 times smaller then the calculated values.
This discrepancy was attributed to the spreading of the current "beam" due to the

physical separation of the huried layers in real devices. Sensitivities of 3 %/T were

measured.



3.1.2 Carrier deflection in an LMT

Carrier deflection was proposed by Popovic and Widmar as an explanation
for the operation of a single collector npn lateral MT fabricated in standard CMOS.
The device shown in Fig. 3-3 consists of an n* emitter and collector placed in a p-
well base region separated by a length L. A p* base contact is placed at either
end of the p-well. The emitter and base contact adjacent to it are grounded and the
other base contact is biased with a constant current source. This current forward
biases the emitter/base junction and produces a laterally accelerating field E, in
the base region between the emitter and collector. This electric field is due to the

flow of holes from the base contact B* to the grounded base contact B-.

In order to determine the magnetic sensitivity of the device Popovic and
Widmar analyzed the flow of minority carriers in the base region of the device.
Electrons are injected into the base from the emitter. A portion of these electrons,
injected from the right sidewall of the emitter and the section of the bottom of the
emitter adjacent to this sidewall, is swept towards the collector by the lateral

electric field, Ea. However, the remaining portion of the injected electrons is

collected by the reverse biased p-well/n-substrate junction.

To simplify the analysis the following model of the electron flow in the base
was used. A plane y = -Y is assumed to divide the base region between the
emitter and the collector, such that all minority current density lines reaching the
plane x = L above this plane contribute to the collector current and all beneath it
the substrate current (see Fig. 3-3). It was assumed that the hole current in the
base region between the collector is due only to the accelerating field. We can then

calculate the hole current densities in this region



Jpox =qHpP E, (3.7a)

pr=0 (3.7b)

These conditions will produce a Hall field due to the flow of holes

H *
Epy= p.szEa (3.8)
where up* is the Hall mobility of the holes in the base and B the applied magnetic
field. The authors neglected the Hall field produced by the flow of electrons, as n

<< p for the base region of the device, and assume the effect of the magnetic field

on the diffusion component of the minority current flow is small.

Simple expressions for the electron current flow in the base are obtained
by the assumption that the electron current flow, with an applied field, can be
obtained by a simple rotation of the zero field current flow through the Hall angle
with an additional electric field component due to the Hall field generated by the

flow of holes through the base. We can then derive

nx

T o= Tox Mo By oy (3.92)

Jny=Jnoy' “nBanox (3.90)

with

d
Jnox=unana+ana—:- (3.10a)



H
Jooy=Haqn(Eg+Epy) +an-g% (3.10b)

where Ey, is the built in electric field due to the nonuniform doping of the p-well

base region.

The substrate current I can be expressed in terms of the y component of

the electron current density

IS:U fo Ty , (3.11)
0 y=-

where the integral is taken over the plane y = -Y which divides the base region. A

change in this current due to a small magnetic field can be expressed as

dlg= [ f [, (3.12)
° Y
o y=-

As it was assumed that an applied magnetic field will produce a redistribution of

the electron current, such that electrons once flowing to the collector will now flow

to the substrate, and we have

Ag=-Ao= - f fozaJ,,,dx (3.13)
[ y=-Y



The authors made the assumption that the magnetic field has no effect on the

electron diffusion current and using equations (3.8) and (3.9) we obtain for dlny

J *
aJny:= ( ll;ox - ”‘anox) aBz (3.14a)
z

or
* * 0
Yy =My qHan E,- My (Q U, nE,+ an—a%) (3.14b)

In order to obtain the relative sensitivity of the device it is needed to to obtain an

expression for the collector current at zero magnetic field. It can be expressed as

0
0) ' :
Ic =[f fanydde (3.16)
-Y x =L

To obtain tractable expressions the authors assumed that Jnox is @ Constant over
the region of integration in equations (3.13) and (3.16). We then obtain for the

relative sensitivity

* » an
L !»lpq Hpn Ea'un(q Hp1 Ea+ an'a_)'(‘)
Y on
MnqnE,+q Dy

S (3.17)




Two obvious simple cases of this expression are apparent. One if the drift

component of Jnox is dominant, ie ppnEy >> Dp on/ox, in which case Sr becomes

= '%L (3.18)

S

Conversely if diffusion is dominant (Dp dn/ox << pp n E,) we have

S,=(u;-u:)—IY‘— (3.19)

It remains in both these equations to calculate the parameter Y. This
parameter was fitted to experimental results to be 6 um, a reasonable value given
a p-well depth of 15 um. The sensitivity is obviously a direct linear function of the
length L and this was confirmed by experiment with a typical sensitivity of 100 %/T

for L = 50 um.
3.2 Emitter modulation effect

In 1982 Vinal and Masnari proposed the modulation of the emitter injection
of minority carriers as the dominant mechanism of operation for two LMTs
[13,30,31]. The mechanism immediately became the center of some controversy as
to its relative role in the operation of MTs [32,33], with other researchers

suggesting carrier deflection and magnetoconcentration as more important effects.

A typical LMT structure is shown in Fig. 3-4, An analysis of the device
presuming emitter injection as the dominant mechanism of operation is presented

in the following section. The first section deals first with the Hall voltage



generated in the base region beneath the emitter and the second with the magnetic

response of the collector current due to this Hall field.
3.2.1 Hall voltage generation

Following the approach used by Vinal and Masnari in [30] the collector
current variation due to the magnetic field can be determined. The generation of a
Hall voltage in the base region along the emitter is assumed to be similar to that
produced in a Hall plate (the Hall voltage in the n* emitter region is assumed
negligible due to the high electron concentration in this region). This Hall voltage
will cause an asymmetrical biasing of the emitter base junction, with one side of
the junction being more forward biased then the other. This will in turn cause a
higher level of injection of carriers on the more forward biased side, with the result

of the collector current being increased.

The basic equation for the Hall voltage produced by current flow through a

semiconductor Hall plate is [15]

Vy=KR,IB (3.20)

where K is a geometric constant, Ry is the Hall coefficient, 1 the current through
the device and B the magnetic induction perpendicular to the Hall plate. This

equation can be adapted to the base region of the LMT near the emitter [34].

Under these conditions the current I is replaced then by the emitter current Ig and

Bby Bx



The actual Hall voltage produce in the base region is a function of both the
geometry and operating conditions of the device. The variation with geometry is
contained in the constant K. For the case of the LMT in Fig. 3-4 it is difficult to

evaluate K due to the complicated geometry of the base region of the device. It is

obvious that Vi will vary directly with changes in the emitter current of the device,
but it was also noted by Popovic and Baltes [34] that Ry is also highly dependant

on the injection level at which the device is operating. The Hall coefficient is

defined as [14, 35]
Ry= I _p_:r_l_b__ (3.22)

where r is the Hall scattering coefficient, q the fundamental electron charge, and n
and p are the electron and hole carrier concentrations respectively, and b the ratio

of the electron mobility to the hole mobility in the base.

3.2.2 Collector current response

In order, to calculate the collector current change due to an applied magnetic
field, the authors assume that the presence of the Hall field Vy will cause an

additional biasing of the base/emitter junction by Vy.If the zero field collector

current is represented in the form

qQVeE
1(0) = Ise(ﬁ) (3:23)
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then the collector current with a magnetic field present is given the assumptions

above [34]

q{VBE"'Vl-“
I0)=Igel mT | (3.24)

Defining the sensitivity of the device as the ratio of these two currents we find that

the sensitivity is

qVy
5, =e o) (3.25)

Both of these expressions indicate a nonlinear dependence on the magnetic field.

3.3 The magnetoconcentration effect

In 1978 Mitnikova et al. [22] proposed a combination of carrier deflection
and magnetoconcentration effect as the basic principles responsible for the
magnetic operation of a lateral transistor (shown in Fig. 3-5). This MT displayed a
markedly nonlinear response to the magnetic field when operated under high

injection conditions. The collector current could be expressed in the form [22]

where the term Kcp B takes into account the change in the collector current due to
carrier deflection. The second term f(B) was determined to be a nonlinear even
function of B, the magnetic field. This term can not be explained by emitter

modulation as it would produce a collector current response that is a symrmetrical
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and odd function of the magnetic field. The local concentration of carriers in the

base region of the device does, however, explain the nonlinearity.

As holes flow from the emitter to the collector through the base region (and
likewise electrons from the base contact to the emitter) the presence of positive B
field will deflect both carriers to the chip surface between the emitter and collector.
Under condition of high injection and large magnetic fields, there will be a
concentration of carriers in this region causing a decrease of the resistivity of the
base region between the emitter and the collector. This resistance change will
provide a low resistance path for holes flowing from the emitter to the collector and
in conjunction with the carrier deflection effect will increase the change in the
collector current. Conversely, if B is negative the carriers will be concentrated in a
region deep with in the base region well away from the chip surface. This would
have the tendency to widen the flow of electrons from the emitter to the collector

and degrade the effectiveness of the carrier deflection effect.
3.4 Numerical modeling of magnetotransistors

The mechanisms of operation described in the previous sections of this
chapter were simple intuitive models of the device behavior, based on an
understanding of how the fundamental electromagnetic equations manifest
themselves in the current flow and carrier distributions within a device. However,
due to the complex interaction of galvanomagnetic effects and bipolar action a

simple model might be misleading.

Ideally, a full understanding and an exact prediction of device behavior could
be obtained by the solution of the carrier continuity equations and the Poisson

equation. Due to the inherent complexity of the carrier transport in a semiconductor
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and the geometric complexity of microelectronic devices an analytical approach to
the solution of these equations is unsuitable. However, a numerical solution of the

relevant equations has been done [38-41].

An investigation of the carrier transport and potential distribution in a
variety of MTs is presented in ref. [40,41]. The basic approach of the model was
the use of a finite element technique to solve the steady-state galvanomagnetic
equations. Nathan et al used a combination of numerical techniques and
experimental results to analyze the operating mechanisms of a LMT with two
collector contacts (similar in design to the device in Fig. 3-1). The basic conclusion
of this paper was that the Hall field produced along the emitter/base junction was
too small to generate a significant amount of asymmetrical emitter injection [40].
The authors conclude that carrier deflection is the dominant mechanism of
operation of similar MTs with any nonlinearities being due to magneto-

concentration.

Due to the large size and high current densities present in the devices dealt
with in this thesis a numerical solution of their operation seems at this present
time infeasible. Because of this simple analytical or empirical models of device
operation, confirmed by experimental results, are the only tool the researcher has

at his disposal in the intelligent development of such devices.
3.5 Figures of Merit

In the previous sections of this chapter the concept of sensitivity has
arisen. It is useful when developing a sensor to have a number of measurable
parameters that can be used to compare different devices. Magnetotransistors

have traditionally been characterized with respect to relative sensitivity, absolute
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sensitivity, signal to noise ratio and zero field offset [1,2]. Due to the complexity

of MT operation a large number of differing definitions for both types of sensitivity

have been used.

3.5.1 Relative sensitivity

The relative sensitivity of a magnetic sensor is usually defined as the

derivative of the signal with respect to the magnetic field normalized by the

magnitude of the signal

X 1

S’—?’_B_i; (3.27)

where X is the magnetically sensitive signal and Xo the zero field value of this
quantity. For microelectronic magnetic sensors X is usually a current.

For the case of a simple two collector MT the relative sensitivity is often

approximated by the expression

= Icz(B) = IC](B) l (3.28)
T 1o,(0)+1,(0) B

where Icy,2(0) are the zero field collector currents and Ic,2(B) the collector
currents with an applied magnetic field B present. This equation is sufficient if B is
small and the collector currents a linear function of B. However, the usefulness of

this equation becomes suspect if this is not the case.
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Nonlinear MTs present difficulties with respect to the use of equation
(3.28). If Ic is a nonlinear function of B then the expression for Sy will also be
nonlinear, and Sy must be defined at a parucular field in order to allow for
comparison. Most sensitivities have been reported for a B field of 1 Tesla, this
field is however very large [28,34]. Using an equation similar to (3.28), but for
single collector devices, nonlinear LMTs have been presented as having very high
sensitivities, however, all of these devices had very small collector currents
(order of 1 pA) and the sensitivity was given for B = 1 T. If a more appropriate

approximation of (3.27) is used

_1B-10 1 (3.29)
"7 I B) B

then the measured sensitivity drops by several orders of magnitude, due to Ic(B)

being much larger than Ic(0).

For the more complex LMTs there may be considerable current flow
through the device in addition to the the collector current [5,25]. This is due the
action of parasitic transistors and the low current gain of the LMT. Under these

condition the use of the Ic(0) in equation (3.27) as the normalizing factor can be
misleading and the equation can instead be normalized with respect to the emitter

current [5].
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3.5.2 Absolute sensitivity

The absolute sensitivity of a device is defined as simply the ratio of the
change in signal to the change in magnetic field [1,2]. For the case of collector
current variation in an MT we have

V¢

Sa==g" (3.29)

where V. is linearly related to the collector current through the collector load

resistor.

For a nonlinear device S, must, like Sy, be defined at a particular field. The
only basic variation in the definition of S; for MTs is thc choice of a collector
current as the measured quantity and the substitution of I¢ for V¢ in equation
(3.29). If possible the use of I¢ is preferred as it avoids the ambiguity of the choice
of the value of the load resistor. In this thesis the absolute sensitivity is defined in

terms of the collector current directly and is

ol

"3

(3.30)

3.5.3 Signal to noise ratio

The minimum resolvable magnitude of an AC magnetic field is determined

by the signal to noise ratio of the device and is defined as
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S =_a ]
/N ) (3.31)

where <N> is the noise voltage or noise current as determined by the units of the

absolute sensitivity.

At low frequency the dominant noise mechanism is 1/f noise and at high frequency

shot noise and thermal noise dominate [42-44].
5.3.4 DC zero field offset

The minimum detectable DC magnetic field is determined by either, the zero field
offset of the sensor, or if this quantity can be nulled the drift of this offset. Given a
two collector MT the signal Alcg = Ic2(0) - Ic3(0) is indistinguishable from an
applied magnetic field of the magnitude Bogf = Alcg/ Sa . This Bogr is therefore an

indication of the DC resolution of the magnetic sensor.

The main causes of offset in microelectronic devices are imperfections in the
process technology including mask misalignment [45], and strain introduced by
packaging and aging [46]. Thus, one of the approaches for offset reduction is based
on the improvement of process technology, but because of technological limitations
it is not possible to eliminate offset completely. Other offset-reduction methods are
calibration {47], which demands the presence of a known value of the measurand,
compensation [48], which demands the use of two sensors where one of them is
used as a reference, and the sensitivity variation offset reduction method [49,50],
where the difference between the response of the sensitivity and the offset signal

to a sinusoidal excitation is used to reduce the offset.
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4.0 SSIMT Operation

4.1 Basic SSIMT structure

The basic SSIMT (suppressed sidewall injection magnetotransistor) is
shown in Fig. 4-1 The novel feature of the device is the two p* stripes placed along

the edges of the emitter, parallel to the collectors. All of the SSIMT variants were

fabricated using a standard CMOS process.

The initial device structure was fabricated in a standard 4 pm CMOS
process. The base region was formed by a p-well. The emitter and both collectors
were realized using the standard doping procedure for the source and drain of a n-
channel MOS transistor. The p+* stripes at the side of the emitter and the base

contacts B1 were formed using the standard doping procedure for a p-channel MOS
Transistor. The p-well diffusion depth is 10 um, collector and emitter diffusion

depths are 1.5 um. The p-well doping is 10 16 cm-3,

The biasing circuit of the SSIMT is shown in Fig. 4-2. The values of Iy, Vs,
V¢, Vi1 and Vi determine the operating point of the device. In the operation of the
device two distinct bias configurations are used, one with the stripes biased to a

voltage V:and the other when the stripes are unbiased. We refer to these two

bias configurations as "stripes biased" and "stripes floating". In normal operation

slightly different values for Vi1 and Vg are used for offset elimination, and we

define, Vi = (Vp1 + Vp2) / 2, for convenience.
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4.1.1 Biased stripes

The basic electrical operation of the device with biased stripes (stripe
grounded or biased slightly negative with respect to the emitter) is as follows. The
emitter base junction is forward biased by the applied base current and electrons
are injected into the neutral base region. This injected current is then collected by
either the two collectors or the substrate, which is in effect a third collector.
Therefore the device can be thought of as a two npn transistors, a vertical one
formed by the emitter, base and substrate and a differential lateral transistor

formed by the emitter, base and collectors.

The p* stripes play a twofold role. First, they suppress carrier injection
from the emitter in the lateral direction towards the collectors. If the p* stripes are
biased with a voltage Vy and V; is less then or equal to the potential of the emitter
Vg this effect is obvious. The suppression of laterally flowing electrons is a
consequence of the reverse biasing of the junction between the p* stripe and the
emitter, in fact a small portion of the bottom of the emitter next to each stripe will
also be reverse biased. The width of this reverse biased portion will increase with
increasing negative Vy. At the same time carrier injection from the emitter is
confined to the vertical direction, due to the formation of a potential hill (for
electrons) around the p* stripes. The second effect of biasing the p* stripes is the
creation of a lateral electric field, Ej, in the neutral base region. This field is due to
the difference in potential between the base contacts By and Bj. When the device
is operated normally with Vy< VE < V1, this field will be orientated in such a
way as to sweep the injected electrons laterally towards the collectors, (Fig. 4-
1a). The application of a larger negative potential to the stripes amplifies the

effect of the p* stripes pushing the minority current further into the device and then
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establishing a lateral flow of current out to the collectors. In the absence of &

magnetic field, the collector currents Ic10 and Icgg are equal because of the devices

symmetry, and the device is balanced.

For the SSIMT it can be expected due to the long emiiter that only a small
portion of the emitter is responsible for the injected electrons which comprise the
collector currents. This portion consists of two small segments of the emitter
adjacent to the p* stripes. The remaining portion of the emitter bottom injects

electrons that are collected by the substrate and form the substrate current.

The application of a magnetic field, B =B;, parallel to both the chip surface
and the collectors, will produce an imbalance in the two collector currents Icy and
Ico due to the following "double-deflection” effect. The Lorentz force acts on all
three current compone:.:s i3, Icy, and I¢ . The Is component is deflected in the y
direction, increasing Iy and decreasing ic1. Moreox-r. the cutrent components Iy
and Iy are deflected in the "+ x" and "- x" directions resp-ctively, causing a
furthe: increase of icy and a decrease of Ic;. These two deflections will combine
to cause one collector current to increase at the expense of the substrate current
and the other to decrease with a corresponding gain in the substrate current. The

net effect on the substrate current should be zero.

4.1.2 Floating stripes

In the discussion above the p* stripes placed at the edges of the emitter
were biased either to ground or to a small negative voltage, in order to suppress
the injection of electrons out of the emitter sidewalls. A second biasing
arrangement is possible in which the p* stripes are left unbiased and float at a

voltage determined by the potential distribution inside the base region of the
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device. This arrangement still provides suppression of the laterally injected
electrons, due to the larger built in voltage across the n*/p* junction relative to the
n*/p-well junction. This bias arrangement is shown in Fig. 4-3. The electrical
operation of the device will be very similar to the operation of the device with the
stripes biased. However, there will be no current flow through the p* stripes and
no potential hill in the base region around the p* stripes. This will produce a less
effective shaping of the electron flow in the base to the collectors, resulting in a

reduced sensitivity.

The operation of the device in this manner has one major advantage. As a
magnetic sensor it's use and implementation will be simpler due to the need for
two less voltage sources. In order to achieve this simplicity we will sacrifice

sensitivity.

The role of the p* stripes is crucial in the determination of the sensitivity of
the SSIMT and this sensitivity is in turn determined by the flow of the minority
cutrent in the base region. In Fig. 4-4 the electron flow within base regions of a
simple LMT (an SSIMT with out siripes) and the SSIMT for both stripes floating
and biased is shown. This clearly shows the effect of the stripes. For the LMT the
electron flow from the emitter to the collector is a wide diffuse flow and primarily
composed of the electrons injected from the sidewall of the emitter. In Fig 4-4b the
effect of the stripes when unbiased can be seen and the injection from the sidewall
is suppressed, resulting in a more focussed flow of current. The biasing of the
stripes slightly negative (Fig. 4-4c) produces a potential hill for electrons on the
stripe and the injected electrons are forced deeper into the device with a sesulting

narrower and more concentrated electror flow to the collectors.
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4.2 Device Models

The section 4.1 outlined qualitatively the basic operation of the SSIMT
under a number of different biasing configurations. In the section 4.2 quantitative
models of the device operation will be developed. These models will presume the
dominance of carrier deflection as the mechanism of magnetic operation. Models
will be developed for the following three cases. First a simple model of the LMT
will be presented. Secondly a model of the operation of the SSIMT with stripes

Joating will be presented and finally a full and detailed description of the operation

of the SSIMT with biased stripes will be given.

4.2.1 LMT operation

An obviously interesting variation in the SSIMT geometry was that of a
simple LMT (an SSIMT without the p* stripes) of exactly identical dimensions.
This device would allow, by a simple comparison of sensitivities and electrical

characteristics, for the determination of the role of the p* stripes in the operation of

the SSIMT.

The electrical operation of the LMT is identical with that of the SSIMT with
the exception that electrons are injected from the sidewall of the emitter. The LMT
can be thought of as two npn transistors, a vertical one formed by the emitter-
base-substrate and a lateral one formed by the emitter base collectors. An
analysis of an LMT structure was done in [25]. Using a similar approach we can

derive an analytical model of the collector current flow within the base region.
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As with the SSIMT only a small portion of the emitter of the LMT is
responsible for the injected electrons which comprises the collector currents. This
portion consists of the vertical edges of the emitter parallel to the collectors and a
small segment of the bottom of the emitter adjacent to these edges. The remaining
portion of the emitter bottom injects the electrons that produce the substrate

current.

In order to analyze the flow of electrons in the device it is seeded to define
the plane X'. This plane, shown in Fig 4-5, divides the base region of the device
into two regions, above this plane injected electrons are collected by the collector
and beneath it by the substrate We can now calculate the total collector current by
integrating the electron current density in the y direction over the region defined by

plane X', the chip surface and the emitter width Wg

‘VE
2

X
Ie,= f oy = Wi x,2) dx dz @1
0

We

2

where Jny is the electron current density in the y direction and Wg is the base

width, If we now assume that J,y is a constant in the area of integration we obtain

for the collector current

Iep=T o X' W 4.2)

where Jnyp is the average collector cusrent Gensity.
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The effect of a magnetic field on the operation of the LMT is to alter the
current flow described above. The flow of electrons in the base region undergo a
deflection as they drift from the emitter to the collector. The current flowing
towards C; is deflected down towards the substrate and the electron current
flowing towards Cgzis deflected up towards the chip surface. Due to these
deflections Icj is reduced by Alc as electrons are pushed down past the plane X'
and Ic is increased by Alc as electrons are deflected up over the plane X'. A
signal, 2Alc, proportional to the magnetic field can then be measured. The net

result on the substrate current should be zero as the increase in current from Ic) is

offset by the loss to Ic2,

To calculate this current change we note that the electron current near the
plane X' is the current responsible for the magnetic response of the device.
Assuming constant current density in the region near X', the amount of deflected
current is equal to, the current density of the electrons at the plane X' moving in
the y direction multiplied by the area of the region defined by the Hall angle, the

distance between the emitter and the collector Wy and the emitter width Wp (see

Fig. 4-5b).
The change in current of I¢2 can then be calculated as

Algy=tan @y Wy, (X) Wy (4.3)

where @y is the Hall angle. We have that tan@y can be expressed as tan@y =

Hn* B [1,25] where p,* is the Hall electron mobility and B the magnetic field in the

z direction

JD



*
Aly=p, BWpI, (X)W (4.4)
We now define the relative sensitivity following [25] as

_Alg 1 y
r IC2 B ( . )

and with (4.2) and (4.4) we obtain

W
S = . "X' B (4.6)

The effect of varying Ip on the relative sensitivity is felt through a change in
the position of the plane X'. At very low values of I the current flow to the
collector is mainly due to diffusion, this results in a wide weak current flow and X'
is large and the sensitivity low. As Ip is increased, however, E. becomes
significant and the drift component of the electron flow to the collector starts to
dominate. We expect that initially the change from current flow due to diffusion to
one primarily due to drift will result in a sharper better shaped flow of electrons to
the collector and X' will decreases, causing S,rise. As Ip is further increased the
potential in the base increases, the collector current becomes large and X'again
increases. The net result of this is that the sensitivity can be expected to first

increasc to a peak and then decrease as Ip increased further.



4.2.2 SSIMT operation with stripes floating

The operation of the second structure, the SSIMT with the stripes unbiased
is similar to that of the LMT. The operation of the vertical transistor is little
changed from that of the LMT. However, the additional p* stripes have a

substantial effect on the flow of the minority current to the collectors.

The basic effect of the additional p* stripes is to suppress the injected
current flow from the vertical sides of the emitter. This can readily be understood
as a consequence of the different built in voltage produced across the emitter
junction. At the edge of the emitter we have a p*/n* junction this produces a
Jarger built in voltage Vpi* , than the n*/p on the bottom of the emitter. The

electron current density across the emitter junction can be expressed in the form

[14]

q(V; -Vei) -qVei  qVj
Jni=Jnio€ kr =Jni0 € kT €XkT 4.7)
where Jnio e-VBi’kT is the reverse bias saturation current, Vg the built in voltage
of the junction and Vj the voltage across the junction. Assuming a step junction we

can express the built in voltage in terms of the base and emitter doping [14]

kT, NoNp
Vg = q In(———) (4.8)

n;

with Np being the doping of the base region, N the doping of the n* emitter and n;
the intrinsic concentration. Due to the high conductivity of the p* region we can

assume that the potential of the base region at the emitter/base junction near the



stripe is equal to that of the p* stripe. If this is the case we can obtain an
expression for the attenuation of the laterally injected current. We define this
attenuation A as the ratio of the laterally injected electron current density injected
into the p* stripe over the electron density injected from the bottom of the emitter

near the stripe. Using equation (4.7) we have

" qVsi

A = Ini - €T
ni Ve (4.9)

€ kT

where Jo* and Vgi* are the injected electron current density and built in voltage
across the n*/p+ junction and J, and Vp;j are the same quantities across the nt/p

junction. Using equation (4.8) we can then obtain for the attenuation

+ 4.10)

where Na and Na* are the doping levels in the p-well and p* stripe respectively.
Using the values for doping given above, we obtain for A a figure of 10-4 which
indicates that the p* stripes suppresses the laterally injected current very
effectively. The net effect then of the stripes is to force the electron current flow
responsible for the collector current deeper into the device (see Fig 4-6). In order
to analyze the device’s response to a magnetic field it is needed to introduce a
second plane X in addition to the ;lane X' defined for the LMT. The plane Xy is
placed such that a majority of the electron flow which forms the collector current

flows between it and the plane X2 (which was previously designated X' for the



case of the LMT). We can now define an effective width, Wegr = X2 - X of this

current flow and express the collector current in terms of this width

X2
Iep= f Jo(y=Wpx,z)dx dz (4.11)
X

wE
2

Assuming a constant current density we have.

Ica=WegtT nyo W (4.12)

The basic effect of a magnetic field on this device is the same as that for the LMT.
As before Ic is reduced through the deflection of carriers towards the substrate

and I is increased through the deflection of carriers from the substrate to the

collector. The change in the collector current can be expressed in terms of the

applied field and the electron current density in the y direction Jpy(X2) at the plane

X2

and using the same definition of sensitivity as before we have

West (4.14)

It can be seen when equation (4.6) is compared to equation (4.14) that a gain in

sensitivity is obtained if Wegf is substantially smaller then Xj. This result is a



simple manifestation of the current deflection principle. The magnitude of the

deflection is inversely proportional to the effective width of the current flow.

The effect of increasing the substrate potential Vg is to push the position of
the plane Xj towards the chip surface. This is due to the increase in the depletion
width of the substrate base junction. The consequences of this effect is seen in two
ways. Equation (4.12) indicates that the collector current decreases as Wefr is
reduced and equation (4.14) suggests that the sensitivity increases as Wegr is
reduced. It can be expected that the substrate potential has a greater effect on the
operation of the device with additional p* stripes, rather than on the LMT, due to

the flow of electrons being pushed deeper into the device.
4.2.3 SSIMT operation with stripes biased

The effect of biasing the p* stripes to ground, or to a slightly negative voltage, on
the operation of the SSIMT is to magnify the previously considered effects of the
stripes The application of a potential to the stripes less than that of the emitter
potential will reverse bias the p*/n+ junction between the stripes and the emitter
and also two regions of the emitter/p-well junction adjacent to the stripes. A
negative potential applied to the stripes will also cause a potential hill for
electrons, to be produced in the base region surrounding each stripe. Electrons
injected into the base from the bottom of the emitter will have to flow around this
potential hill to the collectors. This lateral flow of electrons will be enhanced by the
formation of a strong laterally accelerating electric field, due to the flow of holes

from the base contact to the p*stripe.

As with the LMT and the SSIMT with stripes floating, a theoretical model

of the SSIMT can be developed. It is based on the assumption that a magnetic flux



density B causes a linear displacement of the minority carriers in the neutral base
region [5] (see Fig. 4-7). This deflection of the minority carriers is due to the
action of the Lorentz force. To obtain the magnetic response of the SSIMT we shall
only consider the action of the magnetic field on one half of the device. The flow of
the minority carriers within half of the device is shown in a cross section of right
half of the structure, (Fig. 4-7). We analyze the part of the electron flow which
contributes to the collector current, (Fig. 4-8). For simplicity we assume that this
flow of electrons from the emitter to the collector, consists of a current tube of
constant cross-sectional area. We model this current flow as first a vertical flow
and then a lateral flow, (Fig. 4-9a). The vertical flow is a consequence of the
negative potential applied to the p+ stripes and the lateral flow is due to the strong

lateral electric field in the neutral base region.

To facilitate the analysis of the deflection of the carriers, the L-shaped
current flow can be further broken down into two boxes, one vertical and the other
horizontal, Fig. 4-9b. The corresponding current densities within these two boxes
are Jnx and Jpy for the vertical and lateral directions respectively. It remains to
determine the boundaries of these boxes. The top and bottom edges of the
horizontal box are defined by two planes x = X and x = X5 as for the previous
case of floating stripes. The first plane x = X7 is defined so as to provide a means
to analyze the effect of the negative potential V; applied to the p* stripes. The
negative potential applied to the stripes will block the injection of electrons from
the emitter into the p* stripes and also the injection across a small region of the
bottom of the emitter next to each stripe. This will have the effect of preventing
movement of the injected electrons laterally and forcing the minority current flow

down into the device. The plane x = X; is positioned such that a majority of the

laterally flowing electron current will flow below this plane. We also assume that



OA = X (the penetration of the negative potential is equal in all directions). The
plane x = X3 is used to analyze the effect of the substrate potential Vg on the

electron flow. Electron current above this plane is presumed to be collected by the
collector, conversely, electron current below this plane is collected by the
substrate. This definition is similar to the one presented in [25]. According to this
model all of the electron current flow contributing to the collector current will flow

in the region

X, £xsX, (4.15)
The distance between these two planes X; and X2 is defined as Wegr = X3 - X,
and can be thought of as the effective width of the stream of laterally flowing

electrons. We assume that all the electrons flowing in the region defined by

equation (4.15) that reach the plane y = Wp are collected by the collector and form

the collector current.

The length L; of the vertical box can be expressed in terms of the two

planes defined above as

\/
L =X1+22"'—ff (4.16)

With the assumptions given above L can be expressed as

A\
Ly=Wet X, +5- (4.17)

or



_X+X,

1 ’2— (4.18a)

L,=Wp+L, (4.18b)

4.2.3.1 Analytical Model

The total current Ic2g collected by the right collector at zero magnetic field

can be expressed in terms of the current density Jqy of laterally flowing electrons

W

2 %,
IC2= f Jny X,y=WB,Z) dx dz (4.19)
X,
WE
2
with WEg denoting the emitter width. If we presume that a uniform current
distribution exists in the region between the two planes X; and X5 then

Jny(x,y=WB, 2) = Jnyp, and equation (4.19) simplifies to

Ica=Werrd nyo W (4.20)

To obtain the current change Alc due to a change in the magnetic field AB
we have to determine the effect of the magnetic field on both the vertical and
lateral electron flows. Both flows will be deflected through an angle @y = Hn*B
where pp* is the electron Hall mobility [14]. This is shown in Fig. 4-8b. The

change in the vertical current can be calculated by integrating the current density

Jnx in the plane x = L over the area defined by AY and the emitter width WEg. It is



Wg
e
-X2+AY
Alcy, = f Jux(x=Lyy2z)dydz (4.21)
X,
W
5

where ( for small @y and tan@y = On)
AY =L, B (4.22)

If we assume AY is small and therefore Jnx(x= L1, ¥, z) = Jnx(x =L1, y = X2, 2)

over the region of deflection y = -X2to y =-X3 +AY, we obtain from equation

(4.21) that
Al =p,BL I (x =L} y=X)2) Wg (4.23)

The change of the lateral current can be calculated by integrating the current

density Jqy in the plane y = Wg over the area defined by AX and the emitter length

WE

X2

AIC2| = Jny(x, y= WD Z) dx dz (4.24)

X;+AX

where



AX =L, B (4.25)

If we assume, as before, a uniform current distribution in the area of integration we

have

Our analysis presumed a continuous current flow of constant cross-
sectional area and if we presure2 Jnx(x =L1,y =X2,2) = Jny(x =X3,y =L, 2) =

Jny(X2) we can then obtain the total cu:rent change as the sum of Alcyp and Alcay
*
Al,=1,B (L;+Ly JynOWE 4.27)
If we also assume a uniform current density in both boxes, then the current

density in both boxes must be equal and Jnx = Jpy = Jnyo. Using equation (4.20) to

express Jnyo as a function of Icyg we express equations (4.23) and (4.26) as

* g
Alco,=Hy, W IeyB (4.28a)
eff
] L] IJZ
Aly= “n'w— IcyB (4.28b)
eff
The total current chang¢ is then
L,+L,
Aly=, IcaoB (4.29)
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Defining the relative sensitivity as

Al~y 1
' IC20 B
and using equation (4.29) we have
“thh—~— (4.31)
' Weff

The above results for the magnetic response of the collector currents and
the relative sensitivity were derived for the current flow of half of the device. In the

actual device there are, of course, two collector currents Icy and Ic2 and the

1¢]ative sensitivity is defined as

_ Alc 1 )
r -3 T .ot o
Ico B
with Alc = Alcs - Al and Icg = Ic10 + Ic20. The structure is symmetrical and we
can assume Alc; = - Alea and Icig = I¢20. The final expression for sensitivity is

therefore unaffected as both the current change and the total current are increased

by a factor of two.

We can express the collector currents Ici and Ico as a function of the

magnetic field in terms of the zero field current and Al and Alcy, namely

Ici=1giot+ Al {4.33)
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and

Ic2= Iczo'f' AIC2 (4.34)
Using ¢y = - Al and defining AB = B we have

= -p
Cl C1 n Weff

B) (W >0) (4.35a)

Iep=leafl+My—7—B)  Wer>0) (4.35b)
eff

The last two equations suggest that both collector currents are linear functions of

the magnetic induction and can be expressed as

Icy=Ici(1-5,B)  (Wer>0) (4.362)

where S; is defined by equation (4.30). From equations (4.36a) and (4.36b) it is

obvious the higher the sensitivity the higher the change in the ¢ollector currents.

4.2.3.2 The effect of the bias parameters on sensitivity

Eguation (4.31) suggests that in order io obtain high sensitivities Weff
should be made as small as possible. The definition of planes X1 and X2 used to
derive Wepr imply that Werr is a function of the applied potential the siripe

potential V; and the substrate potential Vg. It is therefore expected that by



altering these ptentials it will be possible to enhance the sensitivity of the device.
It can also be expected that the applied base current Ig will also influerce the

magnitude to Wegr. We analyze th influence of each of these parameters when the

others are held constant.
4.2.3.2.1 Influence of V,

The negative potential V; applied to the pt stripes can be expected to
influence the positions of both planes Xy and X». The functional dependence of the

two planes on Vy should be a linear, as the stripes make an ohmic contact with the

neutral base region. This dependence can be expressed as

where X10 and Xzq represent the position of the planes when Vr = 0 and ¢ and ¢2
are proportionality constants. The magnitudes of X and X7 therefore increase with
an increase in IVl (Vr is negative). Using equations (4.37a,b) Weff can be

expressed as

W= Xy X = Werrg +K, Vi (4.38)

where Wesrg = X20 - X10 and K¢ = ¢ - c2. From equation (4.3R) it is obvicus that at
some critical value Vo Wegr will be reduced to zero, and the collector current is

shut off. In that case we have from equation (4.38) that

66



wcffO
Vrc= - % (4.39)
r
Then (4.38) can be expressed in terms of Vi as
Weff= Kr (vr - Vrc) qul < I Vrcl) (4.40)

Using equations (4.38) and (4.31) we can express the sensitivity as

+» L,+L
- 1 2 4.41)
Sr‘”n_—— Vr < Vrc) (
Rkvvy Vi<Vl
Equation (4.41) indicates that V; will have a dramatic effect on the relative

sensitivity. It is necessary to note that the sum Lj + L is also a function of V and

using (4.18a) and (4.18b) as well as (4.37a) and (4.37b) can be expressed as

L,+L,=Ly-K,V, (4.42)

where Lo = Wp + X0 + X320 and KL = + c2. When V; approaches V the value
of Werr approaches zero and the sensitivity tends towards infinity. This is of
course physically unsound and the maximum sensitivity attainable with Vp = V¢
will need to be determined by experiment. However, in the region where V; is
slightly less then Vi the sensitivity will be very high. In this region of Vy, Wefrs
will be rcduced for incfeasing V; whereas L1+ Ly will increase slightly. These two
results »'iow us to assume that Lj + Ly is a constant. Using equaticns (4.18a) and
(4.18b) the sum Ly + Lo can be expressed as Wg + 2 L; and we assume for L a

likely value of one half of the p-well depth. We can now obtain V. and K; from the
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experimental data. Once these two parameters are determined we can obtain

W.sro from equation (4.39) and Wer as function of V; from equation (4.38).

A check of the above assumptions can be made by the following procedure.
From equation (4.35a) it is obvious that Icy can be driven to zero if B is increased
sufficiently to B, it is only for B < B that the device will exhibit linear behavior. If

B = B, then Ic) = 0 and we have from (4.35a)

1 -Sch=0 (4.43)
which gives

1

cz's_r

B (4.44)

where Bg is a the critical value of the magnetic induction at which Ic) approaches

2cro. From (4.18a) it follows that

and using equation (4.44) and (4.30) we determine L; as a function of Weff, to be

Werr Ve (4.46)
21,B, |

Once L is determined for a number of stripe potentials L2 can be determined using
(4.18a) and the position of the two planes X and X2 can be plotted as a function of

Vr.
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4.2.3.2.2 Influence of Vg

The substrate potential Vg provides for the reverse polarization of the p-
well junction. This junction can be approximated by a linear junction. The functional

dependence of the two planes X3 and X1 on Vg can be expressed through a linear

relation with the depletion region of the p-well/n-substrate junction

A

X2= Xzs" Csz—z-E (4.473)
A\

X, =Xs- CSI'—Z_L (4.47b)

where X2s and Xgs represent the positions of the two planes for an arbitrary value
Vg = Const., Cs2 and Cs are proportionality constants, and WL/2 is the width of
the depletion region on the p-well side of the junction. The p-well/n-substrate

junction can be considered as a linearly graded junc*'on and Wy, expressed [14] as

where € is the dielectric permittivity for silicon, a is the impurity gradient at the
junction, q is the electron charge, Vp; is the built in junction voltage and Vpj is the
voltage in the neutral base region at the edge of the depletion region. Substituting
VB = Vpi - Ven and Cw = (12 € /qa) 13 into equation (4.48) WL can be expressed

as



Y]

Using equations (4.47a), (4.47b) and (4.49) Wesr can be expressed as
Wegr= Xz~ X, = W~ Ks¥(Vs- Vg (4.50)

where Wesrs = Xog -X15 and Kg = (Cs2 -Cs1) Cw/2. Increasing Vs will decrease
Wesr and at some critical value Vg, Wefr will be reduced to zero and the collector

current shut off. We can therefore express Wefgo as

Using (4.50) and (4.51) we have that

Werr=Ks[MVsc-Vg) -MVs-Vg]]  (Vs<Vso) (4.52)

Using equation (4.31) we can express S; as

* L1+L2
Sr=H,
K(|¥ (V- Vp - ¥ (V- VB)}

qu; “1}'%"-&]) £6.53)

where V. is a critical substrate voltage at which Wegr reduces ¢ zero, Vi3 = Vpp -
Vi and Kg is a constant. For this case the sum L; + Ly can be expicted to be
relatively insensitive to changes in Vg and the behavior of S; is duminated by the
reduction in Wesg S; is an increasing function of Vs. Kg can be determined from the

experimental data, L from equations (4.45) and (4.46), and L3 from (4.18a).



4.2.3.2.3 Influence of Ig

A constant base current Ig is used to forward bias emitter base junction of
the device. It can be predicted that an increase in the magnitude of Ig will have an
effect on Wegr that is equivalent to a decrease in the magnitude of the apphed
potential V. The base contacts are laterally placed and we assume that Ig affects
both planes X1 and X5. A decrease in the base current will bring about an increase
in X1 and correspondingly a decrease in X5 with the net result of decreasing Wegf.
The sum L; + Ly will be a weak function of Ip if, as we assume, the change in both
planes is nearly equal. The functional dependence of the two planes X; and X2 of Ip
should be a linear function as the base contact is an ohmic contact in the neutral

base region. This dependence can be expressed as

XI=X1B- CBI IE (4.54b)

where X1 and Xop represent the positions of the two planes for an arbitrary value
of Ig and Cp; and Cypy are proportionality constants. Using equations (4.54a) and

(4.54b) Werr can b: expressed as

Weff= X2 - X1 =W4:?:}‘B+ CBIB (4.55)

where Werrg = Xop - X1p and Cp = Cpy -Cp. Decreasing Ig will decrease Wegr and
at some critical value I , it will be reduced to zero and the collector current is shut

off. We can, in that case, express Wegp as
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Using equations (4.55) and (4.56) Wef can be expressed as
W=Kglp-1p)  (Ip=Ip) (4.57)

where Ip is a critical value of the base current at which the effective width reduces
to zero. Therefore in order to “open” up a lateral path for the electrons to the
collectors it is necessary to apply a minimal base current Ibc . For all values of In
< Ip the collector currents will be zero. Using equations (4.57) and (4.31) we can

obtain for the sensitivity as a function of Ip

S .= Whs————~ = (4.58)
r nK (IB -1 ) B Bc
Thus Sr isa decreasing function of IB. KB can be determined from the experimemal

data, L; from equations (4.57) and (4.58), and L2 from (4.18a).
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Abstract

The experimental analysis and an analytical model of a ncovel
microelectronic magnetic -sensor are presented. Known as the Suppressed
Sidewall Injection MagnetoTransistor (SSIMT) this device is manufactured in a
standard CMOS technology and has produced the highest sensitivities reported for
a linear magnetotransistor. The analytical model based, on the assumption of the
dominance of carrier deflection as the operating mechanism, successfully predicts
the bias dependance of the SSIMT and provides considerable insight into the
physical cause of the very high measured sensitivities. Experimentally a large
variety of devices are characterized and the SSIMT is operated under two different
biasing conditions. The SSIMT is compared systematically to a simpler more
traditional magnetotransistor in order to determine the effect of its unique
structure, on the magnetic behavior of the collector currents. The structure of the
SSIMT provides the opportunity of analyzing the relative roles, in the magnetic
operation of the device, of simple current deflection and the modulation of the
emitter injection by a Hall field in the base region. An experimental study of the

two effects determines carrier deflection to the dominant mechanism of magnetic

operation.
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1.0 Introduction

The rapid decrease in feature size for digital microelectronics technologies
has produced an astounding increase in the signal processing power available to
the design engineer. In particular, real time signal processing and complex control

applications are possible which could not have even been contemplated 10 years

ago.
Generally, any real time electronic system consists of 3 distinct sections:

1) an input section consisting of an interface device, either, human
interface devices (such as electronic keyboards) or, sensors providing a signal
relating to a particular state of the environment of interest, examples of this are

magnetic field sensors and electro-mechanical devices such as position sensors;

2) A signal processing stage often consisting of an analog to digital
stage to convert incoming data, a central digital processor and a digital to analog

stage to allow for an output interface;

3) An output stage consisting of either information output devices

(typically a cathode ray tube or equivalent), or actuators such as stepper motors.

The application of modern VLSI technologies to the fabrication of the
processing section of an electronic system has produced a substantial drop in the
cost of this stage. Therefore, the cost of an electronic system is often dominated by

the cost of the input and output stages. A typical control system will consist of a



number of large expensive sensors providing information to an inexpensive mass

produced signal processing unit.

This discrepancy in relative costs has provided the impetus for research
into the use of microelectronic fabrication techniques in the production of a variety
of sensors. Micromachining techniques are being used to produce mechanical
sensors and a variety of chemical sensors have been produced. Microelectronic
temperature and optical sensors are well developed. An obvious area of interest
and application is microelectronic magnetic sensors and it is with a particular type

of magnetic sensor that this thesis will deal.

A large variety of magnetic field sensors (MFS) have been fabricated using
microelectronic iechnologies (see [1,2] and ref. therein). These vary widely both in
operation and in fabrication. Basically, all standard integrated circuit fabrication
technologies have been exploited from standard complementary metal oxide silicon
(CMOS) processes to a variety of bipolar technologies. Devices have also been

fabricated in a number of unusual materials such as InSb.

All microelectronic magnetic sensors have as their fundamental operating
principle the action of the Lorentz force on the carriers flowing in the device [1,2].

The Lorentz force is given by,
F=qv xB (1.1

where q is the charge on a carrier flowing through a region of the device, V is the

velocity of the carrier and B the magnetic induction present in the region. The

magnetic induction, B, is related to the applied magnetic field, H, by the relation



- —

B =y loH, where ji is the relative permeability of the device region and o the

permeability of free space. The Lorentz force manifests itself in a variety of effects
in semiconductor devices. These include carrier deflection, Hall field generation,
injection modulation effects and magnetoconcentration [1,2]. These effects are
present to a greater or lesser degree in a particular device determined by the
device structure and biasing configuration. A number of these effects are a function
of the mobility of the carriers in certain regions of the device. This has promoted
the use of materials such as InSb and GaAs. Of interest is the relationship
between I_?: and ﬁ It can be seen from equation (1.1) and this relationship that a
sensor fabricated out of a material with a large pr would have a large sensitivity.
Unfortunately, all semiconductors have relative permeability of approximately 1

and metals, that do have a large p;, are unsuitable for magnetic sensor use, due to

their high conductivitics.

The use of an established semiconductor technology to fabricate an MFS
does, however, have other advantages despite the small yr. An extremely wide
variety of devices, varying from simple Hall plates to complex active devices such
as magnetotransistors can be fabricated by the use of regions doped with acceptor

and donor atoms to form n and p doped areas.

Particular interest has been focussed on the fabrication of MFS using
standard semiconductor technologies such as CMOS. This interest is due to a
number of reasons. A standard process has the advantage of being a known
technology with well understood device characteristics. In addition the process is

presumably reliable, and predictable, facilitating sensor development. Finally, the



sensor, its bias electronics and any signal processing can be integrated on the

same chip allowing for inexpensive batch fabrication of the final product [3].

A number of devices have been fabricated using standard processes. These
include field effect transistors (MagFET), bipolar transistors and Hall plates in
MOS technologies and Hall plates and bipolar devices in bipolar technologies.
Perhaps the most promising of all the devices fabricated in standard technologies
is the magnetotransistor (MT), a bipolar transistor optimized for magnetic

operation [1,2].

This work will deal with the characterization, modelling and optimization of
a magnetotransistor fabricated in CMOS technology. Known as the Suppressed
Sidewall Injection MagnetoTransistor (SSIMT) this device has displayed
extremely high sensitivities [4,5]. In addition, to the characterization of the device,
the device will be used to provide a means of analyzing the relative roles of the
responsible mechanisms of operation [6]. Due to the geometric and operational
complexity numerical Simulation of device operation is unpractical. Therefore, in
order to allow for an understanding of the SSIMT a simple analytical model of the
device will be presented and compared to experiment [4]). The purpose of this
model will be to promote an intuitive understanding of the device operation in order

to allow for an intelligent development of the device.

The contents of the following sections of the work will now be described.
The second chapter Will be a basic revision, of first, the fundamental effects
present in a semiconductor with an applied magnetic field and, secondly, of the
various devices produced to respond to this effect. Typical devices such as Hall

plates [7,8], Magnetodiodes [9], MagFETs [10,11] and Magnetotransistors



[12,13] will be described. Simple explanations of their operation will be provided

and an indication of their range of sensitivity given.

Chapter 3.0 will present a description of the previous research on
magnetotransistors. The chapter will deal first with the analytical work presented
in the literature. This section will be broken up into parts dealing with each
proposed mechanism of operation for the magnetotransistor. The three principles
dealt with are carrier deflection, the emitter modulation effect and
magnetoconcentration. An overview of the current state of numerical modelling of
microelectronic MFS will also be given. Finally, in this chapter, a discussion of the
figures of merit used to characterize microelectronic magnetotransistors will be

presented. This discussion will deal with both relative and absolute sensitivities

and other concerns such as zero field offset.

The basic SSIMT structure and operation will be presented in chapter 4.0.
The method of fabrication of ihe device will be outlined. A qualitative description of
the both the electrical and magnetic operation of the device will be presented. The
various biasing options of the device will be discussed. In the second section of
this chapter a quantitative model of the SSIMT will be presented. The device's
operation will be analyzed under two fundamentally different biasing arrangements
and compared to the operation of a simpler more basic magnetotransistor

structure.

The experimental characterization of the device is presented in chapter 5.0.
First the electrical and magnetic behavior of the basic SSIMT and a simple lateral
magnetotransistor is given. Experimental confirmation of the theory developed in

chapter 4.0 is then presented. A large variety of devices differing in geometry, and



process technology, were fabricated and experimental results from a number of

different devices will be presented to elucidate the SSIMT operation.

In chapter 6.0 a theoretical and experimental study of the role of carrier
deflection and emitter injection modulation in the SSIMT will be presented. The
unique SSIMT geometry presents the opportunity of measuring the Hall field
produced in the base region of the device and then determining the role of this field

in SSIMT operation.

Chapter 7.0 is the conclusion of the work and will deal with the implications
of both the theoretical model and the experimental results. Results from an
application of the SSIMT will be outlined. Lastly, a proposal for further work will
be given.



2.0 Microelectronic Magnetic Field Sensors

2.1 Current flow in a semiconductor with an applied magnetic field.

The action of the Lorentz force on the current flow within a semiconductor
device can best be illuminated by the simple case of a homogeneous, isotopic
sample of a n-doped material with no temperature variation [1]. Incorporation of

the Lorentz force expression into the zero field diffusion approximation of the

Boltzmann transport equation

7:0)= 6, E +qD,Vn (2.1)

leads to the general expression for electron flow in the presence of a magnetic field

7a(B) = 1n(0) - pi(u(B) x B) (2.2)

where J,(0) is the zero field current flow, lln* the Hall mobility of electrons, oy the
zero field electrical conductivity, q the fundamental electric charge and Dy the
electron diffusion coefficient. This expression is difficult to manipulate due to the

cross product on the right hand side. However, a weak field approximation of Jn(B)

can be obtained for (Hn|B)? << 1

[12(0)+L5B X 7n(0)+{up)2(B-1:(0))B]

Ww(B) = o
1+ (uB)

(2.3)

This equation, along with the corresponding equation for hole current density,
describes the isothermal current dependance on the magnetic field. It only

considers first order temperature effects taking into account the temperature



variation of carrier concentrations and the diffusion and conductivity coefficients.
Second order effects are neglected. To solve for the current flow within a
semiconductor device it is needed to solve equation (2.3) and its complementary

equation for holes, with the pertinent continuity equations and Poisson equation.

In order to obtain a physical feel for the effect of a magnetic field on current
flow, in a semiconductor, equation (2.3) can be further simplified. If current flow
due to diffusion is neglected, true for a simple Hall plate with ohmic contaéts, and if

we also assume that B is perpendicular to the applied electric field then equation

(2.3) becomes
J (B) =05 [E +t,(BXE)] 2.4)

— 2 . -
where 6, g=6,J1+ (U B) ] L Defining B = B, and E =E,i+Ej we obtain for

the individual current components:

Jox=0m (E -1, B,E)) (2.5)

Joy= Orp (By- Iy B,E,) (2.6)

At this point it is needed to assign a particular geometry for the
semiconductor sample in question. Two extreme geometries are enlightening. For
the case of a long thin Hall plate (I>>w) with a current passing through the length
of the sample it can be assumed that the current flow across the width of the
sample is small, ie Jpy =0 .We can now solve equations (2.5) and (2.6). Obtaining

the Hall field Ey



E,=-y,B,E @.7)

*
Defining the Hall coefficient as Ry = -l /0, equation (2.7) becomes,

Ey = - Rt Jnx B (2.8)

The net result of the applied magnetic field is the rotation of the equipotential lines

across the width of the Hall plate by the tangent of the Hall angle

tan @y = E% =6,RyB, - (2.9)
X

The second easily solvable geometry is a short thick slab where w>>l in
this case we can assume there is no confinement of thvz carrier flow and therefore
no generation of a Hall field (Ey = 0). Equations (2.6) and (2.7) can now be solved

and we obtain the result that the current flow in the sample is deflected by the

tangent of the Hall angle
tan Py = J "%nx =- u’,'l B, (2.10)

As the electrons flow from x=0 to x=l in the sample they travel a greater distance

due to their deflection by the magnetic field. This results in a larger effective

resistance of the semiconductor plate and a lower effective conductivity G,



Op

= 2.11)
1+(uB,)

OB

This effect is known as the geometric magnetoresistance effect [1].
2.2 Microelectronic Magnetic Field Sensors

A large variety of microelectronic magnetic field sensors have been
proposed varying widely in operation and geometry. In this section we shall

review a number of typical sensors manufactured using microelectronic processes.

2.2.1 Hall Plates

The Hall plate is the simplest of all the proposed microelectronic magnetic
sensors. Easily implemented by integrated circuit technologies, the Hall plate
consists of a slab of semiconductor of length I width w and thickness t. A current [
is passed along the length of the slab and the sensor is oriented such that the
magnetic signal to be measured is perpendicular to the slab. One voltage contact is
placed on each side of the slab. Ideally these contacts would be negligibly small,
however, due to technological reasons this is not the case and they are of a finite

width s (see Fig. 2-1).

As current can not pass across the sides of the plate and the slab is of a
finite width the application of a magnetic field perpendicular to the plate produces a

rotation of the equipotential lines within the plate by the tangent of the Hall angle.

This rotation gives rise to a potential difference VH between the two voltage

10



contacts. For the ideal plate described in the previous section (I>>w) this voltage

can be determined from equations (2.8), (2.9) and (2.10),

R,IB

(2.12)
H™

where I is the current passed through the plate.

In the previous section the plate was considered n-type, the minority hole
current flow was ignored and Ry was determined to be -jy/0y. If both the carrier
types, minority and majority, need to be taken into consideration the situation is

more complicated and the Hall coefficient becomes [14]

g n-r,p]
Ry= (2.13)
gl +p1° |
I,

* »
With I,= N,/ H, and l'p=}»lp/l-lp. As can be seen Ry shows a strong

dependance on the relative levels of the carrier concentration n and p. In fact, if

p=r,/1,(y/ 1) 1 then Ryy=0

In a real Hall plate the presence of current and sensor contacts cause a
degradation of the Hall voltage predicted by the expression calculated for the ideal
Hall plate [15]. This effect is usually taken into account by the incorporation of a

geometrical factor G and we obtain for the Hall voltage
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Ryl

B
" G(l/w, s/w,y/, D) (2.14)

VH=

where G = V;/V_ and V,, is the Hall voltage obtained as w/1 = 0.

Both bipolar and CMOS technologies have been used to fabricate Hall plate
sensors [7,16]. Fig. 2-2 shows a simple implementation in bipolar technology [13].
The plate is formed using the n-epilayer, current and voltage contacts being

implemented using n* and p* diffusions respectively.

Two quite different implementations are fabricated in MOS technologies.
One, known as the vertical Hall device (VHD), is unusual, both with regards to its
geometry and its sensitivity to the B field parallel to the chip surface [8,17].
Shown in Fig. 2-3, a central current contact is formed using a n* source/drain
diffusion in the n-substrate. Current flows from this central contact through the
substrate to two nt outside contacts. Between each outside current contact and
the central contact is placed an n* voltage contact. This device, despite its
unusual geometry, functions as a simple Hall plate, however, with somewhat

difficulty to quantify geometric factors such as 1, w and t.

A device proposed by Takamiya et al [20] incorporates a transistor
amplifier directly into the Hall plate structure. Manufactured in bipolar technology a
Hall plate is formed out of a n-epilayer, as with the previous example, and a
current is passed through the device by the use of two base contacts. However,
instead of using two nt diffusions as voltage contacts, two emitters are formed
using p™* diffusions. Two collectors are then fabricated using p* diffusions at the

edge of the base region. The electrical operation of this device is quite straight
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forward. The current passed from one base contact to the other results in the two
emitter junctions being forward biased. Holes are injected into the base region by
each emitter and then collected by the nearest collector. In the presence of a
magnetic field the electron current, the flow of majority carriers, produce a Hall
voltage in the base region. A potential difference is present between the two base
regions in the vicinity of each emitter. This results in one emitter being more
forward biased then the other and there is a resulting asymmetrical injection of

holes into the base region. This asymmetrical injection causes a current difference,

Ic2-Ic1.
2.2.2 MagFETs

A more conventional use of the CMOS technology, than the fabrication of
the VHD, is the MagFET [10,18,19]. In this device a Hall plate is formed by
applying a voltage to the gate region between a source and a drain. An inversion
layer forms at the silicon surface under the gate, effectively producing a very thin
conductive plate between the source and the drain ( see Fig. 2-4). The source and
the drain are used as current contacts and small nt diffusions are placed at the
edges of the gate region to act as voltage contacts. These contacts are then used
to measure the Hall field produced by a magnetic field perpendicular to the chip

surface.

A variation on this device, also known as a MagFET, is the split or triple
drain MagFET. This device is nearly identical to the Hall plate MagFET described
above, however, the voltage contacts are removed and the drain is split into two or
threc portions. Under zero field conditions the device is symmetrical and the drain

currents are balanced. In the presence of a magnetic field, however, the symmetry
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of the current flow is disturbed and a current difference can be measured between

the relevant drain currents.

2.2.3 Magnetodiodes

It was shown by Suhl et al [21] that for large applied magnetic fields the
conductivity of a bar of semiconductor is a stronger function of the magnetic field
then could be explained by magnetoresistance. This strong dependance in
conductivity was attributed to local variation of the carrier concentrations within
the semiconductor sample. With an appropriate choice of magnetic field the
electron and hole distributions within the semiconductor will be concentrated along
the surface of the sample. This will result in an increase of the carrier
recombination due to surface effects and therefore a reduction in the average

conductivity of the bar as a whole.

This "magnetoconcentration” effect has been exploited in a device known
as the magnetodiode. The basic magnetodiode structure is shown in Fig. 2-5. It
consists of a small p* region used as an anode and a larger n° region as a cathode
[1]. The diode is operated under forward bias and a current is passed from the
cathode to the anode across the p*/n junction. The unique feature of the diode is
that it has two different recombination rates on the top and bottom surfaces of the
n- region (in early devices this was done by grinding one surface and polishing the
other [22]). Under the presence of a magnetic field both the holes and the
electrons will be concentrated against either the top or bottom surface of the
diode. The different recombination rates of the twe surfaces will result in the V-1

curve of the diode being a function of the applied magnetic ficld.
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The first magnetodiode manufactured in an IC technology was proposed by
Lutes et al [23]. This device was manufactured in a Silicon on Sapphire technology
and used a Si/Si02 interface as the top recombination surface and Si/Sapphire
surface as the bottom. A magnetodiode compatible with a CMOS process was
investigated by Popovic et al [24]. This device was conceived slightly differently.
The basic structure (shown in Fig. 2-6) consists of a bipolar transistor formed
using a p-well as the base region, the substrate as a collector, an n* diffusion as
an emitter and a p* diffusion as base contact. In the operation of the device a
current was passed through the p-well from the base contact to the emitter which
was grounded. The substrate/p-well junction was reverse biased and acts
effectively as a high recombination surface for the minority carriers in the base, the
SiO2/p-well surface at the top of the device acts as a low recombination surface. In

this device the sensitivity of the VB - Ig curve to the magnetic field was

determined.
2.2.4 Magnetotransistors

A number of devices known as magnetotransistors have been fabricated
[1,2]. The magnetotransistor is a bipolar transistor, either npn or pnp, optimized
so that its response to a magnetic field is maximized. The operation and
geometries of magnetotransistors differ greatly. Traditionally, magnetotransistors
have been categorized by the direction of the flow of current responsible for the
magnetic operation of the device. If the flow of the magnetically dependant current
is lateral, parallel to the chip surface, the device is known as a lateral
magnetotransistor (LMT). Conversely, if the dominant current flow is vertical,
perpendicular to the chip surface, the device is called a vertical magnetotransistor

(VMT).
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The magnetic operation of both VMTs and LMTs is complicated and three

basic principles have been proposed [1,2]:

1) carrier deflection - the deflection of either minority or majority carriers

through the Hall angle within a region of the device;

2) emitter modulation - the presence of a Hall voltage, in the base region of
the device, causes an asymmetrical injection of minority carriers into the

base of the device;

3) magnetoconcentration - the concentration of carriers within a particular
region of the device causes a local modulation of the conductivity in this

region.

A more detailed description of each of these effects will be given in the following

chapter.

A typical VMT is shown in Fig. 2-7. The device was fabricated in a bipolar
technology and consists of a central emitter, a thin base region with two base
contacts and a single collector region with two contacts [12]. The operation of the
device is dominated by carrier deflection and is as follows. Electrons are injected
from the emitter into the base across the forward biased emitter junction. These
electrons are then collected at the base/collector junction immediately below the
emitter. The electrons then flow away from the chip surface down towards the two
n* buried layers. These buried layers provide a low resistance path for the
electrons to flow to the two contacts C1 and C2. In the absence of a magnetic field

I will equal IC1. However, if a B field is applied parallel to the chip surface, the
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electrons flowing through the collector region between the emitter and buried

layers are deflected. This deflection results in a difference between IC1 and IC2 ,

AlC, that is proportional to the magnetic field.

An example of a simple LMT in which the carrier deflection of the minority
carriers in the base is the dominant mechanism is shown in Fig. 2-8 [25]. The
device was fabricated in a standard CMOS process. A p-well was used to form the
base region of the device, p* diffusions are used as base contacts and nt
source/drain diffusions formed the emitter and coilector. An ohmic substrate

connection is provided by the use of n* diffusion.

The electrical operation of this device can conceptually be broken up into
two bipolar transistors. A vertical npn transistor formed from the emitter, base and
substrate, and a lateral npn transistor consisting of the emitter, base and collector.
In the operation of the device both the collector/base junction and the
substrate/base junction are reverse biased. The emitter/base junction is forward
biased and electrons are injected across this junction into the base. These
electrons then flow either to the collector, and form the collector current, or to the
substrate where they form the substrate current. In order to improve the ratio of
the substrate current to the collector current a second base contact (B-) is placed
to the left of the emitter, this contact is grounded and the flow of holes from the
base contact B* to the contact B- establishes an accelerating electric field which
sweeps the injected electrons towards the collector. If a magnetic field is applied
parallel to the chip surface a deflection of these electrons will occur as they flow
towards the collector. For a magnetic field as shown in Fig. 2-8 this will result in

the electrons being deflected away from the chip surface and towards the
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substrate. A resulting decrease in Ic and increase in Is will be apparent and this

change in current will be a linear function of the magnetic field.

A similar LMT [26], but sensitive to a magnetic field perpendicular to the
chip surface, is shown in Fig. 2-9. The electrical operation is very similar to the
device in Fig. 2-8. However, two collectors are fabricated, instead of one. Once
again electrons are injected from the emitter and swept towards the collectors by
an accelerating electric field. In the absence of a magnetic field I¢; = Ic2 because of
the device's symmetry. If a B field is applied perpendicular to the chip surface, a

change in the current Alc = Icg - Icy will be realized due to the deflection of

electrons towards one collector and away from the other.
2.2.5 Carrier domain microelectronic magnetic sensors

The device shown in Fig. 2.7 can be operated in such a way as to produce a
carrier domain within the device [27]. A carrier domain is a region in which the
majority and minority carriers are not in equilibrium and n = p due to the charge
neutrality equation. In order to achieve this condition the p- substrate is forward
biased with respect to the n-collector region, while in the previous case this
junction is reverse biased. The result of this is to inject holes into the n- region
between the nt* buried layers. The interaction of this flow of holes with the
electrons being collected at the p/n- junction results in a potential distribution in
the n- region which will produce a current filament (formed from both holes and
electrons) flowing between the p- substrate and the p base region. The position of
this filament is affected by the presence of a magnetic field parallel to the chip

surface. Any displacement of the carrier domain results in a measurable change in
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the bias currents of the device. A number of carrier domain devices have been built

(see [1] and ref. therein).
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3.0 Magnetotransistor Theory

As mentioned previously, the fundamental effect on which all magnetic field
sensors are based is the Lorentz force. The operation of the Lorentz force in a
magnetotransistor (MT) manifests itself in three basic forms, current deflection,
emitter modulation and magnetoconcentration. Current deflection is the deflection
of carriers in the neutral base or collector region of the device [12]. The emitter
modulation model proposes that a Hall voltage is produced along the emitter/base
junction, which in turn causes an asymmetric injection of minority carriers [13].
Magnetoconcentration is the asymmetrical concentration of carriers within the
device, causing a local modulation of the conductivity [28]. Of these three effects
the last two involve a non-linear magnetic response. Previously reported MTs that
display a linear response to the magnetic field have had relative sensitivities
(change in collector current / change in magnetic field normalized by the total
collector current) varying from 1 %/T to 150 %/T [25]. An MT displaying non-linear
behavior has been reported with a sensitivity of 400 %/T [29]. However, this

sensitivity was reported for large fields of 1 Tesla and very small collector currents

of 20 nA.
3.1 Carrier Deflection
3.1.1 Carrier Deflection in a VMT

A theoretical analysis based on carrier deflection of the device shown in
Fig. 3-1 was proposed by Zieren and Duyndam in 1982 [12]. The basic operation
of the device, as described in the previous section, is that electrons are injected

from the emitter across the forward biased emitter/base junction. They flow down



through the base to the base/collector junction where they are collected. From this
junction they flow through the collector region down away from the chip surface to
the buried layers below. The n* buried layers then provide a high conductivity

region for the electrons to flow to the collector contacts C; and Cj. In the absence
of a magnetic field Ic; will equal Ic2 due to symmetry. However, a magnetic field
applied in the z direction will result in a deflection of the electron flow in the
collector region through the Hall angle, causing a reduction in one collector current

and corresponding increase in the other.

The theoretical analysis of this structure by Zieren et al [12] assumed that
this current deflection was the dominant magnetic effect. In addition, to this

assumption, the authors made the following four simplifications:

1) There is a hypothetical dividing line centered between the two n* buried

layers, to the right of this line electrons are assumed to flow into the n* buried

layer on the right and will form the collector current Ica, conversely any electrons

to the left of this line will form I¢;.

2) The electrons collected at the base/collector junction flow directly down
along the center line towards the buried layers with no current spreading. The
authors therefore treat the electron flow in the collector region of the device as a

current beam.

3) The emitter current density distribution can be described in the presence

of current crowding effects by the parameter Z, where Z is defined by



I;(1-0) ,, Wg
8V, WpLp

ZtanZ= (3.1)

and V| = kT/q, pB is the average base resistivity, Wp the base width, WE the
emitter width, Lg the emitter length, o the common base current gain, and Ig the

DC emitter current. The current density along the emitter junction JEx can then be

described in terms of Z.
4) Magnetothermal effects are ignored.

A depiction of the assumed electron flow in the collector region, based on these
assumptions, is shown Fig. 3-2. The electron flow is assumed to be a "beam" of

current of width Wg and length L. The current density of the beam is Jgx. The

relative change in the collector currents due to an applied magnetic field can be

shown to be
Al _Icy-ley _ tan(kZ) ,
o I+l tan(Z) (3.2)
with
2L B
———W—E— (3.3)

where B is the magnitude of the applied magnetic field



If we assume the simple case of a uniform current density (Z=0) we obtain for

the collector current response

We can see from equation (3.4) that the change in current is linear with respect to
the magnetic field if there is no current crowding due to a potential drop along the

emitter junction.

We can define a relative sensitivity for the device of

Al 1
S,= .3 (3.5)
and we obtain (for the simple case of uniform current)
%
g 2Lt
r- WE (36)

Experimental results obtained from this device were presented in [12].
Sensitivities were approximately 2.5 times smaller then the calculated values.
This discrepancy was attributed to the spreading of the current "beam" due to the

physical separation of the huried layers in real devices. Sensitivities of 3 %/T were

measured.



3.1.2 Carrier deflection in an LMT

Carrier deflection was proposed by Popovic and Widmar as an explanation
for the operation of a single collector npn lateral MT fabricated in standard CMOS.
The device shown in Fig. 3-3 consists of an n* emitter and collector placed in a p-
well base region separated by a length L. A p* base contact is placed at either
end of the p-well. The emitter and base contact adjacent to it are grounded and the
other base contact is biased with a constant current source. This current forward
biases the emitter/base junction and produces a laterally accelerating field E, in
the base region between the emitter and collector. This electric field is due to the

flow of holes from the base contact B* to the grounded base contact B-.

In order to determine the magnetic sensitivity of the device Popovic and
Widmar analyzed the flow of minority carriers in the base region of the device.
Electrons are injected into the base from the emitter. A portion of these electrons,
injected from the right sidewall of the emitter and the section of the bottom of the
emitter adjacent to this sidewall, is swept towards the collector by the lateral

electric field, Ea. However, the remaining portion of the injected electrons is

collected by the reverse biased p-well/n-substrate junction.

To simplify the analysis the following model of the electron flow in the base
was used. A plane y = -Y is assumed to divide the base region between the
emitter and the collector, such that all minority current density lines reaching the
plane x = L above this plane contribute to the collector current and all beneath it
the substrate current (see Fig. 3-3). It was assumed that the hole current in the
base region between the collector is due only to the accelerating field. We can then

calculate the hole current densities in this region



Jpox =qHpP E, (3.7a)

pr=0 (3.7b)

These conditions will produce a Hall field due to the flow of holes

H *
Epy= p.szEa (3.8)
where up* is the Hall mobility of the holes in the base and B the applied magnetic
field. The authors neglected the Hall field produced by the flow of electrons, as n

<< p for the base region of the device, and assume the effect of the magnetic field

on the diffusion component of the minority current flow is small.

Simple expressions for the electron current flow in the base are obtained
by the assumption that the electron current flow, with an applied field, can be
obtained by a simple rotation of the zero field current flow through the Hall angle
with an additional electric field component due to the Hall field generated by the

flow of holes through the base. We can then derive

nx

T o= Tox Mo By oy (3.92)

Jny=Jnoy' “nBanox (3.90)

with

d
Jnox=unana+ana—:- (3.10a)



H
Jooy=Haqn(Eg+Epy) +an-g% (3.10b)

where Ey, is the built in electric field due to the nonuniform doping of the p-well

base region.

The substrate current I can be expressed in terms of the y component of

the electron current density

IS:U fo Ty , (3.11)
0 y=-

where the integral is taken over the plane y = -Y which divides the base region. A

change in this current due to a small magnetic field can be expressed as

dlg= [ f [, (3.12)
° Y
o y=-

As it was assumed that an applied magnetic field will produce a redistribution of

the electron current, such that electrons once flowing to the collector will now flow

to the substrate, and we have

= - .= -[ f fozaJ,,,dx (3.13)
[ y=-Y



The authors made the assumption that the magnetic field has no effect on the

electron diffusion current and using equations (3.8) and (3.9) we obtain for dlny

J *
aJny"= (_g_x - ”‘anox) aBz (3.14a)
z
or
* * 0
Yy =My qHan E,- My (Q U, nE,+ an—a%) (3.14b)

In order to obtain the relative sensitivity of the device it is needed to to obtain an

expression for the collector current at zero magnetic field. It can be expressed as

0
0) ' :
Ic =[f fanydde (3.16)
-Y x =L

To obtain tractable expressions the authors assumed that Jnox is @ Constant over
the region of integration in equations (3.13) and (3.16). We then obtain for the

relative sensitivity

* » an
L !»lpq Hpn Ea'un(q Hp1 Ea+ an'a_)'(‘)
Y on
MnqnE,+q Dy

S (3.17)



Two obvious simple cases of this expression are apparent. One if the drift

component of Jnox is dominant, ie ppnEy >> Dp on/ox, in which case Sr becomes

= “ML (3.18)

S, Y

Conversely if diffusion is dominant (Dp dn/ox << pp n E,) we have

s,=(u;-p:)_IY‘_ (3.19)

It remains in both these equations to calculate the parameter Y. This
parameter was fitted to experimental results to be 6 um, a reasonable value given
a p-well depth of 15 um. The sensitivity is obviously a direct linear function of the
length L and this was confirmed by experiment with a typical sensitivity of 100 %/T

for L = 50 um.
3.2 Emitter modulation effect

In 1982 Vinal and Masnari proposed the modulation of the emitter injection
of minority carriers as the dominant mechanism of operation for two LMTs
[13,30,31]. The mechanism immediately became the center of some controversy as
to its relative role in the operation of MTs [32,33], with other researchers

suggesting carrier deflection and magnetoconcentration as more important effects.

A typical LMT structure is shown in Fig. 3-4, An analysis of the device
presuming emitter injection as the dominant mechanism of operation is presented

in the following section. The first section deals first with the Hall voltage



generated in the base region beneath the emitter and the second with the magnetic

response of the collector current due to this Hall field.
3.2.1 Hall voltage generation

Following the approach used by Vinal and Masnari in [30] the collector
current variation due to the magnetic field can be determined. The generation of a
Hall voltage in the base region along the emitter is assumed to be similar to that
produced in a Hall plate (the Hall voltage in the n* emitter region is assumed
negligible due to the high electron concentration in this region). This Hall voltage
will cause an asymmetrical biasing of the emitter base junction, with one side of
the junction being more forward biased then the other. This will in turn cause a
higher level of injection of carriers on the more forward biased side, with the result

of the collector current being increased.

The basic equation for the Hall voltage produced by current flow through a

semiconductor Hall plate is [15]

Vy=KR,IB (3.20)

where K is a geometric constant, Ry is the Hall coefficient, 1 the current through
the device and B the magnetic induction perpendicular to the Hall plate. This

equation can be adapted to the base region of the LMT near the emitter [34].

Under these conditions the current I is replaced then by the emitter current Ig and

Bby Bx



The actual Hall voltage produce in the base region is a function of both the
geometry and operating conditions of the device. The variation with geometry is
contained in the constant K. For the case of the LMT in Fig. 3-4 it is difficult to

evaluate K due to the complicated geometry of the base region of the device. It is

obvious that Vi will vary directly with changes in the emitter current of the device,
but it was also noted by Popovic and Baltes [34] that Ry is also highly dependant

on the injection level at which the device is operating. The Hall coefficient is

defined as [14, 35]
2
R, =5 2F0_ (3.22)

where r is the Hall scattering coefficient, q the fundamental electron charge, and n
and p are the electron and hole carrier concentrations respectively, and b the ratio

of the electron mobility to the hole mobility in the base.

3.2.2 Collector current response

In order, to calculate the collector current change due to an applied magnetic

field, the authors assume that the presence of the Hall field Vy will cause an

additional biasing of the base/emitter junction by Vy.If the zero field collector

current is represented in the form

qQVeE
10)= Ise(ﬁ) (3:23)
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then the collector current with a magnetic field present is given the assumptions

above [34]

q{VBE"'Vl-“
I(0)=1ge kT | (3.24)

Defining the sensitivity of the device as the ratio of these two currents we find that

the sensitivity is

qVy
5, =e o) (3.25)

Both of these expressions indicate a nonlinear dependence on the magnetic field.
3.3 The magnetoconcentration effect

In 1978 Mitnikova et al. [22] proposed a combination of carrier deflection
and magnetoconcentration effect as the basic principles responsible for the
magnetic operation of a lateral transistor (shown in Fig. 3-5). This MT displayed a
markedly nonlinear response to the magnetic field when operated under high

injection conditions. The collector current could be expressed in the form [22]

where the term Kcp B takes into account the change in the collector current due to
carrier deflection. The second term f(B) was determined to be a nonlinear even
function of B, the magnetic field. This term can not be explained by emitter

modulation as it would produce a collector current response that is a symrmetrical
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and odd function of the magnetic field. The local concentration of carriers in the

base region of the device does, however, explain the nonlinearity.

As holes flow from the emitter to the collector through the base region (and
likewise electrons from the base contact to the emitter) the presence of positive B
field will deflect both carriers to the chip surface between the emitter and collector.
Under condition of high injection and large magnetic fields, there will be a
concentration of carriers in this region causing a decrease of the resistivity of the
base region between the emitter and the collector. This resistance change will
provide a low resistance path for holes flowing from the emitter to the collector and
in conjunction with the carrier deflection effect will increase the change in the
collector current. Conversely, if B is negative the carriers will be concentrated in a
region deep with in the base region well away from the chip surface. This would
have the tendency to widen the flow of electrons from the emitter to the collector

and degrade the effectiveness of the carrier deflection effect.
3.4 Numerical modeling of magnetotransistors

The mechanisms of operation described in the previous sections of this
chapter were simple intuitive models of the device behavior, based on an
understanding of how the fundamental electromagnetic equations manifest
themselves in the current flow and carrier distributions within a device. However,
due to the complex interaction of galvanomagnetic effects and bipolar action a

simple model might be misleading.

Ideally, a full understanding and an exact prediction of device behavior could
be obtained by the solution of the carrier continuity equations and the Poisson

equation. Due to the inherent complexity of the carrier transport in a semiconductor
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and the geometric complexity of microelectronic devices an analytical approach to
the solution of these equations is unsuitable. However, a numerical solution of the

relevant equations has been done [38-41].

An investigation of the carrier transport and potential distribution in a
variety of MTs is presented in ref. [40,41]. The basic approach of the model was
the use of a finite element technique to solve the steady-state galvanomagnetic
equations. Nathan et al used a combination of numerical techniques and
experimental results to analyze the operating mechanisms of a LMT with two
collector contacts (similar in design to the device in Fig. 3-1). The basic conclusion
of this paper was that the Hall field produced along the emitter/base junction was
too small to generate a significant amount of asymmetrical emitter injection [40].
The authors conclude that carrier deflection is the dominant mechanism of
operation of similar MTs with any nonlinearities being due to magneto-

concentration.

Due to the large size and high current densities present in the devices dealt
with in this thesis a numerical solution of their operation seems at this present
time infeasible. Because of this simple analytical or empirical models of device
operation, confirmed by experimental results, are the only tool the researcher has

at his disposal in the intelligent development of such devices.
3.5 Figures of Merit

In the previous sections of this chapter the concept of sensitivity has
arisen. It is useful when developing a sensor to have a number of measurable
parameters that can be used to compare different devices. Magnetotransistors

have traditionally been characterized with respect to relative sensitivity, absolute
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sensitivity, signal to noise ratio and zero field offset [1,2]. Due to the complexity

of MT operation a large number of differing definitions for both types of sensitivity

have been used.

3.5.1 Relative sensitivity

The relative sensitivity of a magnetic sensor is usually defined as the

derivative of the signal with respect to the magnetic field normalized by the

magnitude of the signal

X 1

S’—?’_B_i; (3.27)

where X is the magnetically sensitive signal and Xo the zero field value of this

quantity. For microelectronic magnetic sensors X is usually a current.

For the case of a simple two collector MT the relative sensitivity is often

approximated by the expression

_ Icz(B) = IC](B) 1 (3.28)

Sr= 1.,0)+1,0) B

where Icy,2(0) are the zero field collector currents and Ic,2(B) the collector
currents with an applied magnetic field B present. This equation is sufficient if B is
small and the collector currents a linear function of B. However, the usefulness of

this equation becomes suspect if this is not the case.
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Nonlinear MTs present difficulties with respect to the use of equation
(3.28). If Ic is a nonlinear function of B then the expression for Sy will also be
nonlinear, and Sy must be defined at a parucular field in order to allow for
comparison. Most sensitivities have been reported for a B field of 1 Tesla, this
field is however very large [28,34]. Using an equation similar to (3.28), but for
single collector devices, nonlinear LMTs have been presented as having very high
sensitivities, however, all of these devices had very small collector currents
(order of 1 pA) and the sensitivity was given for B = 1 T. If a more appropriate

approximation of (3.27) is used

_1B-10 1 (3.29)
"7 I B) B

then the measured sensitivity drops by several orders of magnitude, due to Ic(B)

being much larger than Ic(0).

For the more complex LMTs there may be considerable current flow
through the device in addition to the the collector current [5,25]. This is due the
action of parasitic transistors and the low current gain of the LMT. Under these

condition the use of the Ic(0) in equation (3.27) as the normalizing factor can be
misleading and the equation can instead be normalized with respect to the emitter

current [5].
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3.5.2 Absolute sensitivity

The absolute sensitivity of a device is defined as simply the ratio of the

change in signal to the change in magnetic field [1,2]. For the case of collector
current variation in an MT we have

avC
Sa==g" (3.29)

where V. is linearly related to the collector current through the collector load

resistor.

For a nonlinear device S, must, like Sy, be defined at a particular field. The
only basic variation in the definition of S; for MTs is thc choice of a collector
current as the measured quantity and the substitution of I¢ for V¢ in equation
(3.29). If possible the use of I¢ is preferred as it avoids the ambiguity of the choice
of the value of the load resistor. In this thesis the absolute sensitivity is defined in

terms of the collector current directly and is

ol

Sa=3g

(3.30)

3.5.3 Signal to noise ratio

The minimum resolvable magnitude of an AC magnetic field is determined

by the signal to noise ratio of the device and is defined as
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S
S/ _ VPa 1
/N <N> (3.31)

where <N> is the noise voltage or noise current as determined by the units of the

absolute sensitivity.

At low frequency the dominant noise mechanism is 1/f noise and at high frequency

shot noise and thermal noise dominate [42-44].
5.3.4 DC zero field offset

The minimum detectable DC magnetic field is determined by either, the zero field
offset of the sensor, or if this quantity can be nulled the drift of this offset. Given a
two collector MT the signal Alcg = Ic2(0) - Ic3(0) is indistinguishable from an
applied magnetic field of the magnitude Bogf = Alcg/ Sa . This Bogr is therefore an

indication of the DC resolution of the magnetic sensor.

The main causes of offset in microelectronic devices are imperfections in the
process technology including mask misalignment [45], and strain introduced by
packaging and aging [46]. Thus, one of the approaches for offset reduction is based
on the improvement of process technology, but because of technological limitations
it is not possible to eliminate offset completely. Other offset-reduction methods are
calibration {47], which demands the presence of a known value of the measurand,
compensation [48], which demands the use of two sensors where one of them is
used as a reference, and the sensitivity variation offset reduction method [49,50],
where the difference between the response of the sensitivity and the offset signal

to a sinusoidal excitation is used to reduce the offset.
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4.0 SSIMT Operation

4.1 Basic SSIMT structure

The basic SSIMT (suppressed sidewall injection magnetotransistor) is
shown in Fig. 4-1 The novel feature of the device is the two p* stripes placed along

the edges of the emitter, parallel to the collectors. All of the SSIMT variants were

fabricated using a standard CMOS process.

The initial device structure was fabricated in a standard 4 pm CMOS
process. The base region was formed by a p-well. The emitter and both collectors
were realized using the standard doping procedure for the source and drain of a n-
channel MOS transistor. The p+* stripes at the side of the emitter and the base

contacts B1 were formed using the standard doping procedure for a p-channel MOS
Transistor. The p-well diffusion depth is 10 um, collector and emitter diffusion

depths are 1.5 um. The p-well doping is 10 16 cm-3,

The biasing circuit of the SSIMT is shown in Fig. 4-2. The values of Iy, Vs,
V¢, Vi1 and Vi determine the operating point of the device. In the operation of the

device two distinct bias configurations are used, one with the stripes biased to a

voltage V:and the other when the stripes are unbiased. We refer to these two

bias configurations as "stripes biased" and "stripes floating". In normal operation

slightly different values for Vi1 and Vg are used for offset elimination, and we

define, Vi = (Vp1 + Vp2) / 2, for convenience.
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4.1.1 Biased stripes

The basic electrical operation of the device with biased stripes (stripe
grounded or biased slightly negative with respect to the emitter) is as follows. The
emitter base junction is forward biased by the applied base current and electrons
are injected into the neutral base region. This injected current is then collected by
either the two collectors or the substrate, which is in effect a third collector.
Therefore the device can be thought of as a two npn transistors, a vertical one
formed by the emitter, base and substrate and a differential lateral transistor

formed by the emitter, base and collectors.

The p* stripes play a twofold role. First, they suppress carrier injection
from the emitter in the lateral direction towards the collectors. If the p* stripes are
biased with a voltage Vy and V; is less then or equal to the potential of the emitter
Vg this effect is obvious. The suppression of laterally flowing electrons is a
consequence of the reverse biasing of the junction between the p* stripe and the
emitter, in fact a small portion of the bottom of the emitter next to each stripe will
also be reverse biased. The width of this reverse biased portion will increase with
increasing negative Vy. At the same time carrier injection from the emitter is
confined to the vertical direction, due to the formation of a potential hill (for
electrons) around the p* stripes. The second effect of biasing the p* stripes is the
creation of a lateral electric field, Ej, in the neutral base region. This field is due to
the difference in potential between the base contacts By and Bj. When the device
is operated normally with Vy< VE < V1, this field will be orientated in such a
way as to sweep the injected electrons laterally towards the collectors, (Fig. 4-
1a). The application of a larger negative potential to the stripes amplifies the

effect of the p* stripes pushing the minority current further into the device and then
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establishing a lateral flow of current out to the collectors. In the absence of &

magnetic field, the collector currents Ic10 and Icgg are equal because of the devices

symmetry, and the device is balanced.

For the SSIMT it can be expected due to the long emiiter that only a small
portion of the emitter is responsible for the injected electrons which comprise the
collector currents. This portion consists of two small segments of the emitter
adjacent to the p* stripes. The remaining portion of the emitter bottom injects

electrons that are collected by the substrate and form the substrate current.

The application of a magnetic field, B =B;, parallel to both the chip surface
and the collectors, will produce an imbalance in the two collector currents Icy and
Ico due to the following "double-deflection” effect. The Lorentz force acts on all
three current compone:.:s i3, Icy, and I¢ . The Is component is deflected in the y
direction, increasing Iy and decreasing ic1. Moreox-r. the cutrent components Iy
and Iy are deflected in the "+ x" and "- x" directions resp-ctively, causing a
furthe: increase of icy and a decrease of Ic;. These two deflections will combine
to cause one collector current to increase at the expense of the substrate current
and the other to decrease with a corresponding gain in the substrate current. The

net effect on the substrate current should be zero.

4.1.2 Floating stripes

In the discussion above the p* stripes placed at the edges of the emitter
were biased either to ground or to a small negative voltage, in order to suppress
the injection of electrons out of the emitter sidewalls. A second biasing
arrangement is possible in which the p* stripes are left unbiased and float at a

voltage determined by the potential distribution inside the base region of the
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device. This arrangement still provides suppression of the laterally injected
electrons, due to the larger built in voltage across the n*/p* junction relative to the
n*/p-well junction. This bias arrangement is shown in Fig. 4-3. The electrical
operation of the device will be very similar to the operation of the device with the
stripes biased. However, there will be no current flow through the p* stripes and
no potential hill in the base region around the p* stripes. This will produce a less
effective shaping of the electron flow in the base to the collectors, resulting in a

reduced sensitivity.

The operation of the device in this manner has one major advantage. As a
magnetic sensor it's use and implementation will be simpler due to the need for
two less voltage sources. In order to achieve this simplicity we will sacrifice

sensitivity.

The role of the p* stripes is crucial in the determination of the sensitivity of
the SSIMT and this sensitivity is in turn determined by the flow of the minority
cutrent in the base region. In Fig. 4-4 the electron flow within base regions of a
simple LMT (an SSIMT with out siripes) and the SSIMT for both stripes floating
and biased is shown. This clearly shows the effect of the stripes. For the LMT the
electron flow from the emitter to the collector is a wide diffuse flow and primarily
composed of the electrons injected from the sidewall of the emitter. In Fig 4-4b the
effect of the stripes when unbiased can be seen and the injection from the sidewall
is suppressed, resulting in a more focussed flow of current. The biasing of the
stripes slightly negative (Fig. 4-4c) produces a potential hill for electrons on the
stripe and the injected electrons are forced deeper into the device with a sesulting

narrower and more concentrated electror flow to the collectors.
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4.2 Device Models

The section 4.1 outlined qualitatively the basic operation of the SSIMT
under a number of different biasing configurations. In the section 4.2 quantitative
models of the device operation will be developed. These models will presume the
dominance of carrier deflection as the mechanism of magnetic operation. Models
will be developed for the following three cases. First a simple model of the LMT
will be presented. Secondly a model of the operation of the SSIMT with stripes

Joating will be presented and finally a full and detailed description of the operation

of the SSIMT with biased stripes will be given.

4.2.1 LMT operation

An obviously interesting variation in the SSIMT geometry was that of a
simple LMT (an SSIMT without the p* stripes) of exactly identical dimensions.
This device would allow, by a simple comparison of sensitivities and electrical

characteristics, for the determination of the role of the p* stripes in the operation of

the SSIMT.

The electrical operation of the LMT is identical with that of the SSIMT with
the exception that electrons are injected from the sidewall of the emitter. The LMT
can be thought of as two npn transistors, a vertical one formed by the emitter-
base-substrate and a lateral one formed by the emitter base collectors. An
analysis of an LMT structure was done in [25]. Using a similar approach we can

derive an analytical model of the collector current flow within the base region.
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As with the SSIMT only a small portion of the emitter of the LMT is
responsible for the injected electrons which comprises the collector currents. This
portion consists of the vertical edges of the emitter parallel to the collectors and a
small segment of the bottom of the emitter adjacent to these edges. The remaining
portion of the emitter bottom injects the electrons that produce the substrate

current.

In order to analyze the flow of electrons in the device it is seeded to define
the plane X'. This plane, shown in Fig 4-5, divides the base region of the device
into two regions, above this plane injected electrons are collected by the collector
and beneath it by the substrate We can now calculate the total collector current by
integrating the electron current density in the y direction over the region defined by

plane X', the chip surface and the emitter width Wg

‘VE
2

X
Ie,= f oy = Wi x,2) dx dz @1
0

We
2

where Jny is the electron current density in the y direction and Wg is the base

width, If we now assume that J,y is a constant in the area of integration we obtain

for the collector current

Iep=T o X' W 4.2)

where Jnyp is the average collector cusrent Gensity.



The effect of a magnetic field on the operation of the LMT is to alter the
current flow described above. The flow of electrons in the base region undergo a
deflection as they drift from the emitter to the collector. The current flowing
towards C; is deflected down towards the substrate and the electron current
flowing towards Cgzis deflected up towards the chip surface. Due to these
deflections Icj is reduced by Alc as electrons are pushed down past the plane X'
and Ic is increased by Alc as electrons are deflected up over the plane X'. A
signal, 2Alc, proportional to the magnetic field can then be measured. The net

result on the substrate current should be zero as the increase in current from Ic) is

offset by the loss to Ic2,

To calculate this current change we note that the electron current near the
plane X' is the current responsible for the magnetic response of the device.
Assuming constant current density in the region near X', the amount of deflected
current is equal to, the current density of the electrons at the plane X' moving in
the y direction multiplied by the area of the region defined by the Hall angle, the

distance between the emitter and the collector Wy and the emitter width Wp (see

Fig. 4-5b).
The change in current of I¢2 can then be calculated as

Algy=tan @y Wy, (X) Wy (4.3)

where @y is the Hall angle. We have that tan@y can be expressed as tan@y =

Hn* B [1,25] where p,* is the Hall electron mobility and B the magnetic field in the

z direction
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*
Aly=p, BWpI, (X)W (4.4)
We now define the relative sensitivity following [25] as

_Alg 1 y
r IC2 B ( . )

and with (4.2) and (4.4) we obtain

W
S = . "X' B (4.6)

The effect of varying Ip on the relative sensitivity is felt through a change in
the position of the plane X'. At very low values of I the current flow to the
collector is mainly due to diffusion, this results in a wide weak current flow and X'
is large and the sensitivity low. As Ip is increased, however, E. becomes
significant and the drift component of the electron flow to the collector starts to
dominate. We expect that initially the change from current flow due to diffusion to
one primarily due to drift will result in a sharper better shaped flow of electrons to
the collector and X' will decreases, causing S,rise. As Ip is further increased the
potential in the base increases, the collector current becomes large and X'again
increases. The net result of this is that the sensitivity can be expected to first

increasc to a peak and then decrease as Ip increased further.



4.2.2 SSIMT operation with stripes floating

The operation of the second structure, the SSIMT with the stripes unbiased
is similar to that of the LMT. The operation of the vertical transistor is little
changed from that of the LMT. However, the additional p* stripes have a

substantial effect on the flow of the minority current to the collectors.

The basic effect of the additional p* stripes is to suppress the injected
current flow from the vertical sides of the emitter. This can readily be understood
as a consequence of the different built in voltage produced across the emitter
junction. At the edge of the emitter we have a p*/n* junction this produces a
Jarger built in voltage Vpi* , than the n*/p on the bottom of the emitter. The

electron current density across the emitter junction can be expressed in the form

[14]

q(V; -Vei) -qVei  qVj
Jni=Jnioe™ k1t =Jnio€ kT €XT (4.7)

where Jnio e-VBi’kT is the reverse bias saturation current, Vg the built in voltage
of the junction and Vj the voltage across the junction. Assuming a step junction we

can express the built in voltage in terms of the base and emitter doping [14]

kT, NoNp
V= q In(— (4 8)

n;

with Np being the doping of the base region, N the doping of the n* emitter and n;
the intrinsic concentration. Due to the high conductivity of the p* region we can

assume that the potential of the base region at the emitter/base junction near the



stripe is equal to that of the p* stripe. If this is the case we can obtain an
expression for the attenuation of the laterally injected current. We define this
attenuation A as the ratio of the laterally injected electron current density injected
into the p* stripe over the electron density injected from the bottom of the emitter

near the stripe. Using equation (4.7) we have

" qVsi

A = Ini - €T
ni Ve (4.9)

€ kT

where Jo* and Vgi* are the injected electron current density and built in voltage
across the n*/p+ junction and J, and Vp;j are the same quantities across the nt/p

junction. Using equation (4.8) we can then obtain for the attenuation

+ 4.10)

where Na and Na* are the doping levels in the p-well and p* stripe respectively.
Using the values for doping given above, we obtain for A a figure of 10-4 which
indicates that the p* stripes suppresses the laterally injected current very
effectively. The net effect then of the stripes is to force the electron current flow
responsible for the collector current deeper into the device (see Fig 4-6). In order
to analyze the device’s response to a magnetic field it is needed to introduce a
second plane X in addition to the ;lane X' defined for the LMT. The plane Xy is
placed such that a majority of the electron flow which forms the collector current

flows between it and the plane X2 (which was previously designated X' for the



case of the LMT). We can now define an effective width, Wegr = X2 - X of this

current flow and express the collector current in terms of this width

X2
Iep= f Jo(y=Wpx,z)dx dz (4.11)
X

wE
2

Assuming a constant current density we have.

Ica=WegtT nyo W (4.12)

The basic effect of a magnetic field on this device is the same as that for the LMT.
As before Ic is reduced through the deflection of carriers towards the substrate

and I is increased through the deflection of carriers from the substrate to the

collector. The change in the collector current can be expressed in terms of the

applied field and the electron current density in the y direction Jpy(X2) at the plane

X2

and using the same definition of sensitivity as before we have

Sr = u:]WB
Werr 4.14)

It can be seen when equation (4.6) is compared to equation (4.14) that a gain in

sensitivity is obtained if Wegf is substantially smaller then Xj. This result is a



simple manifestation of the current deflection principle. The magnitude of the

deflection is inversely proportional to the effective width of the current flow.

The effect of increasing the substrate potential Vg is to push the position of
the plane Xj towards the chip surface. This is due to the increase in the depletion
width of the substrate base junction. The consequences of this effect is seen in two
ways. Equation (4.12) indicates that the collector current decreases as Wefr is
reduced and equation (4.14) suggests that the sensitivity increases as Wegr is
reduced. It can be expected that the substrate potential has a greater effect on the
operation of the device with additional p* stripes, rather than on the LMT, due to

the flow of electrons being pushed deeper into the device.
4.2.3 SSIMT operation with stripes biased

The effect of biasing the p* stripes to ground, or to a slightly negative voltage, on
the operation of the SSIMT is to magnify the previously considered effects of the
stripes The application of a potential to the stripes less than that of the emitter
potential will reverse bias the p*/n+ junction between the stripes and the emitter
and also two regions of the emitter/p-well junction adjacent to the stripes. A
negative potential applied to the stripes will also cause a potential hill for
electrons, to be produced in the base region surrounding each stripe. Electrons
injected into the base from the bottom of the emitter will have to flow around this
potential hill to the collectors. This lateral flow of electrons will be enhanced by the
formation of a strong laterally accelerating electric field, due to the flow of holes

from the base contact to the p*stripe.

As with the LMT and the SSIMT with stripes floating, a theoretical model

of the SSIMT can be developed. It is based on the assumption that a magnetic flux



density B causes a linear displacement of the minority carriers in the neutral base
region [5] (see Fig. 4-7). This deflection of the minority carriers is due to the
action of the Lorentz force. To obtain the magnetic response of the SSIMT we shall
only consider the action of the magnetic field on one half of the device. The flow of
the minority carriers within half of the device is shown in a cross section of right
half of the structure, (Fig. 4-7). We analyze the part of the electron flow which
contributes to the collector current, (Fig. 4-8). For simplicity we assume that this
flow of electrons from the emitter to the collector, consists of a current tube of
constant cross-sectional area. We model this current flow as first a vertical flow
and then a lateral flow, (Fig. 4-9a). The vertical flow is a consequence of the
negative potential applied to the p+ stripes and the lateral flow is due to the strong

lateral electric field in the neutral base region.

To facilitate the analysis of the deflection of the carriers, the L-shaped
current flow can be further broken down into two boxes, one vertical and the other
horizontal, Fig. 4-9b. The corresponding current densities within these two boxes
are Jnx and Jpy for the vertical and lateral directions respectively. It remains to
determine the boundaries of these boxes. The top and bottom edges of the
horizontal box are defined by two planes x = X and x = X5 as for the previous
case of floating stripes. The first plane x = X7 is defined so as to provide a means
to analyze the effect of the negative potential V; applied to the p* stripes. The
negative potential applied to the stripes will block the injection of electrons from
the emitter into the p* stripes and also the injection across a small region of the
bottom of the emitter next to each stripe. This will have the effect of preventing
movement of the injected electrons laterally and forcing the minority current flow
down into the device. The plane x = X is positioned such that a majority of the

laterally flowing electron current will flow below this plane. We also assume that



OA = X (the penetration of the negative potential is equal in all directions). The
plane x = X3 is used to analyze the effect of the substrate potential Vg on the
electron flow. Electron current above this plane is presumed to be collected by the
collector, conversely, electron current below this plane is collected by the
substrate. This definition is similar to the one presented in [25]. According to this
model all of the electron current flow contributing to the collector current will flow

in the region

X, £xsX, (4.15)
The distance between these two planes X; and X2 is defined as Wegr = X3 - X,
and can be thought of as the effective width of the stream of laterally flowing

electrons. We assume that all the electrons flowing in the region defined by

equation (4.15) that reach the plane y = Wp are collected by the collector and form

the collector current.

The length L; of the vertical box can be expressed in terms of the two

planes defined above as

\/
L =X1+22"'—ff (4.16)

With the assumptions given above L can be expressed as

A\
Ly=Wet X, +5- (4.17)

or



_X+X,

1 ’2— (4.18a)

L,=Wp+L, (4.18b)

4.2.3.1 Analytical Model

The total current Ic2g collected by the right collector at zero magnetic field

can be expressed in terms of the current density Jqy of laterally flowing electrons

W

2 %,
IC2= f Jny X,y=WB,Z) dx dz (4.19)
X,
WE
2
with WEg denoting the emitter width. If we presume that a uniform current
distribution exists in the region between the two planes X; and X5 then

Jny(x,y=WB, 2) = Jnyp, and equation (4.19) simplifies to

Ica=Wegrd nyo W (4.20)

To obtain the current change Alc due to a change in the magnetic field AB
we have to determine the effect of the magnetic field on both the vertical and
lateral electron flows. Both flows will be deflected through an angle @y = Hn*B
where pp* is the electron Hall mobility [14]. This is shown in Fig. 4-8b. The

change in the vertical current can be calculated by integrating the current density

Jnx in the plane x = L over the area defined by AY and the emitter width WEg. It is



Wg
3
-X2+AY
Alcy, = f Jux(x=Lpy,2)dydz (4.21)
X,
WH
=R

where ( for small @y and tan@y = On)
AY =L, B (4.22)

If we assume AY is small and therefore Jnx(x= L1, ¥, z) = Jnx(x =L1, y = X2, 2)

over the region of deflection y = -X2to y =-X3 +AY, we obtain from equation

(4.21) that
Al =p,BL I (x =L} y=X)2) Wg (4.23)

The change of the lateral current can be calculated by integrating the current

density Jqy in the plane y = Wg over the area defined by AX and the emitter length

WE

X2

AIC2| = Jny(x, y= WD Z) dx dz (4.24)
+AX
W, x,
7

where



AX =L, B (4.25)

If we assume, as before, a uniform current distribution in the area of integration we

have

Our analysis presumed a continuous current flow of constant cross-
sectional area and if we presure2 Jnx(x =L1,y =X2,2) = Jny(x =X3,y =L, 2) =

Jny(X2) we can then obtain the total cu:rent change as the sum of Alcyp and Alcay
*
Al,=1,B (L;+Ly JynOWE 4.27)
If we also assume a uniform current density in both boxes, then the current

density in both boxes must be equal and Jnx = Jpy = Jnyo. Using equation (4.20) to

express Jnyo as a function of Icyg we express equations (4.23) and (4.26) as

* g
Alco, = Hy W Icy0B (4.28a)
eff
] L] IJZ
Aly= “n'w— IeyoB (4.28b)
eff
The total current chang¢ is then
L,+L,
Aly=, IcaoB (4.29)
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Defining the relative sensitivity as

Al~y 1
' IC20 B
and using equation (4.29) we have
“thh—~— (4.31)
' Weff

The above results for the magnetic response of the collector currents and
the relative sensitivity were derived for the current flow of half of the device. In the

actual device there are, of course, two collector currents Icy and Ic2 and the

1¢]ative sensitivity is defined as

S, = A1 (4.32)
r -3 T .ot o
Ico B
with Alc = Alcs - Al and Icg = Ic10 + Ic20. The structure is symmetrical and we
can assume Alc; = - Alea and Icig = I¢20. The final expression for sensitivity is

therefore unaffected as both the current change and the total current are increased

by a factor of two.

We can express the collector currents Ici and Ico as a function of the

magnetic field in terms of the zero field current and Al and Alcy, namely

Ici=1giot+ Al {4.33)
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and

Ic2= Iczo'f' AIC2 (4.34)

Using ¢y = - Al and defining AB = B we have

eff
Io=leall +la——B)  Wer>0) (4.35b)
eff

The last two equations suggest that both collector currents are linear functions of

the magnetic induction and can be expressed as

Icy=Ici(1-5,B)  (Wer>0) (4.362)

where S; is defined by equation (4.30). From equations (4.36a) and (4.36b) it is

obvious the higher the sensitivity the higher the change in the ¢ollector currents.

4.2.3.2 The effect of the bias parameters on sensitivity

Eguation (4.31) suggests that in order io obtain high sensitivities Weff
should be made as small as possible. The definition of planes X1 and X2 used to
derive Wepr imply that Werr is a function of the applied potential the siripe

potential V; and the substrate potential Vg. It is therefore expected that by
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altering these ptentials it will be possible to enhance the sensitivity of the device.
It can also be expected that the applied base current Ig will also influerce the

magnitude to Wegr. We analyze th influence of each of these parameters when the

others are held constant.
4.2.3.2.1 Influence of V,

The negative potential V; applied to the pt stripes can be expected to
influence the positions of both planes Xy and X». The functional dependence of the

two planes on Vy should be a linear, as the stripes make an ohmic contact with the

neutral base region. This dependence can be expressed as

where X10 and Xzq represent the position of the planes when Vr = 0 and ¢ and ¢2
are proportionality constants. The magnitudes of X and X7 therefore increase with
an increase in IVl (Vr is negative). Using equations (4.37a,b) Weff can be

expressed as

W= Xy X = Werrg +K, Vi (4.38)

where Wesrg = X20 - X10 and K¢ = ¢ - c2. From equation (4.3R) it is obvicus that at
some critical value Vo Wegr will be reduced to zero, and the collector current is

shut off. In that case we have from equation (4.38) that
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wcffO
Vrc= - % (4.39)
r
Then (4.38) can be expressed in terms of Vi as
We“-= KI‘ (Vr - V“‘) qul < I VI'CI) (4.40)

Using equations (4.38) and (4.31) we can express the sensitivity as

+» L,+L
- 1 2 4.41)
oy (Vi<Iv
Equation (4.41) indicates that V; will have a dramatic effect on the relative

sensitivity. It is necessary to note that the sum Lj + L is also a function of V and

using (4.18a) and (4.18b) as well as (4.37a) and (4.37b) can be expressed as

L,+L,=Ly-K,V, (4.42)

where Lo = Wp + X0 + X320 and KL = + c2. When V; approaches V the value
of Werr approaches zero and the sensitivity tends towards infinity. This is of
course physically unsound and the maximum sensitivity attainable with Vp = V¢
will need to be determined by experiment. However, in the region where V; is
slightly less then Vi the sensitivity will be very high. In this region of Vy, Wefrs
will be rcduced for incfeasing V; whereas L1+ Ly will increase slightly. These two
results »'iow us to assume that Lj + Ly is a constant. Using equaticns (4.18a) and
(4.18b) the sum Ly + Lo can be expressed as Wg + 2 L; and we assume for L a

likely value of one half of the p-well depth. We can now obtain V. and K; from the
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experimental data. Once these two parameters are determined we can obtain

W.sro from equation (4.39) and Wer as function of V; from equation (4.38).

A check of the above assumptions can be made by the following procedure.
From equation (4.35a) it is obvious that Icy can be driven to zero if B is increased
sufficiently to B, it is only for B < B that the device will exhibit linear behavior. If

B = B, then Ic) = 0 and we have from (4.35a)

1 -Sch=0 (4.43)
which gives

1

cz's_r

B (4.44)

where Bg is a the critical value of the magnetic induction at which Ic) approaches

2cro. From (4.18a) it follows that

and using equation (4.44) and (4.30) we determine L; as a function of Weff, to be

Werr Ve (4.46)
21,B, |

Once L is determined for a number of stripe potentials L2 can be determined using

(4.18a) and the position of the two planes X and X can be plotted as a function of

Vr.
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4.2.3.2.2 Influence of Vg

The substrate potential Vg provides for the reverse polarization of the p-

well junction. This junction can be approximated by a linear junction. The functional

dependence of the two planes X3 and X1 on Vg can be expressed through a linear

relation with the depletion region of the p-well/n-substrate junction

A

X2= Xzs" Csz—z-E (4.473)
A\

X, =Xs- CSI'—Z_L (4.47b)

where X2s and Xgs represent the positions of the two planes for an arbitrary value
Vg = Const., Cs2 and Cs are proportionality constants, and WL/2 is the width of
the depletion region on the p-well side of the junction. The p-well/n-substrate

junction can be considered as a linearly graded junc*'on and Wy, expressed [14] as

where € is the dielectric permittivity for silicon, a is the impurity gradient at the
junction, q is the electron charge, Vp; is the built in junction voltage and Vpj is the
voltage in the neutral base region at the edge of the depletion region. Substituting
VB = Vpi - Ven and Cw = (12 € /qa) 13 into equation (4.48) WL can be expressed

as
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Using equations (4.47a), (4.47b) and (4.49) Wesr can be expressed as
Wegr= Xz~ X, = W~ Ks¥(Vs- Vg (4.50)

where Wesrs = Xog -X15 and Kg = (Cs2 -Cs1) Cw/2. Increasing Vs will decrease
Wesr and at some critical value Vg, Wefr will be reduced to zero and the collector

current shut off. We can therefore express Wefgo as

Using (4.50) and (4.51) we have that

Werr=Ks[MVsc-Vg) -MVs-Vg]]  (Vs<Vso) (4.52)

Using equation (4.31) we can express S; as

* L1+L2
Sr=“n
K(|¥ (V- Vp - ¥ (V- VB)}

(lVS; <V a5

where V. is a critical substrate voltage at which Wegr reduces ¢ zero, Vi3 = Vpp -
Vi and Kg is a constant. For this case the sum L; + Ly can be expicted to be
relatively insensitive to changes in Vg and the behavior of S; is duminated by the
reduction in Wesg S; is an increasing function of Vs. Kg can be determined from the

experimental data, L from equations (4.45) and (4.46), and L3 from (4.18a).



4.2.3.2.3 Influence of Ig

A constant base current Ig is used to forward bias emitter base junction of
the device. It can be predicted that an increase in the magnitude of Ig will have an
effect on Wegr that is equivalent to a decrease in the magnitude of the apphed
potential V. The base contacts are laterally placed and we assume that Ig affects
both planes X1 and X5. A decrease in the base current will bring about an increase
in X1 and correspondingly a decrease in X5 with the net result of decreasing Wegf.
The sum L; + Ly will be a weak function of Ip if, as we assume, the change in both
planes is nearly equal. The functional dependence of the two planes X; and X2 of Ip
should be a linear function as the base contact is an ohmic contact in the neutral

base region. This dependence can be expressed as

XI=X1B- CBI IE (4.54b)

where X1 and Xop represent the positions of the two planes for an arbitrary value
of Ig and Cp; and Cypy are proportionality constants. Using equations (4.54a) and

(4.54b) Werr can b: expressed as

Weff= X2 - X1 =W4:?:}‘B+ CBIB (4.55)

where Werrg = Xop - X1p and Cp = Cpy -Cp. Decreasing Ig will decrease Wegr and

at some critical value I , it will be reduced to zero and the collector current is shut

off. We can, in that case, express Wegp as
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Using equations (4.55) and (4.56) Wef can be expressed as
W=Kglp-1p)  (Ip=Ip) (4.57)

where Ip is a critical value of the base current at which the effective width reduces
to zero. Therefore in order to “open” up a lateral path for the electrons to the
collectors it is necessary to apply a minimal base current Ibc . For all values of In
< Ip the collector currents will be zero. Using equations (4.57) and (4.31) we can

obtain for the sensitivity as a function of Ip

=l (4.58)
r nK (IB -1 ) B Bc
Thus Sr isa decreasing function of IB. KB can be determined from the experimemal

data, L; from equations (4.57) and (4.58), and L2 from (4.18a).
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5.0 Experimental Results

In the first section of this chapter a short description of the CMOS process
and the different geometries of the devices designed and tested is given. The
second part of the chapter deals with an experimental characterization of the

SSIMT in the two bias conditions - biased stripes and floating stripes.

To test the devices they were mounted on a suitable non-magnetic package
and a magnetic field was generated by a VARIAN V-4005 four inch electromagnet
using a Varian V-2900 regulated current supply. A LDJ-511 Gaussmeter was
used to determine the magnetic field present near the the device. The devices were

biased and the coliector currents measured using a HP-4145A semiconductor

parameter analyser.
5.1 Process and Geometrical variations

A large number of CMOS based SSIMTs differing in both geometry and
fabrication process were designed in order to investigate the mechanisms of the

device operation and optimize the device.

5.1.1 CMOS processes

The initial SSIMT designs were manufactured in a 4 um Microtel Pacific
CMOS process and had a 50X100 pm (LEXWE) emitter, a 4 um p* stripe and a 8
pm base width, Wp (see Fig. 4-1). Typical diffusion depths for this process are 10

um for the p-well and 1.5 pum for the source/drain diffusions.
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After the initial designs were characterized the Northera Telecom CMOS
process, CMOS-1B became available through the Canadian Microelectronic
Corporation. A large variety of devices were fabricated using this 5 um process.
Typical diffusion depths for the 1B process were 12 pum for the p-well depth and 1.6
pm for the source/drain diffusions.The p-well doping is 10 16 cm3.

5.1.2 Device geometries
5.1.2.1 Basic SSIMT structure

The basic SSIMT was manufactured in both the 4 pm Microtel Pacific
process and the 5 uym CMOS-1b Northern Telecom process. The geometries of
both these devices (see Fig. 4-1) were essentially the same with a 50X100 um
emitter and p* stripe/base contact separation of 40 um. The only difference
between the two devices was the base width, Wp, and the stripe width, Wp*. For
the case of the 4 um process these were respectively 8 um and 4 um and for the 5

pm process 10 pm and 5 pum respectively.

In order to fabricate a simple LMT to compare to the SSIMT an identical
device without the stripes present was manufactured in both the 4 pum and 5um

Processes.

5.1.2.3 Emitter geometries

In order to allow for an analysis of the relative importance of electron
injection from various portions of the emitter a large variety of devices were
fabricated with differing emitter geometries. Devices were fabricated emitter

lengths of 80, 60, 40 and 20 um with all other dimensions as for the standard
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Device | Process Lg WEg | WB |WgC
SSIMT | 4pum 100 50 8 85
LMT 4pum 100 50 8 85
SSIMT | Spum 100 50 10 | 85
LMT 5um 100 50 10 | 85
SSIMT | Sum 100 60 10 | 85
SSIMT | 5um 100 40 10 | 85
SSIMT | 5um 100 30 10 | 85
SSIMT | Sum 100 20 10 | 85
SSIMT | 5Sum 80 50 10 | 85
SSIMT | S5um 60 50 10 | 85
SSIMT | 5um 40 50 10 | 85
SSIMT | 5um 20 5 10 | 85
SSIMT | 5um 60 60 10 | 8
SSIMT | S5um 50 50 10 | 85
SSIMT | 5um 40 40 10 | 85
SSIMT | Sum 30 30 10 | 85
SSIMT | 5um 20 20 10 | 85

Table 5.1 emitter geometries




device. The emitter width was varied through the range of 60, 50, 40, 30 and 20 um

Device Process | Lg WE | Wp | Wpge
SSIMT | Sum 100 60 10 | 105
SSIMT | Spm 100 40 | 20 | 105
SSIMT | Sum 100 30 | 30 | 105
SSIMT | Sum 100 20 | 40 | 105
SSIMT | Sum 100 | 20 | SO0 | 105

Table 5.2 Base width variation

with the emitter length kept at 100 um. Also fabricated were devices with square
emitters of 60 X 60, 50 X 50, 40 X 40, 30 X 30 and 20 X 20 um. In all these devices
only the emitter dimensions were changed and the positicn of the collectors and

p*stripes when needed, see Fig. 5-1 and Table 5.1.

5.1.2.4 Base width variation

To analyze the effect of increasing the base width, Wg, a number of devices
were fabricated in a large p-well of 130X400 pm and a p* stripe/base contact
separation of 80 um. The basic emitter geometry of the devices was that of the
standard device, a 50X100 pm emitter. The base width was, however, varied
through 10 to 50 pm in 10 pm steps, see Table 5.2. This should allow for an
analysis of the carrier deflection effect as the magnitude of this effect should
increase roughly linearly with increasing base width. A typical device is shown in

Fig. 5-2.
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5.2 LMT and SSIMT with stripes floating

In this section experimental results from the operation of the 4 Hm LMT and
the 4 pm SSIMT with the stripes floating ( unless otherwise noted the pt stripes
are unbiased for this section) are presented. Results are given showing the basic
characteristics of both the LMT and the SSIMT. Both the vertical and lateral
transistors of each device are analyzed. Magnetic results for both devices are then

presented. The current change Alg is plotted as a function of the magnetic field and

sensitivities arc shown as a function of the bias conditions.

5.2.1 Electrical Characteristics

Fig. 5-3 and Fig. 5-4 present the collector current as a function of the
applied base current Ig for LMT and the SSIMT respectively, A general increase in
the collector currents is revealed as Ig is increased. This is expected as the
collector currents are due to the drift of electrons laterally from the emitter to the
collectors and the effectiveness of this drift is proportional to the applied base
current. It is interesting to note that the p* stripes appear to inhibit the operation
of the lateral transistor at low base currents, resulting in a well defined critical

base current at which the lateral transistor "turns on".

The variation of the base potential Vp as a function of Ig is shown in Fig. 5-

5 for both the LMT and the SSIMT with stripes floating (solid). The most striking
feature in this plot is the negative resistance region displayed for all bias
conditions as Ig increases past a critical value Ip¢ at which Vg shows a maximum.
This critical base current marks the onset of high injection current conditions. At

this point the injection of electrons becomes sufficiently large to modulate the
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resistance of the base region resulting in a drop in Vg. A comparison of Fig. 5-5
and Fig. 5-4 illustrates the effect of the p* stripes. By suppressing the lateral flow
of electrons along the surface of the device the p* stripes causc the lateral
transistor to only become active after the the onset of the high current conditions
and the establishment of a lateral electric field in the base region. It can be seen
from these figures that the critical base current increases as the substrate voltage

VS is increased.

The relationship between the substrate current Ig and the applied base
current is shown for both devices in Fig. 5-6. it is seen that for low base currents
that a linear relationship holds between Is and Ig. This implies normal operation of
the vertical transistor with Is = By Ig, where By is the DC gain of the vertical
transistor. However, as the base current is increased high current effects dominate

and Ig saturates, By decreases significantly and Is becomes relatively insensitive to

changes in the basc current.

Fig. 5-7 and Fig. 5-8 present an electrical characterization of the LMT and
SSIMT with floating stripes with respect to changes in the substrate voltage. In
Fig. 5-7 it can be seen that as Vg is increased beyond 5 V Icg drops for the
floating SSIMT. This is due to a change in the position of the plane X3 in the base
region of the device. As Vs is increased the depletion region of the n-substrate/p-
well junction becomes larger forcing the plane X3 nearer the chip surface. This
results in a redistribution of the electron flow in the base region of the device.
More electrons now flow to the substrate and less to the collectors. It would
appear that, for the LMT, the lateral flow along the surface dominates the

operation of the device, as the collector current is relatively insensitive to the

substrate potential. Fig. 5-8 shows the effect of Vg on the vertical transistor. It can
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be seen that there is basically no difference in the vertical transistor formed by

either the LMT or the SSIMT.
5.2.2 Magnetic characteristics

The magnetic response of both the LMT and the SSIMT with floating stripes is
presented in Fig. 5-9a and Fig. 5-9b respectively. In these two figures the collector
current difference is shown as a function of the magnetic field. A zero field offset
can be seen clearly in both graphs with an effective offset of 125 mT for the LMT
and 150 mT for the SSIMT. Around the field at which Alc = 0 both devices exhibit
a linear response to the magnetic field and it is also at this point at which the
sensitivity is a maximum. However, as B is increased the collector currents

become very unbalanced and the collector current response decreases.

The absolute sensitivity S, as defined by equation (3.30), is directly
proportional the current density of the electrons flowing laterally in the base region
in the vicinity of the plane X (see equation (4.13)). The effect of Ip on the
absolute sensitivity is seen clearly in Fig. 5-10a and Fig. 5-10b which show the
absolute sensitivity versus Ig for the LMT and the SSIMT respectively. For both
devices S, rises rapidly to a maximum and then drops off. At low base currents the
lateral transistor is turned off for both devices (Ico = 0), and Al is effectively 0.
As the base current is increased past I, a lateral electric field is sstablished in
the base region causing a collector current to flow and Al to increase. Further
increasing of the base current causes a rapid rise in absolute sensitivity as the
laterally flowing electron current density becomes larger. If the base current is
increased even further S, drops off. The peaked shape of the curves is probably due

to nonuniform electron current densities in the base region of the device due to high
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current effects. The effect of the substrate voltage on the absolute sensitivity, is

also seen clearly in these figures. As the substrate voltage is increased Sy

displays an increasingly more peaked shape indicating the presence of a more

concentrated electron flow. This is due to the position of the plane X' or X5 moving

towards the chip surface causing a concentration of the laterally flowing electrons.

This movement in the plane X' or X7 is due to the increase in tlie reverse biased
depletion width of the p-well/n-substrate junction as has been explained in chapter

4.0.

The relative sensitivity, according to the definition of equation (3.29), is
proportional to S, and inversely proportional to I¢g, Sy is plotted as function of Ig in
Fig. 5-11a and Fig. 5-11b for the LMT and the SSIMT respectively. As can be
seen for both devices a sharp peak in the relative sensitivity occurs near the onset
of the base resistance modulation due to the large S, at this point and the small

value of I¢.

Using the results presented in Fig. 5-11a and equation (4.6) we can
calculate a value for the position of the plane X'. AtIg=2mA ,Vc=35 and Vg =
10 V we have a sensitivity of 100 %/T which results in a value of 5.25 um for the
position of the plane X'. The plane is therefore positioned near the middle of the p-
well. The value of 5.25 pum is physically reasonable and compares well with the
values calculated by Popovic and Widmar [25]. In a similar way we can use the

resuits in Fig. 5-11b and equation (4.14) to calculate Wegr for SSIMT with floating
stripes at maximum sensitivity. We obtain a figure of 1.05 pm for Werr at a
sensitivity of 500 %/T. A comparison of these two values provides an indication of

the effectiveness of the p* stripes in shaping the injected electron flow.
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In Fig. 5-11c and Fig. 5-11d S;is plotted as function of the substrate
voltage for the LMT and the SSIMT respectively. With increasing base current the
peak in S; is obtained at larger values of Vs, The magnitude of this peak is an
indication that the electron current density increases significantly as Vgis
increased and the depletion region of the n-substrate/p-well junction is increased.
At the large base currents the high current effects are more dominant, the lateral

electric field larger and the area of current concentration more sharply defined .

This results in a larger Vg being necessary to obtain a maximum sensitivity.

An investigation of the variation in S; with respect to collector voltage was
also done. A plot of S; versus the collector voltage V¢ is shown for both devices
in Fig. 5-11e and Fig. 5-11f. It is expected that S; will change little with respect to
Vc and this is indeed the case. However, a small drop in S; can be seen and this
can be attributed to the Early effect. As Vs increased the depletion region width
of the reverse biased collector/base junction increases. This causes a drop in the

effective base width of the device. As S;is proportional to this length (see

equation (4.14)) we can expect a drop in it as well.

5.3 SSIMT with stripes biased

In this section basic electrical and magnetic characteristics are presented
for both the 4 um and 5 um devices with biased stripes [5, 54-56]. The fundamental
difference of this bias configuration and that of the stripes floating is presence of a

small negative potential Vr applied to the p* stripes. This voltage is essential for

the operation of the SSIMT at very high sensitivities.
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5.3.1 Electrical Characteristics

In Fig. 5-12 through 5-15 the basic electrical characteristics of the 4 Hm
SSIMT with biased stripes is shown. In Fig. 5-12 we present the variation of the
laterally collected current I¢ as a function of V¢, the collector voltage. As can be
seen for all three base currents the device is in the forward biased operating
regime. Ic displays a slight response to changes in V¢ due to initially the Early

effect and then break down effects.

The dramatic effect on the device operation of applying a potential V; to the
stripes can be seen in Fig. 5-13. The grounding or application of a small negative
potential to the stripes has completely suppressed the operation of the lateral
transistor below a critical voltage. The operation of the device can, therefore, be
broken into two distinct modes. One is for base currents less then a critical base
current Ig¢ at which the lateral transistor turns on and a collector current is
measured. Although presence of a critical base current was apparent for the LMT
and the SSIMT with stripes floating, it is much more clearly defined when the
stripes are biased and the device operates in two completely different ways below
and above this critical current. Below the critical base current the lateral transistor
is completely turned off and the collector current is very small (see Fig. 5-13).
Under this condition the device is basically off. Above the critical base current the

lateral transistor turns on and the device is in the forward active region.

The effect of increasing the negative potential V;on Ig. can clearly be seen
in Fig. 5-13, with I increasing as V; is made more negative. This is easily
understood as applying a more negative voltage to the stripes forces the base

region near the stripes to a lower potential and in order to turn on the device a

89



larger base current is needed. The collector current for Ig > I displays a fairly
linear behavior with respect to Ig as expected. The collector current a:, a function of
the stripe potential is shown in Fig. 5-14. The collector current is seen to drop as
IVl is increased. This is expected as increasing the magnitude of V, causes the

plane X; to move away from the chip surface reducing Wess and therefore

decreasing Ic (equation (4.22)).

In Fig. 5-15a and Fig. 5-15b the base voltage and substrate current are
shown as a function of Ig. Both of these figures clearly show the distinctive
bimodal operation of the device. It is clear, from Fig. 5-13 and Fig. 5-15a that when
Ig is increased past Ig¢ the emitter/base junction becomes forward biased,
electrons are injected into the base and a current flow is established to the
collectors and the substrate. From Fig. 5-15a it can be seen that high injection
effects become manifest for Ig > I and the base voltage falls due to the injected
electrons modulating the conductivity of the base region. The base voltage
displays a linear relationship to the base current for Ig < Ig¢, This is an indication of
an ohmic relationship between Ig and Vg and in fact a measurement of the current
passing through the p* stripes for Ig < Ip this suggests that almost all of the base

current is passing directly from the base contact to the stripes under this condition.

A plot of the substrate current Ig versus the base current is shown in Fig.
5-15b. It reveals that even for Ig < Ip. there would appear to be some injection of
electrons into the base, however these electrons e collected entirely by the
substrate. For Ig < Ip¢ but greater then that required to turn on the vertical
transistor Ig is a linear function of the base current indicating normal operation of

the vertical transistor. As Ip is increased past Ig., the lateral transistor turns on,



high injection effects become dominant and there is an initial sharp increase of Ig

after which Ig saturates.

In Fig.5-15c a plot of Ic with respect to increasing Vg is presented.
Increasing Vg causes the plane X5 to push closer to the chip surface, due to the
increase in the depletion region of the p-well/n-substrate junction, this in tumn
causes a reduction in Wegr and a consequent drop in I¢. The drop in I¢ can be seen
clearly, in Fig. 5-15c, as Vg is increased from the point at which the p-well/n-
substrate junction is reverse biased to the point at which the lateral transistor

turns off.
5.2.2 Magnetic characteristics

The basic magnetic response of the SSIMT is shown in Fig. 5-16. The
variation of the collector current, Alc = Ic2 - Iy, is shown in Fig. 5-16a. In order to
minimize the zero field offset slightly different potentials were applied to the p*
stripes. The device exhibits a very linear behavior with respect to the magnetic
field. This figure shows the symmetrical nature of the SSIMT with respect to the
magnetic field. Fig. 5-16b shows the effect of altering the stripe potential on the
sensitivity of the device. As can be seen from this figure, the larger the negative
potential applied to the stripes the higher the magnetic sensitivity. Very large
sensitivities were measured for V; close to Vi In fact critical magnetic fields B¢
were displayed at which one collector current could effectively turned off. If the
magnetic field is increased beyond this magnitude the sensitivity of the device
decreases as only the remaining collector current is affected. It was noted that by
the use of different biasing conditions critical magnetic fields from 30 mT to 1 T

were obtainable [5].



The absolute sensitivity S, is shown as a function of V; in Fig. 5-17. The
dramatic increase in Sy as Vyapproaches Vyc and Wesr is made very small, by
pushing the plane X near the plane X7 indicates the presence of high current

densities in the base region near X».

The relative sensitivity Sy as a function of V; is presented in Fig. 5-18 and
equation (4.41) is shown in solid. It can be seen the agreement between theory
and experiment is good. The values of K; and V. were 5.66 um/ V and -212 mV
respectively. These measurements clearly show the crucial role of V; for the
attainment of high sensitivity. An additional insight into the effect of V; can be
seen in Fig. 5-19 where results for Wegf, L1 + L2 and the planes X; and X are
presented. Ii can be seen, that Wegr decreases to zero as Vy approaches Vy. At
the same time L + L3 slightly increases, Fig. 5-19b. This confirms our assumption
that the sum L + L is almost constant and the reduction of Wesr is the dominant
geometric influence on S;. Corresponding values for X; and X5 are shown in Fig. 5-
19b. It is interesting to note that X5 is almost unaffected by changes in V; and
positioned at = 5 pm . The reduction of Wegr is therefore brought about only by a

shift in the position of the plane X,

The variation in S, with Vg is shown in Fig. 5-20. As with the variation of
Sa with Vi, maximum sensitivities are obtained when Vs is near the critical value
at which the lateral transistor turns off. The rapid increase in S, as Vs increases is

due to Wefr being reduced and the increasing of current densities in the base

The influence of Vs on the relative sensitivity is presented in Fig. §5-21.

Experimental results are in good agreement with equation (4.53). It is of special

interest to note the reduction of Vs, with the increasing of Vy. This is expected as
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the plane Xj is positioned deeper within the device for larger negative stripe
potentials. For the case of Vy =-180 mV (K = 6.56 pmy/ V1/3), Wegr, and Ly + Ly
are plotted in Fig. 5-22. As the sum Lj + Ly changes only slightly, it is obvious

that, as before with variations in Vy, the dominant geometric influence on §; is the

reduction of Weff.

The variation of S, with the applied base current is presented in Fig. 5-23a.
As with the other bias parameters as Ig approaches Igc and We(r tends to zero the
absolute sensitivity increases sharply. The influence of Ig on S; is presented in
Fig. 6-24. These results are in agreement with equation (5.58) (K = 1.0), and
confirm the existence of Igc, with S; being at a maximum at Ig = Ig. and decreasing
as Ig is increased. It is apparent that as a larger negative potential is applied to
the p* stripes it is necessarily to have a larger Ig to open up a path for the lateral
flow of electrons. Wegr and L1 + Ly are plotted in Fig. 6-25 as a function of Ig and
again there is little variation in the sum L + Ly and W governs the behavior of

Sr.

In Fig. 5-26 the variation in the relative and absolute sensitivities with V¢
is shown respectively. Fig. 5-26a shows S, to be a slightly increasing function of
V. The increase in S, follows the increase in Ic In Fig. 5-26b S; displays a slight
drop as V¢ is increased. This indicates that the increase in Alc is not as great as

that of increase in I¢ due to the Early effect.

The results presented above reveal the SSIMT to be a highly sensitive
magnetic sensor with a linear response to the magnetic field. The analytical model

developed in chapter 4 appears to describe the operation of the device well and the
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theoretical dependance of S; on the bias conditions compares well with the

measured data.

5.4 Device geometry variation

In order to optimize the operation of the SSIMT a variety of devices were
manufactured in a 5 um process. A number of devices with differing emitter
geometries were fabricated to analyze the geometrical aspects of the electron
injection into the base. Devices were also fabricated with increasing base widths

to facilitate an analysis of the deflection mechanism in the magnetic operation of

the SSIMT.
5.4.1 Emitter geometry variation

To provide a basis of comparison with the 4 um device presented in the
previous section an almost identical device was fabricated using the 5 um process.
The electrical and magnetic characteristics of this device are presented in the Fig.
5-27. A comparison of these figures with the comparable ones in section 5.2.2
shows that the device operates in the same manner. As before two modes of
operation are evident, with the lateral transistor turning on at a particular base
current, Igc. The base voltage (Fig. 5-27b) displays the same dramatic drop as
electrons start to be injected into the base region. Fig. 5-27a shows Ig as a
function of Ip and it would appear that for this device the vertical transistor turns
on at the same base current as the lateral transistor. This is in contrast to the 4

nm device where the vertical transistor turned on before the lateral one.

Magnetic characteristics are shown in Fig. 5-27c and 5-27d. Both the

absolute and relative sensitivities display a very siinilar behavior to that measured
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for the 4 um devices, with a strongly peaked response being observed at the

critical base current.

Fourteen devices were manufactured of differing emitter geometries varying
in size from a 20X20 um emitter to a 100X60 pum emitter. The measured collector
current, Ico, at a particular bias point showed little variation with the emitter
geometry. This is expected as the magnitude of the collector current is basically

determined by the base width and the positions of the planes X; and X».

The critical base current at which the device turns on Ig. did, however,
show a strong dependance on the emitter geometry. In Fig. 5-28 Ip is presented
as a function of the area Ag of the emitter. There would appear to be a strong
correlation between Ag and Igc. This can be explained as consequence of the
following fact. As Ag is reduced the effective resistance of the base increases, due
to the reduction in the volume through which the base current flows. This increase
in base resistance means that a larger base current is required to produce the

potential needed to forward bias the emitter/base junction.

The effect of the emitter geometry on the magnetic response of the SSIMT
was also analyzed. In Fig. 5-29 the absolute sensitivity is shown as a function of

the emitter length, Lg, for both the square emitter devices and the devices where
WEg was kept constant. It is clearly seen that S, drops off sharply for the larger
emitter devices and a peak in S, is observed with an emitter of approximately 30
um long. An example of the collector current response of the devices with varying
LEg is presented in Fig. 5-30. In this figure Alc is shown as function of B for devices
with emitters varying in length from 100 pm to 20 pm. All devices exhibit a linear

behavior with respect to the magnetic field. The smaller the emitter length the



larger the current response to the magnetic field. The absolute sensitivity of the

device was found to be relatively unaffected by changes in WE.

In Fig. 5.31 and Fig. 5.32 the relative and absolute sensitivities of all the
devices are shown as a function of the emitter area. These graphs indicate a
general trend of increasing sensitivity as the emitter size is decreased. This
implies the presence of a higher current density of the laterally flowing electron

current for smaller geometries.

To analyze the effect of increasing the base width of the SSIMT, devices
were fabricated with base widths of 10, 20, 30, 40 and 50 um. S, is found to be an

increasing function of Wp as is expected from equation (4.14).

5.5 DC zero field offset control

An important aspect of the performance of magnetic field sensors is DC
resolution, the minimum DC magnetic field that can be detected. The zero field
offset Boff of the magnetic sensor determines this resolution and the ability to
minimize this offset is desirable. The SSIMT, when operated with stripes biased,
offers the possibility of annulling Bogr by applying slightly different potentials to
each of the p* stripes [56]. This procedure allows for the compensation of

asymmetries in the device due the fabrication process.

The investigation of the current offset when both of the p* stripes are at the
same potential V; shows that the offset increases with V; increasing (see Fig. 5-

33). This can be explained as follows: when the negative value of V; increases, the

effective width of the current flow out to each collector is reduced, the collector
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currents Icjo and Icgo decrease and the influence of imperfections in the device

structure on the offset becomes more pronounced.

A graph of the potential difference AV;= V3 - V1l needed to eliminate
Bofr is presented in Fig. 5-34. These results show that a smaller potential
difference is needed to annul the offset-as V; is increased, indicating that as Wegr

is forced smaller changes in V; have a greater effect.

The minimum detectable magnetic field is determined by the sensitivity of
the device and the zero field offset, Alcg, The exploitation of the very high
sensitivities of the SSIMT and the ability to annul the zero field offset allow for the

reduction of the minimum detectable DC field to the order of 200 UT.
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Fig. 5-1 SSIMT emitter structure a) 30X100 pm
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Fig. 5-2 SSIMT 50 um base width
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6.0 On the injection modulation effect

The complicated nature of magnetotransistor operation has lead to some
disagreement about the relative roles of the mechanisms outlined in sections 3.1, 3.2
and 3.3. In particular the magnitude of the emitter modulation effect has been
questioned [13, 32, 33]. The theory of SSIMT operation given in chapter 4 presumed
that carrier deflection of the minority carriers was the dominant mechanism and
confirmation of this assumption is needed. The presence of the p* stripes in the
SSIMT provides the opportunity of testing this assumption and analyzing the relative

roles of the two mechanisms [6).

In order to estimate the importance of emitter modulation in the device
operation the SSIMT is operated with stripes floating, and the voltage difference
between the two p* stripes is measured as a function of the magnetic field. This
voltage essentially gives us an indication of the value of the Hall field produced in the
base region along the emitter/base junction due to the flow of holes across the emitter
junction. We can then calculate the approximate current change due to this

asymmetrical injection and compare it to the actual measured change in current.

The first two sections of this chapter develop expressions for the Hall voltage
produced in the base region of the floating SSIMT (see Fig. 4.1) and the collector
current response of the SSIMT, if emitter modulation is assumed to be the dominant
mechanism. In the last two sections of the chapter an experimental analysis of the role

of emitter modulation is presented.
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6.1 Injection modulation effect

For simplicity, in this section, our analysis will focus on the device operation
with the substrate disconnected. The basic electrical operation is as presented in
chapter 4 for the SSIMT with floating stripes. Electrons are injected from the emitter
into the base region of the device and then flow laterally to the collectors. An applied

magnetic field parallel to the chip surface will cause an imbalance in the two collector

currents.
6.1.1 Hall voltage generation

As shown in section 3.2 the Hall voltage produced in the base region of the

SSIMT (Fig. 4-1) can be approximated by

Vy=KRyI.B, 6.1)

where IE is the emitter current, Ry is the Hall coefficier.t and By the applied magnetic
field. K is a geometric factor which will be a function of both the geometry and
operating conditions of the device. As with the single collector LMT analyzed in
section 3.2 it is difficult to evaluate K due to the complicated geometry of the base
region of the device. The Hall voltage can be expected to directly relate to the emitter

current, the applied field and the Hall coefficient. The Hall coefficient is defined [14] as

r|{ o -nb2
Ry=+ P . (6.2)
9\(p + nb)

126



and will be a strong function of the injection carrier concentrations in the base region of
the device [34].The Hall voltage produced along the emitter/base junction will
therefore be a function of the magnitude of the minority current density injected into

the base.

In oivder to express Ry as a function of the injection level in the base we
introduce the parameter o defined as the ratio of n over p. At low injection o = 0 as
n is much smaller then p which in turn is equal to the p-well doping, NA. At higher
injection levels n will approach p in magnitude and o will approach 1. Using the quasi-
neutral equation for the base region, p + NAo = n +Np and o = n/p, One can obtain that,

p = NA/(1-a) for the case of NoA>> Np. This enables us to express Ry as a function of

o

_r(l-o)[ 1-ob”

Ry
aNs | (14 o)

(6.3)

A plot of this function is shown in Fig. 6-2. Values of 1.1 and 3 were used for r and b
respectively [35,36]. An examination of Fig. 6-2 shows the presence of a critical o =
1/b2. Beyond o the Hall coefficient is negative. We can identify three distinctive
regions of injection: low injection (& = 0), high injection with & < o and high injection
for which a > o;. Under low injection (n << p) we have a = 0 and Ry = r/qNa. For
these conditions the device is in the normal forward biased operating mode and

therefore Ig is a linear function of Ip, related by the DC gain B, and we can write

equation (3.21) in the form of

Vy=KRy(1+p) Iz B, (6.4)
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If B is constant, which is usually the case at low level injection, then Vg is an
increasing function of the biasing current Ig, As the injection level is increased n will
approach p in magnitude and o will approach o. Taking the value of B as
approximately equal to 3 [3] we can calculate that for n and p at the critical injection
level o the values of 1/8Nj and 9/8NA respectively. These values indicate a high
level of injection and we can no longer assume a linear variation of Vy with Ig.
Namely, it is known that the current gain of a lateral transistor decreases due to high
injection effects [37]. Therefore an exact expression for the Hall voltage is
unattainable. However, we can predict the general trend of Vy as a function of I As
Ip increases, a high injection level will be reached, the current gain of the transistor
decreases, and the magnitude of Ry will fall. These two effects counteract the
consequences of increasing Ig. We can therefore expect a slow moderation and then
dropping off of Vy tbwards zero with increasing base current. If the injection level is
increased beyond o the Hall coefficient will switch sign and become negative, and of
course VH will also be negative. At the limit of very high injection levels n = p, o = 1

and the Hall coefficient is still negative as will be the Hall voltage.

The net result is that Vy linearly increases with Ig at low injection. As the
injection level increases the Hall voltage will saturate, then start to drop eventually

passing zero and changing sign at extremely high injection conditions.

6.1.2 Collector currents response

For the simple case of two collectors with a disconnected substrate we can,
given that a Hall voltage is produced in the base region near the emitter, derive the
variation in the collector currents due to the injection modulation effect. According to

Vinal and Masnari [30], the Hall potential along the emitter junction will be a function
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of position. With a magnetic field as applied in Fig. 4-1, this potential will be a
monotonically increasing function, (Fig. 6-2). We assume that this function is
symmetrical with respect to the center of the emitter. Differing from previous authors,
whose results imply the assumption of a step function for Vi [34] we assume a linear
variation of the Hall potential. Physically this is a more reasonable approximation, see

Fig. 6-2.

The collector current flowing to the right collector can then be represented as

Lg2 V+V(y)
Iep= Jge mV. Wrdy (6.5)

where Jg is the saturation current density, Vy is the thermal voltage, V is the base
emitter voltage under zero magnetic field, Vy(y) is the Hall potential along the base
emitter junction as a function of position, and m is an empirical constant. If we define

VH21 as VH21 =VH2 - VHI1, we can express the collector current as

\" v
mV LE _ 1H2
H21
Defining the collector current Icaq for zero magnetic field
Ly
Iy =IsWg —-emV. (6.7)

and the injection modulation coefficient
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\"%
Kmi= m/ZmV, (6.8)
we obtain for that
KMI
e -1
I~,=I (6.9)
C274C20 KMI

In a similar fashion we can obtain that

-K
l-e ™™
Ioi=leig—r—o (6.10)
Cl174C10 KMI

These two equations differ in form from equations derived by previous authors [30,34]
due to our use of a linearly varying Hall potential. As with previous derivations, the
collector currents exhibit an exponential variation with the Hall voltage but in in
addition there is an added nonlinearity due to the collector currents being inversely
proportional to the hall voltage. Using the two equations (6.9) and (6.10) and

assuming Icop =Ici10 = Ico/2, from symmetry we can calculate the current difference

Alc=1c2-Ica

cosh(K,) -1
Ale=lg—p M (6.11)
MI

This equation indicates that the magnetic response of the device due to the injection
modulation effect will be nonlinear with respect to the magnetic field. The relative

sensitivity of the device is then



cosh(Kyp)-1 1
" Kwi B,

(6.12)

X

6.2 Experimental results

The theory in chapter 4 and the analysis of the results in chapter 5 presumed
the dominance of carrier deflection as an operating mechanism over the emitter
modulation effect. The SSIMT structure allows us to analyze the relative roles of the
two mechanisms by means of the Hall voltage produced on the stripes when the

SSIMT is operated with the stripes floating [6].

In order to analyze the relative importance of the injection modulation
described above, 5 sets of devices were use. Each set having a different emitter length
varying from 20 pm to 100 pm. Our purpose was to investigate the Hall voltage Vy
produced along the emitter base junction as function of the biasing conditions and the
emitter geometry. The p* stripes placed at both edges of the emitter parallel to the

collectors allow for the detection of the base potential near the emitter edge.

The devices were operated in a common emitter configuration, a constant base
current Ig was supplied to the base contact, By, the collector voltages were 5 V. The
pt stripes were unbiased and the potentials at the points Vi) and Vya were

measured using a high impedance voltmeter.

To determine the effect of isolating the devices, by the reverse biasing of the
p-well, on the Hall voltage two bias configurations were used. In the first configuration
a simple two collector transistor configuration was used and for this case the

substrate was disconnected. In the second configuration the substrate was connected
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to a 5 V constant voltage source. Under these conditions the sub:irate is effectively a

third collector.

6.2.1 Hall Voltage

In Fig. 6-3 we present typical results for the variation Va1 = VH2 - VH of the

measured Hall voltage at an applied magnetic field of 500 mT as a function of Ig for

both bias configurations, (100 um device). At low injection there is a steep rise in

VH2) as Ip increases, which is in agreement with equation (6.4). As the injection level

is further increased this rise is moderated (as discussed in section 6.1) by a decrease

in Ry and the current gain. The configuration with the substrate connected produces a
higher Hall voltage at low and medium injection levels. This can be attributed to a

higher current gain measured in this configuration. However, at high injection levels

there would appear to be a larger degradation in current gain causing Vy to drop below
that of the simple configuration. For neither configuration was the injection level high

enough to cause & sign change of V.

The variation of the Hall voltage as a function of B for the 100 um device, for
both configurations is shown in Fig. 6-4. It can be seen that the variation is a linear
and symmetric function of B which is in agreement with equation (6.4). The
configuration with the substrate connected exhibits a larger Hall voltage due to a

larger current gain.

The geometric dependance of Vy is shown in Fig. 6-5. The Hall voltage was

measured with a field of 500 mT at a base current of 5 mA. It is interesting to note that
both configurations exhibited a maximum in the Hall voltage at an Lg of 80 um. The

drop of Vy as Lg increased from 80 um to 100 um could be explained by a variation in

the geometric constant K in equation (6.1). Emitter crowding effects will become more
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significant as the emitter length increases, causing a change in the distribution of

electron flow in the base.

6.2.2 Collector current response

The main impetus for these measurements was to determine the relative
importance of the injection modulation effect on the magnetic response of the collector
currents. Equation (6.11) was used in order to provide a comparison between the
actual change in the collector currents and that due to injection modulation. The value
for the Hall voltage was obtained from Fig. 6-4 and the parameter Icg obtained
experimentally. If injection modulation is the dominant mechanism of magnetic

operation the values of Alc determined experimentally should follow the theoretical

curves.

Typical results are shown in Fig. 6-6. The curves designated IM1 and IM2 are
the result of equation (6.11) for the two bias configurations. In order to obtain these
plots the values of 6.6 mA and 7.7 mA were used respectively. The DC operating
point chosen was Ig = 5 mA so as to be in the region where Vy is maximal (Fig. 6-6).
As can be seen from Fig. 6-6 the actual change in current is substantially larger then
the prediction of equation (6.11) for both configurations. The current change is larger
then in theory by an order of magnitude and shows a linear variation with the applied
magnetic field. These results would seem to strongly indicate that the magnetic

operation of the SSIMT is dominated by carrier deflection.
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7.0 Conclusion

The aim of the work behind this thesis was to both provide a good
analytical model of SSIMT operation and to provide a thorough experimental
characterization of the SSIMT under a wide variety of operating conditions. The
device model was outlined in chapters 4 and the basic aspects of the model
confirmed by the experimental results presented in chapter 5. Experimentally a
wide variety of devices were investigated over their full range of operation, with

both electrical and magnetic characteristics being reported.

The structure of the SSIMT enabled a comprehensive study of the operating
mechanisms of the device and particular emphasis was placed on the relative roles
of carrier deflection and emitter modulation. The effect of the p* stripes was
determined for two bias conditions (stripes biased and stripes floating) and
compared to a simple device with no stripes. The stripes were found to increase
both the absolute and relative sensitivities. Biasing the stripes slightly negative,
with respect to the emitter was found to amplify the fundamental effects of the

stripes and further increase the sensitivity.

The operation of the SSIMT with stripes biased is very complex. A
distinctive aspect of SSIMT operation was the presence of critical bias conditions
delineating the presence of two different modes of operation. In the first mode the
lateral transistor is effectively turned off and acts as a simple resistor with no
transistor action present. However, at the critical bias conditions the device

dramatically turns on and both the lateral and vertical transistors become active.
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The operation of the device under normal conditions was modeled in chapter
4. The device operation was assumed to be dominated by carrier deflection of the
minority carriers in the base. The minority flow in the base was analyzed. The
effect of the stripes was proposed to be a concentration of the electron flow within
the device resulting in a "beam" of electron current flowing laterally to the
collectors. The deflection of this flow was assumed to be the result of the Lorentz
force deflection of the electrons. The sensitivity of the SSIMT was found to be
determined by the effective width of this electron "beam" and the approximate
variation of the width of this beam with variable bias conditions was determined.
The variation of the sensitivity was then calculated with respect to the bias

conditions and compared to experiment in chapter 5.

The SSIMT exhibited very large sensitivities, larger than any previously
reported for a magnetotransistor with a linear response to the magnetic field. The
geometrical variations of the SSIMT indicated that large sensitivities are obtained

for devices with smaller emitter geometries.

Maximum sensitivities were obtained at the critical bias conditions at
which the SSIMT just turned on. Very high sensitivities could be obtained for all
the SSIMTs by using the stripes to balance the collector currents and then
lowering the base current to just above the critical base current at which the device
turns off. The largest maximum sensitivities were measured for the devices with
the smallest emitters and values in the order of 5000 %/T and 100 pA/mT were
measured for the relative and absolute sensitivities respectively. Also presented
in chapter 5 were results pertaining to the control of the zero field offset through
the use of different stripe potentials. A minimum zero field offset equivalent to a

magnetic field of the order of 200 uT was shown to be obtainable
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In chapter 6 experimental measurements were presented which, when
incorporated into a theoretical structure of the emitter injection effect, indicate the
dominance of carrier deflection as the mechanism of magnetic operation of the

SSIMT. These results justify the primary assumption of the models in chapter 4.

The results presented in this work suggest that the SSIMT is a promising
device. The high sensitivities of the SSIMT, and the use of standard CMOS,
prompted an attempt to use it in an application previously performed by small coils.
This application involved the measurement = a 200 Hz magnetic field of the order
of 100 mG. The SSIMT performed as well as expected under these conditions and
rescarch into the use of the SSIMT is still being undertaken. There would appear
to be a considerable number of practical applications for a small, inexpensive,
mass-produced magnetic sensor and the SSIMT would appear to be a strong

contender for this role.

To achieve this role a number of characteristics need further investigation
For example, the noise characteristics of the device need to be characterized with
respect to both geometry and bias. The determination of the noise correlation
between the collector currents will be important in determining the minimum
resolvable AC magnetic field. Results presented in chapter S indicate that the
emitter geometry is important in the operation of the device and further study into
this would be constructive. The spatial response of the device as a function of
geometry is of considerable practical interest as well as the AC magnetic
response of the SSIMT. A study of the temperature characteristics of the collector
currents and the turn on point of the device will need to be done. Finally, a study of
the reliability of the device and uniformity of different device samples will have to

be undertaken.
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