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ABSTRACT

The experimental analysis of two types of magnetic-field-sensitive lateral
magnetotransistor is presented. One device is sensitive to magnetic field applied
parallel or perpendicular to the chip surface and is fabricated in CMOS technology.
The other device is sensitive to magnetic field applied parallel to the chip surface
and is fabricated in bipolar technology. For each device, the influence of operating
conditions on sensitivity is investigated and analyzed. Measurement results for
both devices indicate: 1) carrier deflection appears to be the dominant mechanism
of magnetic operation, 2) the sensitivity increases with the substrate voltage, and
3) the sensitivity decreases when high injection level has been reached. For the
CMOS device, three additional experiments are carried out in order to investigate
1) the role of the surface effects on sensitivity, 2) the device's signal to noise ratio
(or resolution), and 3) the noise correlation between the collector voltages of
differential structures. The surface effects are controlled by applying potential on
the gate contact. For Vg < 0, the sensitivity improves by 10 %; for Vg > 0, the
sensitivity decreases drastically. The resolution of the CMOS device is in the
range of 10 uT at f = 1 kHz. No correlation between the two collector noise
voltages is observed. For the bipolar device, the role of the n*-buried layer on the
electrical and magnetic characteristics of the device is also studied. With the
presence of the n*-buried layer, the influence of the substrate voltage on

sensitivity becomes insignificant.
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1. INTRODUCTION

All silicon magnetic field sensors (MFSs) that can be batch fabricated in
standard IC technologies such as bipolar or CMOS technology can be classified
into four categories: Hall cell devices (HCDs), MOSFET magnetic field sensors
(MAGFETs), Magnetodiodes (MDs), and Magnetotransistors (MTs) [1,2]. All
these devices, however, are based on the action of the Lorentz force, F = qv x B,
acting on the moving charge carriers in the semiconductive slab. Here q
represents the elementary charge, v is the velocity with which the charge is
moving, and B is the magnetic induction.

The HCDs are the simplest, oldest, and best understood MFSs. They,
however, generally have low sensitivity and high offset. A HCD is usually just a
rectangular slab of Si or GaAs material with four ochmic contacts; two contacts are
for driving current and two are for sensing the Hall voltage.

MAGEFETs refers to MFSs based on the MOSFET operation. The inversion
layer of the MOSFET serves as a Hall plate. Among MAGFETs, the triple drain
device is the most sensitive one. Both HCDs and MAGFETSs have their output
voltages varying linearly with respect to the applied magnetic field.

Magnetodiodes have high relative magnetic sensitivity but, unfortunately, their
output voltage or current varies nonlinearly with respect to B. This makes them
more expensive for practical applications because of the need of more conditioning
circuits to process their output signals. The crucial requirements for MD operation
are two different recombination rates at the top surface and at the bottom surface
of a slab, the slab geometry, and high injection current.

The most recent and most promising MFSs are the magnetotransistors. The
MT is based on bipolar transistor action. The MT is used in common base or

common emitter configurations, and the change in collector currents due to the



action of the Lorentz force is used to measure the strength of the applied B. For
practical purposes, most MTs are designed as differential structures, i.e. they have
at least 2 collectors. There are also structures with more than 2 collectors which
are capable of detecting two and three components of the magnetic field vector
simultaneously [3,4]. Moreover, MTs have the highest sensitivity among all
silicon based MFSs. For example, the suppressed sidewall injection
magnetotransistor (SSIMT) has a relative sensitivity of up to 3000 %/T [5].

At the present, MTs are realized in both standard bipolar and CMOS
technologies. MTs can also be integrated with circuitry on the same chip, for
example, in an angular displacement transducer [6], or in a Magneto-Operational
Amplifier (MOP) [7]. These inherent advantages coupled with our access to Su
and 34 CMOS processes offered by Northern Telecom through CMC are the

reasons we focus our research on MTs which are fabricated in standard CMOS

technology.

1.1 BASIC PARAMETERS OF A SENSOR

A sensor in general is an input stage of a process control system. Its output
signal is then processed by the next stage which is called the signal processing
stage. This stage may include an amplifier, some compensation circuits to
minimize the influence of temperature and offset, and an A/D converter. For
successful functioning of the system it is crucial that the sensor is characterized in
terms of the following parameters: sensitivity, signal to noise ratio (magnetic field
resolution), frequency response, linearity, and offset. So we will briefly discuss in
the following some of the basic parameters relevant to sensors.

For sensors, the first figure of merit to be considered is the sensitivity. The

sensitivity figure can be defined either in absolute or in relative terms. The



absolute sensitivity is defined as

S,=ia 1.1
d Q=const

where S represents the output signal, M is the measurand, and Qj is a set of

different parameters having a constant value.

Whereas, the relative sensitivity is defined as

S, =1 95 12
So dMIQ;=const

where S, is the value of the output signal different than zero when M=0.

An analysis of the device noise is meaningful because noise figure provides
more information regarding the application range of the device as opposed to just
the figure of sensitivity on its own. A commonly used parameter for noise

characterization is the equivalent input noise spectral density

v Sn.out(f)
Smm - S_% 1.3

where Sp oyt () is the noise spectral density at the sensor output, and S, is the

absolute sensitivity.

Nonlinearity is defined as

NL=s—é§1-x 100 (%) 1.4
1

where S is the output signal, and S1 is the best linear fit of the output signal. The
parameter NL is applicable only if the output signal should have linear dependence

on the measurand.



Offset is the signal at the output of the sensor in the absence of the
measurand. Offset is usually the result of mask misalignment, and of mechanical
stress introduced while bonding. Offset characterization is important because the
signal generated from offset is indistinguishable from the useful signal in static and
low frequency measurements. In other words, offset limits the resolution of the
measurand. The offset is characterized as

Me=stf

where M. is the equivalent value of the measurand, and Soff denotes the output

offset signal.
1.2 SCOPE OF THE WORK

In this work, we focus our investigation on lateral magnetotransistors, and in
particular the device that can detect B which is either perpendicular or parallel to
the chip surface. It is important to understand the operation of this device since it
can serve as a basis for understanding multidimensional structures. The device
can be used either in single ended mode or in differential mode. In addition to the
usual device characterization, an extensive investigation of the influence of
different biasing conditions on the magnetic sensitivity of the device has been
carried out.

Besides the sensitivity characterization, we investigate the noise of LMT
structures. There are basically 3 reasons for this. First of all, these LMT
structures are unconventional, i.e. they have low current gain, B < 1, therefore their

noise may not be properly modelled using models derived for conventional high



gain transistors. Second, since the ultimate goal is to integrate the sensor with
signal processing electronics, it is necessary to determine the device operating
conditions for optimum signal to noise (S/N) ratio. Third, there is an open question
about the collector noise correlation in differential structures. We hope that our
investigation will provide some answers.

It is well known that surface effects are important in the operation of
semiconductor devices, but so far there have been no studies on the influence of
surface effects on LMT characteristics. Hence, we will also analyze this problem.

The final goal of this work is to investigate LMT structures fabricated in bipolar
technology. So far, bipolar technology has been used mainly to make VMTs, and
there is no reported work on LMTs fabricated in standard bipolar process.

In Chapter 2, the history of MTs' development is recapitulated, from the early
Ge bipolar transistor to the more sophisticated SSIMT. The unique features in
design and the important theories related to the operation of different versions of
MT are highlighted. Here, we also discuss why MTs are classified into vertical
magnetotransistors (VMTs) and lateral magnetotransistors (LMTs).

In Chapter 3, the basic structure and operation of a LMT structure sensitive to
the magnetic field applied either parallel or perpendicular to the chip surface are
described. For example, we will discuss how an additional P* stripe surrounding
the emitter on the 3 sides of the emitter will shape the flow path of the injected
electrons. The influence of different operating conditions on the device
characteristics such as the base current I, the substrate voltage Vs, and the
voltage applied on the P+ stripe V; are also studied. In section 3, the measured
d.c and a.c electrical characteristics of the device are presented for different
operating conditions. Finally, the last section of the chapter deals with the

magnetic characteristics of the device.
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Since it is known that surface effects play an important role in the operation of
semiconductor devices, in Chapter 4 we will see how surface effects influence the
LMT characteristics. The surface effects are controlled by the applied gate
potential.

Chapter 5 is dedicated to noise studies. The first section of this chapter
outlines the problems associated with noise. This is followed by the definitions
and formulas of different noise sources. Then the description of the experimental
set up and the noise measurement procedures are presented. The remainder of
Chapter 5 deals with the experimental results on the collector noise of single
ended and differential LMTs.

In Chapter 6 the results related to LMTs fabricated in bipolar technology are
presented. Special attention is paid to the role of the n*-buried layer on the
electrical and magnetic characteristics of the device.

In the conclusion, we summarize the performance of our LMTs and then

propose future investigation into MT.



2. REVIEW OF MAGNETOTRANSISTOR STRUCTURES

The purpose of this chapter is to highlight important achievements in the
development of MTs . We will look at various structures fabricated using different
processes and discuss in detail important concepts in designing and analyzing
MTs.

Investigation into the effect of magnetic field on certain parameter of a bipolar
transistor has begun since 1950 by Brown [9]. He discovered that the cut-off
frequency, f;, and the current gain, o', of a point contact transistor decrease when a
negative transverse magnetic field is applied and increase with a positive field. In
1959, Trivadi and Srivastava [10] extended this investigation to the germanium
junction transistor. Unlike Brown, they found that the effect of magnetic field on f¢
was negligible. They also found that the current gain o' drops when either positive
or negative transverse magnetic field is applied. The explanation was that the
transverse magnetic field modulated the effective diffusion length of the minority
carriers in the base region. Trivadi and Srivastava were the first to suggest that
the transistor be used as a device to measure the strength of magnetic field by
measuring the change in a'. Lack of interest and lack of potential commercial
applications with solid state magnetic field sensors prevented further study in the
field of magnetic transducers using regular bipolar transistors. It was not until the
end of the 60's and in the early 70's that some interest was revived. Although
there were only a few research papers reported, the whole approach to make a
transistor which can serve as a MFS took a turning point. For the first time,
specific transistors were designed to be magnetic field sensors. Here, the change
in collector currents or voltages was used to measure the strength of B. Hudson
[11] received the first patent on the transistor used as a semiconductive magnetic

transducer in 1968. Two years later, Flynn [12] reported a two collector vertical



magnetotransistor used as a magnetometer. In the same year, Davies and Wells
[13] presented the first drift aided lateral magnetotransistor. The device was
actually a lateral double collector transistor embedded into a Hall plate.

Since these devices were the first generation of MTs, they were not optimized
and so their relative sensitivity was rather low, in a range of 0.02 T -1 . Therefore
they provided no alternatives to the already mature Hall cell devices. Thus there
was another long, stagnant period in the investigation of MT. In the early 80's
when industries and consumers demanded a much higher sensitivity, higher
reliability, and less expensive MFSs, the Hall cell devices could not meet all the
requirements. This brought a surge of interest in the field. Many novel structures
were designed, and at the same time many models and theories were developed.
In all, three distinct structures were considered: VMTs, LMTs, and SSIMTs. In
addition, three different mechanisms - injection modulation, carrier deflection, and
magnetoconcentration — were introduced to account for the galvanomagnetic effects
in MTs. These three mechanisms are manifested from the action of the Lorentz
force on the charge carriers. Carrier deflection refers to the action of the Lorentz
force acting on the minority carriers in the base region or in the depletion region of
the collector. It is characterized by the linear response of the output signal with
respect to the applied field. Emitter injection modulation, on the other hand, is
related to the Hall electric field generated by the Lorentz force acting on the
majority carriers in the base region. This Hall field then modulates the potential
along the emitter-base junction and therefore the injection of the minority carriers,
and thus brings about an unsymmetrical injection along the emitter perimeter.
Magnetoconcentration refers to the modulation of the conductivity in the base
region at high injection levels. The last two mechanisms are characterized by the
nonlinear response of the device with respect to the applied magnetic field.

Depending on a particular design and at a certain biasing condition, one of these



three mechanisms could prevail. Most of the structures designed during this
period were one dimensional MTs. They could only detect one component of the B
vector. Multidimensional MTs have been pursued actively only in the last 3 years
[3.4,14,15]. These devices still need to be optimized to achieve high relative
sensitivity in all three directions and to have no cross sensitivity.

The classification of MTs is based on the main current flow of the MT that is
used to sense B with respect to the chip surface. The VMT is a transistor that
has its main current flow perpendicular to the chip surface and deflect sideways
due to the Lorentz force when B is applied perpendicular to the current flows. On
the other hand, lateral current flow parallel to the chip surface of a LMT is

essential for magnetic field detection.

2.1 VERTICAL MAGNETOTRANSISTOR (VMT)

An example of a VMT is depicted in Fig.2.1. It is proposed by Zieren and
Duynham {14] and is fabricated in bipolar IC technology with n*-buried layer. The
device is a npn differential transistor with 2 collectors. The collectors are formed
by splitting the n*-buried layer into two halves. A gap between two collectors is
necessary to avoid short circuiting the collector contacts. When B is zero, the
main current which flows down towards the two n*-buried layers will be collected
equally by the two collectors. If B is applied parallel to the chip surface, the
current beam will be deflected sideways by a Hall angle 8y. The Hall angle is
defined as the angle between the electric field and the current density vector. It is
defined by the condition

tan Oy = UyB

2.1



where [y is the Hall mobility, and B the magnetic induction. The deflection of the
current beam leads to an imbalance in collector currents which can then be
measured. An average relative sensitivity of 0.05 T-! is obtained. Sensitivity
increases with a longer effective deflection length L. and with a narrower emitter
beam. At higher injection, the emitter injects electrons from its edges, thereby
broaden the effective emitter beam. Consequently, the relative sensitivity is
drastically decreased. The output signal of the device is linearly proportional to
the magnetic field B. This linearity is attributed to the fact that the dominant
mechanism for magnetic effect is minority carrier deflection in the n-epilayer.

Another possible VMT is proposed by Maenaka et al. [15] (see Fig.2.2).
Unlike Zieren's VMT, this device is fabricated in bipolar process with no n* buried
layer. However, the principle of operation is essentially the same. The only
drawback is a lower relative sensitivity, around 0.02 T-1. They also investigated
the effect of emitter length and magnitude of I¢c on the sensitivity. The conclusion
was that at low and moderate injection levels, the sensitivity increases with
higher Ic and decreases with longer emitter length.

At the same time, both Zieren's group and Maenaka's group have introduced
their two dimensional VMTs capable of detecting both components of the in-plane
magnetic field simultaneously. Actually, Zieren's device is the first
multidimensional MT. The structure consists of a circular emitter, a base region,
and four buried n* collector contacts (see Fig.2.3). In Maenaka's 2-D VMT shown
in Fig.2.4, there are two 1-D VMT placed 90 ° apart. Its operating principle is the
same as the structure shown in Fig.2.2. More recently, Kordic introduced a 3-D
magnetic field sensor [4]. The sensor is a 2-D VMT with additional collector
contacts. The 2-D VMT senses the in plane components of the magnetic field
while the additional inner collector contacts are used to detect the perpendicular

component of B vector. The simplest structure has two 'x' and two 'y' collectors
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and one 'z' collector pair. The main problem of this structure is that the output
signal of the z component is extremely low and comparable to the cross-output
signal between x- and y-channels. A more advanced device incorporates 4 '2'
collector pairs (see Fig.2.5). The output signal from the z collector pairs is much
higher in this case because the contacts zj are connected together as well as

those of z;. However, this structure still has some inherent cross-sensitivities.

The uniqueness of this 3-D MFS, the author claims, is its small spatial resolution.

2.2 LATERAL MAGNETOTRANSISTOR

A lateral pnp magnetotransistor proposed by Davies and Wells [13] is shown
in Fig.2.6. The n type base region acts as a Hall plate. There are 2 base contacts.
In the presence of a potential difference between the base contacts, an electric field
will be established in the base region, and this in turn will give rise to a drift
component of the minority carrier current density. When B is applied perpendicular
to the surface, the action of the Lorentz force rotates the total electric field in the
base region by a Hall angle Oy for the majority carriers (electrons), e.g. the
charges accumulated on two sides of the base region. This rotation in E results in
an additional rotation for the minority carriers (holes). Hence the total deflection

angle of the total current density vector is given by the angle,

6p = arctan(i,B) +arctan(l,B)

where Wip and pp are the Hall mobilities for electrons and holes respectively.
Modulation of emitter injection is claimed to be the dominant effect in Vinal and
Masnari's device [16,17). They explain that an applied perpendicular magnetic

field causes a voltage variation along the emitter-base junction due to the



established Hall field along the emitter-base junction. This results in nonuniform
carrier injection into the base, and subsequently unequal currents in the two

collectors. More specifically, when Vg is used to bias emitter-base junction, a
Hall field is established from right to left (see Fig.2.7). This induced Hall field
increases the emitter-base voltage by an amount on the right side of the front
surface of the emitter, and decreases the emitter-base voltage the same amount on
the left side. The right side of the emitter, therefore, injects more electrons, and so
the right collector current increases. On the other hand the left side of the emitter
injects less electrons, and the left collector current decreases. The difference
between the collector currents Icr and IcL is used to measure the strength of the
magnetic field. When Vp3 is used to bias the emitter base junction, a Hall field is
established from left to right and all the previously mentioned effects reverse.
Now the left collector current increases while the right collector current decreases.
Vinal and Masnari also present another injection modulation based on lateral npn
transistor that is sensitive to the magnetic field applied parallel to the chip surface.
The approach in that structure is to use a recessed oxide surrounding the emitter
so that no injection will take place from the perimeter of the emitter.

It is easy to show that when the emitter injection modulation is involved, the

Hall voltage created in the base region of the MT can be expressed as

Vu =KRylgB

where K is the geometrical constant, Ry is the Hall coefficient, Ig is the base
current, and B is the magnetic induction. This voltage is superimposed to the

emitter-base junction voltage and produces



Ic(B) = Ic saexplq(VaEg + Vi) / mkT)

Therefore, the net collector current is an exponential function of Vy, and the
change in collector currents varies nonlinearly with B.

The MTs' structures described so far are fabricated in bipolar technology.
There are also LMTs fabricated in CMOS technology. The first device is proposed
by Popovic [18,19] (see Fig.2.8). It is a device sensitive to B applied parallel to
the chip surface and features a relative sensitivity of 1.5 T -1. The device has two
base contacts to create an accelerating E field in the base region for aiding the drift
current component. The emitter, the collector, and the base contacts are situated
inside a P-well which serves as a base region. The substrate in this case is acting
as a second collector and is considered a parasitic collector. The device is
sensitive to B applied parallel to the chip surface. At moderate injection, even
though both mechanisms--carrier deflection and injection modulation--have their
roles in magnetic transduction, the former one is more dominant. The result is a
linear response with B. At high injection, magnetoconcentration effect becomes
important. The magnetic sensitivity decreases with increasing emitter current
beyond 1.0 mA. More information about its principle of operation will be given in

Chapter 3 when we discuss the principle of operation of our structure.

2.3 SUPPRESSED SIDEWALL INJECTION MAGNETOTRANSISTOR
(SSIMT)

The most sensitive magnetotransistor so far is the one designed at the
University of Alberta. It is called the Suppressed Sidewall Injection Magneto-

transistor (SSIMT). Its sensitivity ranges from 0.5 T-1 t0 30 T-1 depending on the

24
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operating condition. The collector currents at maximum sensitivity are of the order
of 400 pA [5, 20].

The SSIMT is a special form of LMT. Its unique feature is the placement of
two P* stripes along the edges of the emitter and parallel to the collectors (see
Fig.2.9). For simplicity, let us consider only the right half of the differential
structure. When a potential V , less than or equal to the emitter potential, is
applied to the P* stripes, a Jateral current which is supposed to be injected from
the emitter will be suppressed due to the reverse bias of the vertical portion of the
emitter. This means that carriers injected from the emitter into the neutral base
are confined to the bottom of the emitter-base junction. At the same time a lateral
accelerating electric field is created in the neutral base because Vi > Vy. This E
field helps to sweep part of the injected current to the collectors. The two P+
stripes play another important role. By applying a slightly different negative
potential to each P stripe, the offset can be reduced.

When the emitter-base junction is forward biased and the P* stripes are
grounded or biased with negative potential Vp, the current injected from the
emitter will flow downward and then split into three distinct current flows. The
major part of the injected current flows downward and is collected by the
substrate. The small portion of the injected current that is due to the lateral
accelerating electric field flows laterally, and is collected by the 2 collectors Cl
and C2.

When B is directed into the figure plane, the Lorentz force deflects the left
lateral current towards the device surface and the right towards the base-
substrate interface; therefore, the left collector current increases while the right
one decreases. The deflection of the vertical current flow to the left brings about a
further increase in the left collector current and a further decrease in the right

collector current. Thus the difference between the two collectors becomes greater
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and the sensitivity increases. Under the bias of VCg =50V, Vg =50V, Ig =7
mA, and V; = -0.2 V, a sensitivity of 30 T-! was obtained [20].

In [5], an elaborate theory about the operation of the SSIMT is given. After
many derivations, the overall expression for the relative sensitivity is given as

St =UH QWM
eff

where L describes how deep the injected carriers travel in the vertical direction
before being swept laterally by the E field, L represents the lateral length the
injected carriers have to travel before reaching the collector, Wegr is the effective
width for the carriers flowing in the lateral direction, and py is the Hall mobility.
The term (Ly + L3) is the total length for an electron to travel from the emitter to
the collector. To increase S;, we have to make Wesr as small as possible. Three
parameters that can influence the magnitude of Wesr are Vy, Vs, and I.

By applying negative potential Vto the P+ stripes, we do two things. First
we push the injected carriers further down before they can be swept laterally.
Second, the difference between Vp and Vy creates the lateral E field. As already
mentioned, the E field helps to collect electrons more effectively. It is shown in [5]
that as V; is biased more negatively, Wesr becomes smaller and Sy increases. At
some critical value Vyc, Wefr can be reduced to zero and so collector currents
become zero. V also affects the term (L + L2). Increasing V; increases (Lj +
L»). In fact, V; has the most important influence on the Wesr and consequently on
Sr.

The second parameter that affects Wegr is Vs. When the device is biased with
Vs, a depletion region between the P-well/N-substrate junction is established. As

Vg increases, the depletion region gets wider and so the Wegr becomes smaller.



The end result is an increase in S;. It has been experimentally shown that the sum
L; + Ly is relatively insensitive to changes in Vg.

Finally, We¢r is also affected by Ig. Decreasing Ig brings about a reduction in
Wesr. I must be biased higher than the critical base current Igc in order to
establish the collector currents. The dominant mechanism that describes the
SSIMT magnetic transduction is carrier deflection. The evidence is a linear

response with respect to changes in B. To conclude this chapter, we provide Table

2.1 for comparison among MTs.
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Sensitivity Directional Dimensions Type
sensitivity
Nield 0.37%/T B2 - lateral pnp / drift aided
[1973]
Halbo 1.77%/T B, - lateral pnp / drift aided
[1980]
Popovic 120%/T Bx - lateral npn / carrier
[1986] deflection
Ristic et al  3000%/T Bx - SSIMT
[1987]
Vinal 6.7%(T Bx - tlateral pnp / injection
[1984] modulation
Vikulin 2.6%/T Bz - lateral pnp / carrier
[1981] deflection
Zieren 5.0%/T Bx 8x20x140  vertical pnp / carrier
[1983] deflection
Ristic et al.  Sx=160%/T Bx 6x36x36 lateral npn / carrier
[1988] Sz=20%/T Bz deflection
Ristic et al.  Sx=40%/T Bx lateral npn / carrier
[1989] Sy=38%/T By deflection
Zieren Sx=5%/T Bx 8x20x20 vertical pnp / carrier
[1983] Sy=5%(T By deflection
Kordic Sx=1.4%/T Bx 8x10x20 vertical pnp / carrier
[1988] Sy=2.2%/T By deflection
§$2=0.3%/T Bz
Ristic et al.  Sx=40%/T Bx 6x36x36 lateral npn / carrier
[1989] Sy=38%/T By deflection
$2=10%/T Bz

Table 2.1 COMPARISON AMONG DIFFERENT MAGNETOTRANSISTORS

+ nonlinear devices.
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Fig.2.3

Fig.2.4
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Top view of Zieren's 2-D VMT.

Top view of Maenaka's 2-D VMT.
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Fig.2.5 Top view of Kordic's 3.D MT. The 4 outer collector contacts are used to
detect the in plane B vector, Bx and By. The 8 inner collector contacts

are used to sense Bz.
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Fig.2.6 A drift-aided LMT proposed by Davies and Wells. When Bz is applied,
charges redistribute in the x-dir, thus creating a Hall field, Eqx.
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3. LMT STRUCTURE SENSITIVE TO MAGNETIC FIELD EITHER
PARALLEL OR PERPENDICULAR TO THE CHIP SURFACE

Optimizing VMTs and LMTs has been the main effort of many researchers.
Maximum sensitivity of various MTs can be obtained with optimum geometry and
operating principles. We investigate here a new lateral magnetotransistor that is
fabricated in CMOS technology. The device is sensitive to B applied either

parallel or perpendicular to the chip surface.

3.1 DESCRIPTION OF DEVICE STRUCTURE

The structure of the new device is shown in Fig.3.1. It consists of 2 LMTs that
are mirror images of each other. Each LMT is similar to Popovic's device shown
previously in Fig. 2.8. Each LMT is comprised of a single emitter, a base region,
and a collector purposely placed asymmetrically between the emitter and the base
contact in order to sense B applied either parallel or perpendicular to the chip
surface. The emitter is surrounded by a p* region on 3 sides of its perimeter. Both
LMTs share the same substrate. The device was fabricated in standard CMOS
technology using the Northern Telecom 5pum process. The base region is formed
by a p-impurities implantation and diffusion. The n* and p* were realized using
the standard doping process of the source and drain of n-channel and p-channel
MOS transistors. The junction depth for the n+ and p* diffusions are 1.2 um and
that of the p-well is 10 um. The p-well doping is 10 16 atoms/cm3, the substrate
10 15 atoms/cm3, and the n* and p* 10 20 atoms/cm3.

The p*-region surrounding the 3 sides of the emitter is intended to create a
better defined current flow of carriers towards the collector. This can be readily

understood as a consequence of the variation in the built-in voltage along the
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emitter-base junction. At the vertical edge of the emitter on the 3 sides, there is a
n*+/p*-junction, while on the side facing the collector a n*/p-junction exists. Since
the built in voltage, Vy;, depends on the doping concentration

Vii = ﬂk{lﬂ)

q n?

where Np is the doping concentration of the base region, Np is the doping
concentration of the nt+ emitter, and n; is the intrinsic concentration, it follows that
Vpi at the 3 sides of the emitter is higher than the Vp; on the side toward the
collector. Thus, the injected lateral carriers from the emitter on the 3 sides can be

neglected when compared to that from the side facing the collector.

3.2 PRINCIPLE OF OPERATION

In this section we will describe the device's operation starting from the
simplest biasing condition towards the most complicated one. The biasing circuit
of the differential LMT is shown in Fig.3.2. The values Is, Vg, V¢, V;, and Vg
determine the operating point of the device. The effect of Vg on the device's

characteristics will be examined in Chapter 4. For now we leave Vg floating.
3.2.1 Floating Vg and V.

The simplest configuration to analyze our device in terms of electrical
characteristics, noise, and temperature would be the lateral npn transistor with the
substrate, the p* stripes, and the gate disconnected. For simplicity, let us
consider only the right LMT of the differential structure for the time being. In the

forward active regime, (the base emitter junction is forward biased and the base



collector junction is reverse biase) electrons are injected from the bottom and from
the right vertical edge of the emitter into the base region. While in the base
region, some electrons will diffuse and drift to the base collector depletion region
and get collected by the collector. Some will recombine with majority carriers,
holes. Most of the collector current is contributed by the electrons injected from
the right vertical edge of the emitter. For the differential structure, when B is zero,
the two collector currents Ic; and Iz will be equal because of the symmetry of the
structure. When B is applied parallel to the chip surface in the negative x-
direction, the Lorentz force deflects I and Icz in opposite z-directions. Thus I
increases while Iz decreases. If we reverse the B field in the positive x direction,
then Ic3 increases while Ic) decreases. Next, let us consider the situation when
B is applied perpendicular to the chip surface. The Lorentz force will deflect Icy
and I in the opposite of the x-direction. There is no Hall field established in the
base region in this case; therefore, we can rule out the emitter injection modulation
effect. At moderate injection, carrier deflection is the only important
galvanomagnetic effect. Thus, following the derivations presented in [14,19], the

relative sensitivity S; in this mode of operation can be expressed as,

Wg

S;=-
’ uﬂWeff

where W3 is the effective length for electrons to travel from emitter to collector, K
is the electron mobility of silicon, and Wegr is the width of the lateral current flow.
When the device is used to sense Bx, Weff1 = Y, the depth of the P-well. On the
other hand, when the device is used to sense Bz, Wefr2 = L, the overlapping
distance between the emitter and the collector. This equation suggests that in

order to increase the sensitivity, Wegr should be as small as possible and Wp
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should be long. For the time being, we assume that Wefr is constant. It remains

to analyze the influence of Wg.

We can increase Wp in 2 ways: 1) physically make a longer device, and 2)
increase the collector voltage. Popovic's experiments with several groups of
devices similar to ours with different Wg, ranging from 10 to 60 um, have given a
good indication that S; & Wp. Hence, we do not need to confirm it again. Our base

width is designed to be 70 um. Next, let us see how much V¢ can influence Wg.

We start with the expression of Ic,

qAD"" p( 33

where q is the elementary charge, A is the cross sectional area of the lateral flow,
Dy is the average diffusion constant for electrons, and Qp is the number of doping

atoms in the base per unit area. The only parameter that is affected by V¢ is Qg.

Differentiating of (3.5) with respect to VcE yields

If we assume the doping concentration in the base region is uniform, then

Qp = WgNa. So,
C - 'IC awB 3 5

where N, is treated as a constant.

For a reverse biased junction, aa\V’VB is usually given as,
CE
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dVcE (ZqNA‘l + EA (Vui + Vcs))
D

where € is the dielectric permittivity for silicon. Quick calculation will reveal that

this is very small, and hence Wp can be assumed to be constant. In conclusion,

we do not expect varying the V¢ will change the magnetic sensitivity.

3.2.2 Substrate bias

When the substrate is connected to positive voltage, there will be another
reverse biased junction, the P-well/N-substrate junction. The portion of the
electrons that contribute to the collector current will again originate from the right
edge of the emitter plus a small portion of the electrons from the bottom of the
emitter adjacent to the right edge. The rest of the electrons will diffuse and drift
towards the substrate. In effect, there are two MTs, a LMT and a VMT
superimposed on each other.

When B is applied parallel to the chip surface in the positive x-direction, not
only the collector current is deflected by the Lorentz force but the substrate current
also is deflected in the positive y-direction; Is decreases (see Fig.3.1d). The
deflection of Ig brings about a further increase in Ic2, because more electrons
contribute to the collector current. Because of this "double deflection" Alcs is
larger than when the substrate is disconnected, and the relative sensitivity is
higher. When B is applied perpendicular to the chip surface, there is no deflection
of Ig because B is in the direction of flowing Is.

The carrier deflection is the underlying mechanism that describes the magnetic
transduction at low and moderate injection levels. We can use the same equation
(3.2) to calculate the theoretical S;. However, we need to redefine Wegs. For

easier interpretation of the flow of the minority carriers in the base region, let us
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introduce an imaginary plane in the z-direction that divides the base region into
two regions, The region above this plane will contain electrons that will reach the
collector, whereas the electrons that flow below this plane will be collected by the
substrate. When B is applied parallel to the chip surface, Wegr; will now be the
distance between the chip surface and the z-plane. When B is applied
perpendicular to the chip surface, Wefry remains the same as before.

The substrate voltage can affect Weer1. By increasing Vg, we make the
depletion region of the P-well/N-substrate junction wider and therefore the z-plane
will move up closer to the chip surface. In other words, Wegry becomes smaller.
Electrically, Ic will drop considerably as we increase Vg because the effective area
of the lateral flow becomes less. The next logical question to ask is "How much
influence can Vg have on Wegry, and hence Sy 7" To answer the question, we can
use those derivations for 9Wg / 9VcE as a first order approach. We need to make
some changes though, because now we have to account for the vertical graded
doping of the base region. If we consider the P-well/N-substrate junction as a
linear graded junction for which depletion region is proportional to (Vi; + Vg)1/3

[21], then Wegs; is proportional to [5],

13
Werr = (lﬁzf‘ (Vei + Vs - Vp)'?

where a is the impurity gradient at the junction, and (Vi - VBN) is the base

voltage. Therefore, the first derivative of Wegf) is

OWesr1 _ 1[12¢)|1/3 1
Vs 3B (vy + Vs - vpyPP
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To compare this with (3.6) is difficult, because we do not know exactly the
doping profile in the base region. It remains for experimental characterization of
the device to determine how much Vg can influence the device's operation. We
should also watch for the critical value of Vg, i.e. when Wegrj becomes zero.

The exact relationship between Ig and Wegr is difficult to derive, because now

Ig affects the operation of both the VMT and the LMT. Once again we have to rely

on experimental characterization.

3.2.3 Combination of substrate and p* stripe bias.

When p* stripe is grounded or negatively biased, 2 important things occur.
First, because the p*/n* junction exists, its depletion region will reduce the area of
the bottom of the emitter. This means that the effective bottom area for the
injection of electrons becomes smaller as V; becomes more negative. Second, the
biased p*-stripe provides an additional path for the holes to travel from the base.
This means also that the lateral accelerating electric field Eqy will be increased.
This Eay will help the electrons to drift towards the collector more effectively. To
operate the device, a much higher biasing Ip is needed to overcome the partial flow
of holes through the p* stripe.

Following the model derived by Popovic in [19] for a similar structure, we can
obtain the expressions for the relative sensitivity due to both carrier deflection and
emitter injection modulation.

Let us first look at the cross section of the right LMT of the differential
structure (see Fig.3.1). If -Bx is applied, then a Hall field is created in the z-
direction. We then begin with the expressions for the minority carrier density in

the base region [19],
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Tny = Jnoy + MnBxJnoz 39.a
Jnz = Jnoz - p:\BXJnoy 39b
where
dn
Jnoy = Eay + QDn— 3.10.
noy = HnQNEay + q nay a
S = By + El) + gD '
noz = HidM{Ep, + Epz) + ané; 3.10.b

where E,*,'z is the Hall field due to majority carriers and equals u}',Bany. The "*" is
used to differentiate between hole or electron mobility and Hall mobility which has
taken into account the scattering factor ry [22]
p = pry 3.11
Afier introducing the imaginary z-plane and assuming B has no influence on the

electron concentration, the S; for Bx due to the carrier deflection mechanism

becomes,

* * a
HplnGnE,y - un(qunnan + qu%

qunnE.y + qD,%

3.12

sB=(De )
Wes1

If the diffusion component is dominant, quanEay << ang—l-l- , then (3.12)
y

becomes

SR:'“;(WWQ?H 3.14
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In the opposite case, when the drift component is more important, (3.12)

becomes

er up “11)

3.14
weffl)

To get Sy due to emitter injection modulation, we have to find the Hall voltage

along the emitter-base junction

= f Ebdl =KRylgB 3.15
and therefore
Ic(B) =IcsaexH(VBE+ Vi) /mV1] 3.16
which gives us
sh=—L a;g, < n: AE W Z 3.17

where Z is the diffusion depth of P-well.

Following the same steps and procedures, we can obtain Sr when Bz is
applied. The Hall field is now in the x-direction. Equations (3.13), (3.14), and
(3.15) become,

D [ Ve ) 3.18
fZ p’n weffz .



o W
SP = ‘-.“ B) 3.19
D = (up-u W

1 _ q oVg_ q .«
= < —] x .2
2= T 9B - nkT pEay 320

where X is defined in Fig.3.1.

The influences of Vs, Ig, and V¢ on the relative sensitivity will remain the

same as in the previous cases.
3.3 ELECTRICAL CHARACTERISTICS

3.3.1 Large signal analysis

All measurements related to the d.c., a.c., and magnetic sensitivity of the
device were done in the common emitter configuration. The d.c and magnetic
sensitivity measurements were done with a HP-4145A semiconductor parameter
analyzer, a Varian V-4005 four inch electromagnet driven by a V-2900 regulated
magnet power supply, a LDJ gaussmeter, and some external power supplies. The
specifications for the HP-4145A are given in [23]. A magnetic induction of up to 1
T can be created by the electromagnet if the 2 poles are placed 2.5 cm apart. The
maximum current rating on the magnet power supply is 80A. The gaussmeter and

its InSb Hall probe have an accuracy of 1% each.

There are two sets of I-V characteristics, one set for the input terminals (Ig
versus VBEg) and the other set for the output terminals (Ic versus Vcg). Other
sets of graphs are related to the relationship between the input and output signals,
and the effect of the substrate when it is biased and acts as a second collector.

When the substrate is left floating, the device is just a lateral npn transistor.



Therefore, all large signal curves should look like those of conventional transistors.
However, we should expect some differences in terms of magnitude because all
geometries of the devices were optimized to achieve high relative sensitivity. For
example, the device has a long base width.

Fig.3.3 shows a Gummel plot of the device. From the plot, after accounting for
the ratio of natural to common logarithm, the ideality factor of p-n junctions 'm' can
be calculated. For the base-emitter junction, m is found to be 2.9; for the collector-
base junction, m equals 1.2. The large value of m for the emitter-base junction is
probably due to the long base width of the lateral device which involves an
additional voltage drop across the base resistance. At high current levels, m for
the collector-base junction approaches 2. The decrease in Ic is partly due to the
high level injection and partly due to the onset of the Kirk effect {24]. It is
important to note that the Ig curve is higher than the Ic curve. This means that the
gain of the npn LMT even in the common emitter configuration is less than 1.
Again, the reason for this is the long base width - most of the electrons injected
from the emitter recombine with the majority hole in the base region. Only a
fraction of the injected carriers from the emitter is collected by the collector.
Another parameter that can be extracted from Fig.3.3 is the saturation current
Icsat, Which is the y-intercept of the extrapolated line drawn through the Ic
measurements with the current axis at Vgg =0 V. It equals 8.8 x10 -15 A,

Fig.3.4 illustrates the d.c current gain versus loglc. It has the usual shape of a
conventional transistor except that the current gain is less than 1.

Fig.3.5 displays the I-V output signal characteristic of the device. When the
slope of the curve is extrapolated back to the x-axis, the early voltage V4 is found

to be between -50 — -60 V. The breakdown voltage was also measured, BVcEQ

=24V,
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When the substrate is biased at 5 V, things get complicated. The p-well/n-
substrate junction is reverse biased and acts as a second collector. We then have
a lateral npn transistor and a vertical npn transistor superimposed on each other.
Because the base width of the vertical transistor is approximately 1/10 of the
lateral transistor, Ig should be at least 10 times Ic. When the VMT turns on, its
action will dominate, i.e. most of the injected carriers will be collected by the
substrate. Fig.3.6 and Fig.3.7 show the device characteristics of the vertical
transistor. The substrate current levels off (saturates) and becomes insensitive to
the increment of Ig when Ig > 400 pA. In addition, it should be noted that Hrg of
the VMT is much higher than Hgg of the LMT.

Fig.3.8 shows the base voltage as a function of Ig for different biasing
conditions. It is interesting to note that the curves show negative resistance when
the vertical transistor is turned on.

Finally the Ic - Vcg output characteristic of the LMT is shown in Fig.3.9. It
clearly shows that the current gain is less than 1.

The effect of the bias P+ stripe on the collector current can be seen from
Fig.3.10. When V; = 0, there are no available electrons for the collector at all until
Ig =3.0mA . ForIg > 3.0 mA, the lateral flow is established; but the magnitude of
the I¢ is still much smaller than in the case when V; is disconnected. As V,
becomes more negative, the critical Igc increases and I decreases. It is also
interesting to note from the plot that for V; < 0, there is a region where the
collector actually injects electrons and so behaves just like an emitter. The cause
of this strange phenomenon can be found by looking at the corresponding Vg
versus Ig graph, Fig.3.11. The region where the collector behaves as an emitter
corresponds to the condition where Vg > 5.0 V. Therefore, the base collector
junction is no longer reverse biased but rather is forward biased. Since both the

base-emitter junction and base collector junction are forward biased, the transistor
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is in the saturation region. Further increasing of Ig will lower Vg. This strange
behavior is due to the fact that the high injection level has been reached. This
condition modulates the conductivity in the base region, and R decreases. After
Ig > Igc, the base-collector junction will be once again reverse biased. Hence,
once again the transistor operates in the normal active region.

The same explanation can be used to describe Fig.3.12, where Ig is plotted
against Ig. To avoid forward biasing the base-collector junction, we can increase

the Vc. Increasing V¢ to 10 V, we obtain Fig.3.13. As can be seen, Ic never

goes to negative. However, the collector current is larger due to the Early effect.

3.3.2 Small signal analysis

The small signal analysis is important because it gives us an insight into the
frequency performance of the LMT. The characterization was done using a small
sinusoidal signal input current i, superimposed on the quiescent base current Ip.
This caused a small variation in collector current, i¢ .

The summary of the h-parameters of the device is given in Table 3.1. Agzin the
results are separated into two groups; one is when Vg is disconnected anci one is
when Vg equals 5.0V. The semi log plot of the amplitude frequency response
characteristic of the device is shown in Fig.3.14 and Fig.3.15. The cut-off
frequency, f;, is determined from the graph where A; is down by 3 dB. For the

case when Vg floats, f. = 170 kHz; and for the case when Vs =5V, fc = 110 kHz .
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Table 3.1. Small signal parameters of a LMT at f = 1 kHz

Parameters Vs is floating Vs=5V
hfe 0.59 0.74

hie 210.85 61.44

hoe 6.22x10 -6 8.71x 10 -6
rbe 99.10 55.53

tbb 111.80 5.92

3.4 MAGNETIC RESPONSE OF LMT

In this section, we will first try to confirm that the carrier deflection mechanism
describes the magnetic transduction of the LMT. We will then investigate the
effects of each of the parameters V¢, Ip, Vs, and V¢ on the relative sensitivity of
the device.

The easiest way to confirm that the carrier deflection is the sole mechanism
accounting for the galvanomagnetic effects of our device is to observe the change in
collector currents with respect to the applied B. We know that for emitter injection
modulation, a change in collector currents, Alc, varies exponentially with B. On
the other hand, for carrier deflection, Alc varies linearly with B. In Figs.3.16 and
3.17, the responses of Alc = I¢3 - Ic to a magnetic field applied in the z and x
direction, are shown. For both biasing schemes, a linear relationship between Al
and B was obtained. We conclude, therefore, that the carrier deflection mechanism
is responsible for the magnetic transduction. From the plot we also see that when
B field is reversed, Alc switches sign. Furthermore Alc when Bz is applied is
smaller than Alc when By is applied. The reasons for this are 1) there is no

double deflection when the device is subjected to Bz, and 2) Wegry > Wegs1.
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The characterization of the device is also done for the case when P+ stripes are
biased (Fig.3.18). Alcx again varies linearly with B. We conclude that the carrier
deflection mechanism is the dominant mechanism that describes the magnetic
transduction of our device.

For all calculations related to S;, we use the formula

Icr-Ic2l o1 (e
sp=dlci-leal 1 [p 3
Icio+Ic20 B [ ]

where Ic10 and Ic20 denote collector currents when B = 0, Ic1 and Ic2 represent
collector currents when B # 0, and B is the magnetic induction.

Fig.3.19 illustrates the influence of Vc on S;. The relative sensitivity seems to
drop as Vc increases from 1 V to 5 V. But this reduction in Sy is very small and so
Vc has an insignificant influence on S;. This confirms our conclusion in section 3.2.

S: as a function of Ig is considered next. From Fig.3.20, for low injection
condition Ig < 400 A, the sensitivity increases with the base current. This seems
to contradict the statements we made earlier in 3.2.1. We have stated that as Ig
increases, Weff also increases and Sy becomes smaller. This is only observed for
Ig > 400 pA. In this case, a possible explanation is that the device just turns on
and so the lateral E field is weak. Therefore, the minority carriers are not confined
but rather dispersed, and so Wegr is actually large. The peak Sy is at Ig = 400 pA.
The same kind of shape is obtained for the case when Vg =5V and V, =0V
(Fig.3.21). The peak of S; for this case is at Ig = 3.1 mA. It is also interesting to
note that the sensitivity is higher when V; is used. This can be attributed to the
focusing effect of V.

In section 3.2 the analysis shows that Vg plays an important role in the

sensitivity. This is because as Vg increases, the imaginary plane z is pushed up

o
(N
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toward the chip surface; thus, Wegr becomes narrower. This in turn increases the
relative sensitivity. The results shown in Figs.3.22 and 3.23 confirm our
expectation. The influence of Vg is most significant with the P * stripes biased. A
relative sensitivity of almost 400 %/T was obtained. The peak of sensitivity

corresponds to the condition when the collector current is driven down by the Vs,

Ic = 89.9 HA (see Fig.3.24).

38



N+

N«

N+ wd; N=-
P+ N+ P+ P+ N+ Pe
P-WELL P-WELL
N-SUBSTRATE
a)
B8
¢ ! E 1 E 2 c 2
f pe | IN+ N+ |p+ pe | No N+ pe
— —
10 pm it
P-WELL P-WELL
RN

N-SUBSTRATE

b)

39



40

N+

SUB

N+

X
c—— N+ R N+
P+ [Ne ’ p Ne pe [Ne [/ P
P-WELL P-WELL
-
OF:!
c) z
/‘ v
X
N I -
r i
w P+ [N+ -1 N+ P+ Ne P+ | N+ | N+ P+
=] | = ——
ﬁ - —
\_ lu P-WELL 1 Ul : P-WELL
imaginary z - plane
d)

Fig.3.1

Our differential pair 2-D LMT, a) top view, and b) cross-section.

©

Wg = 70um, Wegr) = 1.5 pm, and Wegpz = 12 pm. ¢) Ic2 increases when

By is applied, and d) Ic2 increases when By is applied. Note in
particular how By influences the imaginary z-plane. Minority carriers
that are below the z-plane go to the substrate. Otherwise they go to

the collector.
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4. SURFACE EFFECTS

4.1 INTRODUCTION

As was mentioned earlier, the LMT uses the carriers' flow parallel to the chip
surface to sense B. This flow of carriers is in the vitinity of the Si/SiO; interface.
Any instability phenomena at the surface. thevefore, will have a direct influence on
the electrical characteristics and heéace the magnetic “ensitivity of the device.
Surface effects are usually related to the presence of extra currents which originate
or iransit in the vicinity of the Si/SiO; interface. The surface currents can be
introdu¢zd in a controliable manner by applying the voltage potential to the gate
contact.

In section 4.2, we describe briefly how the surface effects can alter the
electrical characteristics of a bipoiar transistor. Experimental results and
discussion of the influence of surface effects on the sensitivity of the LMT are then

given in section 4.3.

4.2 THEORY OF SURFACE EFFECTS ON A TRANSISTOR

4.2.1 Surface effects and the electrical characteristics of a bipolar transistor

Most conventional bipolar transistors de aot possess a gate. However, since
our lateral bipolar transistor is fabricated in CMOS technology and to make the
device fully compatible with the standard CMOS process, its base region is
covered by a thin oxide layer and then on top of it a polysilicon gate. It becomes a
so-called "gate controlled bipolar transistor.” This gate can be used to investigate

the surface effects.
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It is known that in many devices there is a portion of the currents that is
associated with the presence of generation/recombination centers at the Si/SiO3
interface. In normal operation of a bipolar transistor, e.g. Ic > 100y A, the current
associated with the surface effects is negligible as compared to the diffusion
current. It only becomes important when the device is low biased, e.g. Ic < 10pA.
Since it is so small and is masked by other types of currents, it is very difficult to
measure its magnitude accurately. But with the gate, we can modulate the surface
potential and the volume of the bulk region (i.e. there will be a field-induced space
charge layer underneath the gate) and hence the magnitude of the surface current.

Let us first look at the effect of the gate potential on the base-emitter junction
when it is forward biased. Fig.4.1 illustrates the cross section of a B-E jufiction
under different gate biasing conditions. For Vg < 0, the base region is in
accumulation of holes and electrons are pushed away from the Si/SiO; interface.
The end results is a reduciion in the dimension of the field-induced space charge
layer near the interface [25]). As Vg varies from negative to positive, the base
region goes from accumulation to depletion, and electrons are now attracted to the
interface. The dimensions of the field-induced space charge layer thus merges with
the main space charge layer (Fig.4.1.c). If we continu¢ to increase the gate
voltage, VG >> 0, an inversion layer will be created (Fig. 4.1.d). For the reverse
biased collector-base junction, the carriers are not injected into the depletion
region but rather extracted from it. The concentration of carriers is reduced well
below their equilibrium concentrations. According to Grove [25] the generztion
current under reverse bias is affected by the gate potential in the same percentage
manner as the recombination current under forward bias. However, because the
concentration of carriers in the reverse biasing condition is so small as compared

to the concentration in the forward biasing condition, it follows that Igg >> IsR,

54



where IgF is the surface recombination current for forward bias junction and IgR is
the surface recombination current for reverse bias junction.

Now let us analyze the influence of the surface effects on the lateral npn bipolar
transistor. The first thing to be noticed is that unlike conventional gate controlled
bipolar transistors, the lateral bipolar transistor with the gate structure between
the emitter and collector can operate either as a MOSFET or as a BJT or both
[26,27]. It becomes clearer if we look at Fig.4.2. If Vg is positive and greater
than Vg (threshold voliage), then there will be an n-channel formed from the
emitter to the collector (Fig.4.2d). Thus the bipolar transistor action will be
violated.

For Vg positive but less than Vry (Fig.4.2c), the depletion case, Ic should
increase but not as dramatically as in the inversion case.

For Vg negative, the influence of the gate poteatial on Ic should be small
because 1) any change in Ic due to G/R current in the depletion region is
insignificant, and 2) a decrease of the concentration of electrons in the bulk region

is small (electrons are minority carriers).

4.2.2 Surface effect and S

Because of the way the LMT cperates, any change in Ic should affect S;. We
expect a change in S; when Vg is negative because the electrons will be pushed
away from the interface. On the other hand, when VG > VTy, the relative
sensitivity should decline drastically because the n-channel is formed between the

emitter and the collector.
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4.3 EXPERIMENTAL RESULTS

The results related to th« characterization of the LMT with respect to surface

effects are divided in two sections: electrical characteristics and magnetic

characteristics.

4.3.1. Influence of surface effects on electrical characteristics of the LMT

The typical Ic (VcE) transfer characterisrics measured with a) a floating gate,
and b) a ground gate are depicted in Fig.4.3 and Fig.4.4. With the substrate
floating, Ic decreases by a small amount, 1.4 pA. With Vs = 5.0V, the effect is
more pronounced: Ic decreases by 11 pA, which is 11/45 the original Ic. The
change in Vg does not appear to affect this reduction as Al stays constant for
VCE > Vcg(sat). What is the reason for this reduction in Ic ? To find the answer,
let us look at the equation (3.3).

The two possible parameters that could modulate Ic are Wpg and Vgg. Wpg is
associated with Vcg and we know from the plot Ic-VcE that Al is insensitive to
VcEe. Therefore let us look at Vgg for the 2 cases VG = floating and Vg = 0.
Fig.4.5 shows the plot Vg versus Vcg and we see that VBE is indeed modulated
by the gate. Fig.4.6 illustrates the influence of various biasing Vg on the collector
current Ic. For Vg <0V, change in I¢ is very small. However for 0 < Vg <0.5
V. Ic increases. This is because the n channel undemneath the gate from emitter
(sourc) to collector (drain) begins to form. When VG reaches 0.5 V and beyond,
Ic now consists of the current in the channei Ip, and the regular collector current
Ico. So Ic increases rapidly. If the base is grounded and everything else is the
same, then the Lipolar action will ke violated and will be replaced completely by

the MOS action. Fig.4.7 illustrates this biasing scheme with Vgg increases from 0

56



to 5 V in steps of 1 V. The collector current I¢; is essentially the drain current Ip,

and V¢ represents Vps.

4.3.2. Influence of surface effects on sensitivity of LMT

The relative sensitivity as a function of Vg, Srg, at Ig = 300 pA is calculated
and then compared to the relative sensitivity of LMT for the case when the gate is
disconnected, Sf (Fig.4.8). As can be seen from the plot, the relative sensitivity
for negative values of Vg is increased by 10% compared to the floating gate case.
Going from negative to positive gate potential, the sensitivity drops significantly
in value. As we have stated earlier, the reasori for this is that the bipolar
transistor action is violated when the n-channel is formed between the emitter and
the collector.

The combination of the surface effects with different biasing conditions, such as
Ig and Vg, has been investigated. For example, Fig. 4.9 depicts Srx versus Ig with
Vg =0V and Vg increases from 4 to 6.5 V. The 'rend that has been previously
observed in section 3.4 is present again. As Ip incrcases, Sy decreases; and as Vg
increases, S; increases. The combination of Vg with Ig and Vs improves the
relative sensitivity unexpectecly. At Vg =6.5V and Ig = 0.3 mA, a peak in Sgy of
about 500 %/T is obtained. Therefore, in real applicaiion, we could expect that the

application of Vg can increase the sensitivity.
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Fig4.1  Gate controlled diode. a) accumulation case, Vg <0, b) Vg =0, ¢)
depletion case, Vg > 0, and d) inversion case, Vg >> 0. SCL - space

charge layer, FI-SCL - field induced space charge layer.
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Fig4.2 Gate controlled LMT in CMOS technology. a) accumulation case,
Vg <0, b) Vg =0, c) depletion case, Vg > 0, and d) inversion case,

VG > VTH. VTH is the threshold voltage.
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Fig.4.3  The influence of surface effects on the output characteristic. The vnper
curve is when the gate is floating. The lower curve is when the gate is
grounded. Ve = 5.0V, Ig =0.5SmA, and Vs is floating.
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Fig.4.4  The influence of surface effects on the output characteristic. The upper

curve is when gate is floating. The lower curve is when the gate is
grounded. V¢ = Vg = 5.0V, Ig = 0.5mA.
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Fig.4.5 Vg versus Vcg. The upper curve is when the gate is floating. The
lower curve is when the gate is grounded. V¢ = Vs = 5.0V, Ig = 0.5mA.
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Fig.4.6 Ic versus Vqg. Ic increases as Vg going from negative to positive
potential. Y = Vg=5,0V, Ig =0.5mA.
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LMT operates like a MOSFET when the base is grounded. Vg3
increases from 0 to 4V in steps of 1V.
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Fig.49 Sk under various combinations of surface effects, Ig, and Vg. Ve =5V,
and V; =0V,
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5. NOISE MEASUREMENTS

5.1 INTRODUCTION

In general, noise is a manifestation of the physical properties and statistical
behavior of matter. Most of the time noise is regarded as detrimental to the
system, and our goal is to reduce it as much as possible. In electronic devices and
systems, noise exists because of the spontaneous fluctuations in the current and
voltage that are generate¢ within the system itself and also because of improper
contacts which pick up external interference. Unwanted ¢xternal interference can
be suppressed by a careful design of the measurement system. To fully eliminate
the intrinsic noise generated within the system, however, is an impossible task.
e can reduce it to an acceptable level by investigating the noise sources and
t.zir corresponding magnitude. Once they are determined, perhaps we can
minimize them by altering the parameters of the devices or of the systems. In
doing so we may have to compromise on the device performance, such as the
sensitivity of the device to the magnetic field.

In this chapter, the various electronic noise sources are considered, and the
noise measurement procedure is described. Then the experimental results of the
noise of single ended LMT at different biasing conditions are presented. The
influence of B field on the device noise and the estimated noise correlation

coefficient of differential structures are also analyzed.



5.2 NOISE SOURCES
5.2.1 Thermal noise

Perhaps the two most commonly encountered types of noise are thermal noise
and shot noise. Thermal noise is associated with the random thermal motion of
the charge carriers in any resistive material. As a result of this random motion, a
fluctuating electromotive force V(t) is developed across the terminals of the
conductor. Thermal noise was predicted by Einstein in 1906, first observed by
Johnson in 1928, and subsequently formulated by Nyquist. Therefore, sometimes
thermal noise can be referred to as Johnson noise or Nyquist noise.

As the name suggested, thermal noise is directly proportional to the
temperature T, and theoretically as T approaches 0 K, thermal noise goes to zero.
There are two ways of presenting the thermal noise in a resistor. One way is to
have a noise voltage generator v2in series with the resistor R. The other way is

to have a noise current generator i? connected in parallel with R. Thermal noise

can be expressed as

vZ=4KTRAf (VD)

je= ¥ (AZ)

where k is the Boltzman constant, T the temperature in Kelvin, R the resistance,

and Af the frequency band of consideration. At room temperature 4kT=1.6457 x 10 -20]

5.1

5.3
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(or V.C). Dividing (5.1) and (5.2) by Af, we obtain the spectral density that is

independent of frequency. Noise with such spectra is called white noise.

5.2.2 Shot noise

Shot noise is another form of white noise. Shot noise occurs when carriers

potential barriers are the depletion layers of p-n junctions. Shot ai:se is also
known as Schottky noise, named after Schottky who developed the theory in 1918.

Its spectral density is given by,

Si=-==2ql

i
Af
where q is the electronic charge, and I the mean current. As can be st ., the
spectral density is frequency independent.

Since both thermal noise and shot noise have flat frequency spectra and foliow
Gaussian amplitude distribution, they are indistinguishable once they are

introduced into a circuit.
5.2.3 Generation-recombination noise

The other noise sources that exist are generation-recombination noise, 1/f
noise, and burst noise. Generation-recombination noise occurs when free carriers
are randomly generated or recombined in a semiconductor. TIts location can be in
the bulk region where the creation or annihilation of hole elz¢tron pairs causes a

perturbation in minority carrier distribution, or at the surface, or in the depletion
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layer where random trapping and detrapping of carriers by Shockley-Hall-Read-
recombination centers in the forbidden energy band gap of the semiconductor
produces a current fluctuation: at the output terminals. For a single time constant
G-R piocess, the expression of G-R noise can be writtzn in the form

S(f) =4AN?>—T%
' 1+ w?

where AN” i. “¢ variance of N numbers of carriers, T the time constant of the
process, and w the angular frequency. Details of the derivation of (5.5) are

provided in reference [28].

5.2.4 1/f noise

The noise sources mentioned above are all fairly well undersiood, since their
theoretical models are overwhelmingly supported by experimental evidence.
Urfortunately, the same can not be said for 1/f or flicker noise. Though many
results have been found and various theoretivai models [29-34] have beer
developed, its origin in general is still a mystery. The problem is that no model can
adequately account for or give an entirely satisfactory explanation for many of the
observed 1/f noise waveforms. There are 2 schools of thought. One claims that 1/f
noise originates from the fluctuation of carriers trapping and detrapping in the
space charge region, or at the oxide surface, or at dislocations [35]. The other
believes that 1/f noise is the result of current fluctuations within the bulk region of
the semiconductor [36]. The only common understanding is that 1/f noise is the
most dominant at low frequency. Its power cpectral density follows a f ‘@ law over

a wide range of frequency. Exponent o usually varies from 0.8 to 1.4.



The questicn that is oiten posed is whether a spectrum is exactly 1/f in the
range 0 < f < oo, Theoretically, iize answer is "no" because the integral which
represents the spectrum of 1/f noise diverges at both tlie upper and lower limits.
The next question is at what frequency does the spectrum drift away from 1/f ? To
find it, researchers encountered many probiems simply because a) at lower limits,
the time required for even one cycle of measurement is too long, i.e. S x 10 -7 Hz
requires approximately ? weeks fcr one reading, and b) at higher limits say > 100
kHz, 1/f noise is often masked by white noise. Klcinpenning [37] reported that
Sv (f) of a noisy carbon shee: resistor is still almost 1/f at f = 3.3 x 10 -6 Hz. The
frequency at which 1/f noise is masked by whii> noise is ¢aited the flicker noise
corner frequency.

Spectral density of 1/f noise is of the formi,

2 n ,
S; = &—;KL (5.6)

where K is a constant for a particular device, I the direct current, "a" a constant
ranging from 0.5 to 2, and a a constant close to unity.

It is important to know that the constant K is “=*...cd to the contamination and
crystal defects in ** semiconductor. Therefore, K varies from device to device
even if they are on the same siiicon wafer. However, if a aumber of devices from a
given process were measured, an average value of K could be used to predict the

1/f noise performance of different devices fabricated from that process.
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5.3 NOISE MEASUREMENT

5.3.1 Noise measur=ment procedure

Fig.5.1 illustrates the general block diagram ..; the noise measurement system
that we used The device under tesi, the batteries, the high pass filter, and the
low noise pre-amplifier (LNA) are all placed inside a shielded steel container
0.375 inch thick. This is to eliminate the EM interference. A preferred
environment would be a shielded, temperature-controlled room. Batteries are used
instead of an a.c. power supply to minimize the 60 x n Hz noise. The batteries are
of the rechargeable, sealed lead acid type. The high pass filter has a corner
frequency of 0.03 Hz. The LNA is a Brookdeal 5006 differential amplifier which can
operate both as a single ended or differcntial amplifier. i has a fixed gain of 60
dB+0.3 dB (or 1000%1), and a bandwidth from C.1 Hz to 1 MHz. Its input
impedance is 100 MQ in patallel with 30 pF. The input noise is typically 4nV
rms/NHz. The output -] the LNA is connected to the dynamic signal analyzer HP-
3561 A which evaluates the noise spectra using the Fast Fourier Transform (FFT)
Techrique. The spectrum analyzer takes the analog signal waveform, samples it
during a time interval T, repeats the process many times, and takes the average.
The analyzer is very useful in a sense that we can obtain both the time and
frequency measurement, and we can obtain the plot of the spectrum in question.
The details of how the FFT analyzes a signal are presented in [38] . All resistors
and capacitors are of low noise type. Resistors are the metal film type with a
tolerance of 1%; capacitors are the metallized polyester film type. All
considerations to minimize the externa! noise were taken, i.e. using short lead
wire, soldering the joints, using coaxial cable for the output from the LNA, making

proper grounding, etc.. It is assumed that in the measurements, the temperature
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variations inside the container are small and have no effect on the device noise
spectrum. To ensure relatively narrow band measurements, the entire span was
constructed from measurements on a smaller frequency span, i.e. 1 — 100 Hz, 100
— 1 kHz, 1 kHz — 10 kHz, 10 kHz — 100 kHz. The corresponding number of
average readings for each frequency span are 500, 2000, 5000, 50600. The details of
error analysis are presented in [23].

The device noise was measured with the device in common emitter
configuratior. The collector voitage was kept const:*t at 5.0 V. The input noise
source was the biasing base resistor Rg. All measurements were done at room
temperature, T = 295 K. There were four sets of noise measurements. The first
set was to investigate the noise of the single collector LMT with the substrate
floating. The second set was with the Vs biased at 5.0 V. The third set was to
fiod the noise and noise correlation of differential structures. The fourth set was
to find the correlation of a split ¢ illector «~itact LMT. For the first two sets, the

effect of B on the noise of the device was also studizd.

5.3.2 Current noise spectrum

Before doing any noise measurements of the device, noise characteristics of
the LNA had to be carried out first. This enabled us to determine the appropriate
biasing condition of the device so that the device noise was not drowned by the
amplifier noise. The device noise should be at least one order of magnitude higher
than the amplifier noise. In other words, we want the amplifier noise to be
negligible in all noise measurements. The amplifier noise for both single ended and
differential mode with Rg = 3.3 kQ connected between its inputs and ground is
given in Fig.5.2. Therefore, we had to choose biasing conditions such that the

white noise level of the device is at least 145 dB. Fig.5.3 shows a typical noise
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spectrum Sj¢ (f) of the device. The biasing conditions are Ig = 0.5 mA, Vgg =
0915V, Vc=5.0V,and Ic =0.227 mA. Three types of noise were observed:
a) flicker noise or 1/f 2 noise for f =1 Hz to § kHz
b) generation-recombination noise bumps for f = 5 kHz
c¢) white noise for f > 50 kHz

The white noise above 50 kHz is not just shot noise, for 2gIc = 7.264 x 10-23
A2/Hz. What is the additional noise source? If we look at the small signal
equivalent circuit with noise sources [39] and neglecting the 1/f noise at high

frequency, we have for the current noise spectrum

V2 2 .
Sidf) =Yix L = z2 x—Tbe _x 1 _{4KTRg+ry) + 2qip(Rs+159")
APRZ ™" (rpetRs+ron 2 14{£)2
L beTRSTTh 1
*{fc) (5.7)
+ 4kT-L- + 2qlc
Ry

If we use rpp, The, and f from the small sigral analysis, we obtain Sic (50 kHz)
= 1.3 x 10 -22 A2/Hz. This value is very close to the measured white noise level,
around 10% deviation. Apparently from equation (5.7), we can find the base
spreading resistance rpp from the noise measurements if Rg is small and the noise
corner frequency is within the bandwidth of the LNA and of the analyzer. In [40],
Unwin and Knott suggest that low frequency noise measurement techniques are
perhaps the best techniques to determine rpp of all type of transistors over a wide
range of bias.

We also investigated the bias dependance of the device 1/f output noise. The
plot of Sjc versus logic at f = 1 kHz is given in Fig. 5.4. Using equation (5.6) and

taking the log on both sides of the equation, we arrive at
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log,({%) = 1031({%) + alogdlIc) (5.8)

which is of the y = mx + b type of equation. So the slope of the plot is "a" and the

y-intercept is K. After some numerical calculations we find that for Ic = 1 pA, a =
1.22 and K = 1.24 x 10 -2l A2, In theory, if a = 1, then the diffusion process is the
dominant noise mechanism; if a = 2, then the generation-recombination process is
mainly ~=sponsible for the device noise. Here, the formulas do not include the drift
current component. However, our device is a drift-aided device and so we would
expect some deviations from the values 1 and 2. The corclusion we draw from this
plot is that the diffusion noise is the more dominant noise.
What happens to the device noise when Vg is used ? We would certainly
. the device noise to increase because there are now a lot more carriers
. cted from the emiiter, i.e. Ig increases. Si; (1IKHz)y-n = 1.04 x 10 -21 A2Z/Hz,
whereas S;c (IKHz)ly,=s = 1.54 x 102 AYHz when Ig = 0.5 mA in both cases.
Hence, the results confism our expectation. A noise spectrum Sic (f) of the device
with Vg is shown in Fig.5.5. Again, 1/f noise is predominant at low frequency and
white noise, which consists of thermal noise and shot noise, prevails at high

frequency. The comer frequency is around 35 kHz.
5.3.3. Noise figure

Another figure of merit that is commonly found in device specifications is the
noise figure, NF. The noise figure is useful in relating how much additional noise a
particular transistor or amplifier has injected into a signal in going from its input to

its output. As is often the case, the input noise is taken as the ncise in the source
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impedance and the output noise is the total noise including the noise of the source

impedance. The formula fc.' NF is usually expressed as,

Sou(f)
NF (dB) = 10log; =2~ :
(dB) Oogl({4kTRs (3.9)

From (5.9) we see that NF varies with frequency and source impedance.
Figs.5.6 and 5.7 show that the NF of the LMT varies with frequency for 2 different
cases, Vg floating and Vg = 5V.

5.3.4 Noise and magnetic field

In [23], Briglio found that the spectra of a square MAGFET, when subjected to
a magnetic field of 0.27 T, w=s indistinguishable from the zero field case. Our

experimental results for the L:/'# :ive the same conclusion (Fig.5.3 and Fig.5.5).
5.3.5. Signal to noise ratio

Perhaps the most useful figure of merit for a sensor is the signal to noise
ratio,S/N, which is a relative measure of the desired signal power, Ps, to the noise

signal power, SN. It is usually expressed mathcinatically as

sN=Es (5.10)

and in decibel form as,
/N = 101ogw(ﬂs-) 5.11)
SN
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In our case we will use,

S/N = 201og1(,($LC-L_IKHZ (5.12)
B=1.0T

From Chapter 3 we know that the output signa: of our device varies linearly
with respect to B. Therefore, Al obtained experimentally with B = 0.06 T will be
extrapoiated to B = 1 T by multiplying with a factor of 1/0.06. This is done because
when we measure the device noise, the static magnet only generates 0.06T.
When the S/N ratio equals 1, we can determine the minimum detectable field,
Bmin, of our MFS. The various S/N ratios and Bp;, of the LMT with Vg = fl and
Vs = 5.0 V at different biasing Ig are given in Tables 5.1 and 5.2. We can see that
the S/N ratio increases with the input current Ig. However, we must keep in mind
that heat dissipation or power consumption also increases accordingly. It should
be noted that the definition of the S/N ratio is the inverse of the equivalent input

noise density signal, equation (1.3).
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Table 5.1. S/N ratio and Bmin o LMT atf=1KHzand % = =fl

E sasing Cond. Ig 200pA SO0pA 900pA 1700pA
Signal: Alcx (LA/T) 3.16 16.40 36.80 84.00
Signal: Alcz (QA/T) | 032 2.40 5.60 12.00
RMS noise (pA) 14.94 32.20 49.46 82.50
S/N for Bx (dB) 106.49 113.93 117.43 120.15
S/N for Bz (dB) 86.60 97.23 101.08 103.25
Bmin for Bx (1LT) 474 2.01 1.34 | 0.98 ’
Bmin for Bz (uT) 46.8 13.75 8.80 6.90
Table 5.2. S/N ratio and Bmin of 2 LMT at f = 1 KHz and Vs =5V
Biasing Cond. Ig 300A | SO0 ! 700uA | 11004A | 1500pA
Signal: Alcx (WA/T) | 38.84 109.80 | 132.80 | 155.00 | 182.00
Signal: Alcz (LA/T) | 6.38 14.40 16.86 33.00 | 4000
RMS noise pA) | 20100 | 12400 | 9774 | 10300 | 11200
S/N for Bx (dB) 105.72 | 11894 | 12266 | 123.55 | 12422
S/N for Bz (dB) 90.03 101.30 | 104.70 ] liO. IT“ 111.11
Bmin for Bx (uT) 5.46 1.13 1.34 0.74 0.62
Bmin for Bz (uT) 31.50 8.61 5.82 3.12 2.80
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5.4 ROIEE ORRELATION IN DIFFERENTIAL LMT STRUCTURES

Differential structures are widely employed in designing analog integrated
circuits because we can readily obtain the information of two different inputs. In
MTs, differential structures have an advantage over single ended structures since
si-gle ended structures need some reference input to be compared with. The
reference input usually is a collector current at B = 0 and has to be stored in some
memory circuits. These memory circuits make the transducer more expensive. In
addition, for single ended structures we must calibrate or refresh the memory cells
regularly because the output signal does not stay constant over time or under
different biasing conditions. On the other hand, with differcatiai structures we do
not have to worry about those above-mentioned factors because¢ we monitor only
the relative change beiween 2 coliectors. The total cipnt signal, Ic, c. a
differential structure is twice that of a single ended structure. »ui ie reiniive
sensitivity is the same for both structures. This is because the change in collector
currents, Alc. due to the applied B field is also twice as much in a differential
structure as in a single ended structure. When we use a differential str: :ve, we
want to know the noise level. We also want to know if the noise between the 2
collectors is statistically dependent or independent. If the noise between the two
collectors is statistically independ¢it or uncorrelated, then the differential noise
power will be double that of the single ended noise power. Therefore the S$/N ratio
wiil remain the same. For the correlated case, there are 2 situations. One is a
positive correlated case where the differential noise is much smaller than the noise
from a single coliector, and so S/N ratiy will improve greatly. The other is a
negative correlated case where differential noise is much greater than single ended

noise, and S/N ratio will reduce drastically.
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5.4.1 Cross correlation function

The cross correlation between the 2 collectors can be expressed in either the
time domain or the frequency domain. The relationship connecting the time
average and power spectrum density can be derived using the Wiener-Khinchin
theorem. The development of this theorem is based on the Fourier analysis

technique. For example, if vpj(t) is the noise from an ith collector, and

v -T<t<T
0 elsewhere

VaiT(t) =

then its Fourier transform is
T

T

If T is finite then

I IVni([)ldt <o

which in reality is true, for energy of a system is finite. Next, using Parseval's

energy theorem,

T -
j v%i(:)dt=§1n- j IV ni(w¥2dw 5.14
T

where

V(WP = V(W) Vai(w)

and Vy;*(w) is the conjugate of Vyi(w).
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Dividing (5.14) by 2T, the average power P(t) in vpi(t) over the interval (-T,T)

is obtained as

i gt [ Vawl
PO) = 5 Tf vi(de =2~ L o dw 5.15

P(t) here just represents the power in one sample function and not the whole
process. Therefore we nave to take the expected valuc of P(t) to form an average

power, Pjj, and have to form the limit as 7 inproaches infirity.

T -

“m im  E[Va(w)] )

P; = Hlde = L 2t T g w 5.16
T T 21*[ Vol nf_ T—o 2T

For a wide sense stationary process vpiT(t) , E[vni2(t)] = v,zﬁ , which is
constant so Pj; = v . In frequency domain, the power density spectrum for the

random pr- -ss is given by

s oy m EVeCeBl_ lim o [Vo(wP
~—‘n1(w) = _—i'r_—_ T 5.17
T—oo - T—ooo

The inverse Fourier transform of this power density spectrum is the time

:'=rage of the auto-correlaticn function of the process, Wiener-Khinchin's theorem.

Rni(%) = f Sm(W)?)“’wa 5.18
2n ~

Following the same procedure, we can find the cross spectral density. Now if
va1T(t) € VniT(W)
vn2T(t) © Vhor(w)
where vp1T(t) is the noise from collector #1, and vp2T1(t) the noise from collector

#2, then



Pu:J_f lim E[van(W)anT(w)] 5.18

2n 8 Tooee 2T

and the cross spectral density is

Suiz(w) = 1M Ynﬂ:}}”—@ 5.19
T oo

After we have es.:blished the expression for the noise power spectrum
density for each collector and the cross spectral density between the two
collectors, we can the - " .-~ceed to find the cross correlation function in the

frequency domain. Tr: power spectral density of a differential noise [vpi(*) -

vn2(t)] is

Va1 (W) - va2(W)1[va1 (W) - va2(W)1* = va1(W)vn1* (W) + vp2(w)vna*(w) 5.20
-2Re(vn1(W)vn2' (W)

The average power spectral density, Spy(w), becomes

Sp(W) = [V1(W)-Vn2(W)] [Vaz(W)-Vn2(#)]" = Sn1(w) + Spa(w) - 2Re[Sp12(w)]5.21

where Re[Sp12(w)] represents the real part of Sp12(w). If the two noise signals
are uncorrelated, then 2Re[Sp12(w)] = 0. For partial correiation between two
noise signals, we divide (5.21) by (Sp1(w) + Sp2(w)) and then rearrange the

equation to get a cross correlation function in frequency domain, I'(w)

I(w) = =1-
O = Saw) + Saw)] | [Serw) + Sa(w]

I' ranges from -1 to 1.

2Re[SazW)] __,. __ Sp(w) 522
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The time average cross correlation function, ¥, can not be obtained from inverse
Fourier transform of (5.22) using Wiener-Khinchin's theorem because the
imaginary part of Sj2(w) is lost. Instead, it can be found by measuring the rms
noise voltage in the time domain. By assuming that 1/f noise, shot noise, and

thermal noise follow Gaussian probability distribution [41], we have

(vma(®) Vet = V(D) + VA 2V O)vaa) 5.23

and -
y= ZOVadD) _ ;_ (Yail®) vt 524

vA(t)+ vEAt) v2,(t)+ va(t)

y also ranges from -1 to 1.

5.4.2 Differential noise in LMT

Using the same experimental set up as in 5.3, we tested a differential pair LMT
shown in Fig.5.8, and a differer:tial LMT shown in Fig.5.9. The testing was done
for both structures in single collector mode and differential mode. The results are
shown in Figs.5.10 and 5.11. For both structures, the P.S.D. differential noise is
on average 3 dB higher than the single ended P.S.D. noise. Although the results
are not presented in the Figs.5.10 and 5.11, we have found that the P.S.D. voltage
noise from one collector is the same as from the other collector. This is to be
expected because of the symmetry of the devices' geometries and because of the
same operating conditions. This result transform the simplified equations (5.22)

and (5.24) into



_1..9D(W)
[(w)=1 25,4(W) 5.25

Y= 1- (_V'_‘_l.(_t)'_v“&)_)i 5.26
2vZ(t)

Converting dB values back to V2/Hz and applying (5.25) we find I" = 0 for both
structures. This means that there is no correlation between the two collector
noise voltages in differential LMT structures. To double check this statement, we
measured the noise in the time domain. The plots of the time averaging noise
versus time for both structures, in single ended and differential mode, are given in
Fig.5.12 and Fig.5.13. By inspection of the graphs, we can see that the differential
noise is on average twice as much as the noise from a single collector. A rough
estimation was taken by considering only the thickness of the waveforms. For
example, in Fig.5.12 there is about 15 mV above and below the 0.0 V line for the
single LMT, and about 30 mV above and below the 0.0 V line for the differential
pair. Applying (5.26), v is found to be close to O for both structures. The results
obtained here are opposite to the results presented in [42].

At this point, it is worth mentioning that there is no definite answer regarding
the collector 1/f noise in silicon bipolar transistors. The few attempts to prove or
disprove its existence have failed [43, 44]. There are also results that suggest
that the collector noise is just the amplified base noise source [33, 34]. The
results published in [42] identify the emitter-base junction as a source of 1/f noise.
At the same time, the results presented in [42] show that the differential noise
voltage is 40 to 50 dB less than the noise of the single ended counterpart, and the
correlation coefficient is close to 1.

What could be the explanation for the discrepancy between the results

obtained here and the results published in [42]?



If the logic implied in {42] were followed here, then for the structure shown in
Fig.5.9 the differential noise should be lower than the single ended noise, because
it also has only one emitter-base junction. But that is not the case. The higher
differential noise for the lateral structures can be attributed to the base region and
to the collector-base junctions. In both structures, Figs.5.8 and 5.9, there are two
collector-base junctions as compared to the one collector-base junction of the
vertical transistors presented in [42], Fig.5.14. In both of our cases, the
differential noise is higher.

We believe that this explanation is equally applicable to the results presented
in {42]. The analyzed structures in [42] are not "real” differential structures,
because there is only one collector-base junction in each of the differential
structures, and the collector current is split between the two collector contacts.
The strong correlation found there represents the correlation of the collector signal
with itself; therefore the "differential” noise voltage is smaller.

In order to prove our assumptions, we have designed a single lateral
magnetotransistor with split collector contact (C' and C"), Fig.5.15. This LMT
was tested in single ended mode (using either C' or C"), and in differential mode
(measuring the noise signal between C' and C"). The results are shown in
Fig.5.16. The results for C' and C" are identical and denoted as Syi(w) and
S22(w), respectively. As can be seen, the "differential” noise, Sp(w), in this case
is much lower than the single ended noise. We also found that the correlation
coefficient in this case was close to 1. These results are similar to the results

obtained in [42].
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Fig.5.7
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Fig.5.14 Cross section of a differential VMT, [43]. Note: there is only one base
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6. LMT IN BIPOLAR TECHNOLOGY

6.1 INTRODUCTION

Up to now, VMTs have been usually fabricated in bipolar technology and LMTs
in CMOS technology. In this chapter, we present results related to a pnp MT
designed as a lateral MT and fabricated in bipolar technology. The main focus of
our investigation is on the role of the n*-buried layer in the LMT. We will look at
the influence of the n*-buried layer on the electrical and magnetic characteristics of

the device.

6.2 DEVICE STRUCTURE AND PRINCIPLE OF OPERATION

The pnp MT designed as a LMT is shown in Fig.6.1. As can be seen, the
structure of the device is similar to the suppressed sidewall injection
magnetotransistor fabricated in CMOS technology [5,20]. We have chosen that
type of structure because of its high sensitivity. The difference, though, is that the
structure in Fig.6.1 is fabricated in bipolar technology, and we deal here with a pnp
LMT. The n-epi layer serves as the base region, and the p-diffusion (which
normally serves as the base region of a standard vertical npn transistor) is used to
make the emitter (E), and the collectors (C1 and C2). An n*-diffusion is used to
make the base contacts (B1), and the n*-stripes (B2). The role of the n*-stripes
is to suppress the lateral injection from the emitter into the base in the region that
is in the vicinity of the chip surface. In effect, the presence of n*-stripes shapes
the flow of injected carriers from the emitter, and therefore enhances the device
sensitivity [5,20]. The emitter area is 25 x 30 um 2, and the distance between the

emitter edges and each collector is 28 pm (on the mask).
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The device operation is as follows. In forward active regime, the holes are
injected from the emitter into the base, and then split into two lateral components
collected by C1 and C2, and one vertical component collected by the substrate. In

the absence of a magnetic field, the collector currents Ic1o and Ic20 are equal
because of the structure's symmetry. When a magnetic field is applied parallel to
the chip surface (in -x direction), an imbalance arises in the collector currents due
to the action of the Lorentz force on the holes [5,20]). Therefore, Ic2 increases and
Ic1 decreases. The net effect of the Lorentz force on the vertical component is
zero and hence has no influence on the device sensitivity.

As already mentioned, we paid special attention to the n*-buried layer. To
investigate the role of the n*-buried layer, we have designed another LMT,
Fig.6.2, with identical dimensions but without the n*-buried layer. To simplify the
description of the electrical and magnetic results, let us denote the LMT which has

the n*-buried layer as device A and the LMT which does not have the n+-buried

layer as device B.

6.3 ELECTRICAL CHARACTERISTICS

The effect of the n*-buried layer on the collector current can be seen from
Fig.6.3. At the same biasing condition, the collector current of device A is higher
than that of device B. The explanation for this phenomenon is well known. The
addition of the n*-buried layer reduces the base resistance and suppresses the
collection of holes at the junction between the epitaxial layer and the substrate, i.e.
reducing the substrate current (Fig.6.4). Also we note that there is an inflection
point on the I¢ versus Ig of device B. This inflection point occurs at Ig = 3.0 mA.

The explanation for this is that when Ig < 3.0 mA, the domination of the VMT

action inhibits the minority carriers to flow laterally towards the collectors. It is
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only when Ig > 3.0 mA that the lateral flow is established. There is no inflection
point on the curve of device A because the n*-buried layer reduces the influence of
the VMT action. From Fig.6.3, we can also estimate the d.c. gain of the devices.
The gain of device A is much higher than the gain of device B. However, both
gains are less than 1. Again, this is because the majority of the injected electrons
either go to the substrate or recombine in the base region. Only a small fraction of
the total injected carriers from the emitter are collected by the collectors.

Next, we investigate Ic as a function of Vs. For device A, beyond 0.5V, Vg
has no influence on the collector current (Fig.6.5) and no influence on the substrate
current (Fig.6.6). The reason for this is that the added donors in the n*-buried
layer inhibit the extension of the space charge region between the n-epi layer and

the p-substrate. On the other hand, Vs affects the collector current and the
substrate current of device B greatly. In this case, increasing Vs increases the n-
epi/p-substrate’ depletion region. Hence, it decreases the collector current while

increases the substrate current.

6.4 MAGNETIC RESULTS OF A PNP LMT FABRICATED IN BIPOLAR
TECHNOLOGY

The structure of these pnp LMTs is similar to that of the SSIMT fabricated in
CMOS technology [5,20]; therefore, we would expect to obtain the same type of
results except that the magnitude of the sensitivity would be lower, €.g. Hp <Hn .

From the experimental results obtained in the previous section, we know that
the presence of the n*-buried layer seduces the effect of the VMT action; since we
know from the results obtained in Chapter 3 that Vs plays an important role in the
device's sensitivity, we expect that Vs will have no effect on the S; of device A but

will influence the S; of device B.
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Fig.6.7 shows the response of Alc to a magnetic field applied in the x direction.
The biasing conditions are V¢ = Vg = 5,0V and Ig = -4 mA. As can be seen, even
though both devices show a linear relationship between Alc and B, the response
of device B is much higher than that of device A. The presence of the n*-buried
layer is responsible for the low Al of device A. The linear relationship between
Alc and B obtained here is in agreement with the results obtained in [5,20] and
confirms once again that the carrier deflection mechanism is responsible for the
magnetic transduction.

The role of the n*-buried layer on the sensitivity of a LMT can be studied more
effectively if Vg is varied. By doing so we can obtain the relationship between the
potential applied on the substrate and the shaping of the flow of carriers in the
neutral base region, and consequently the device sensitivity. Fig.6.8 illustrates
the relative sensitivity as a function of Vg for both devices. The biasing conditions
are: V¢ =-5V and Ig = -4mA. The relative sensitivity is unchanged as Vg varies
from OV to -5V for device A. This means that with the n+-buried layer there is
negligible change of the depletion region on the side of the n*-buried layer; thus
Wess, and consequently S;, are unchanged. On the contrary, the sensitivity of
device B increases as Vg goes from OV to -5V. Like the original structure in
CMOS technology [20], the space charge region of the junction between the
substrate and the base region increases as the magnitude of Vg increases. This
leads to the increment of the sensitivity.

We also studied the effect of Ig on the sensitivity of the pnp LMT fabricated in
bipolar technology. The sensitivity as a function of Ip is presented in Fig.6.9. The
results obtained for device B are similar to the results obtained for the npn SSIMT
fabricated in CMOS technology. The sensitivity increases as Ig goes from -0.5 mA

to -3.5 mA, then drops off as Ig > -3.5 mA. The increment in the sensitivity as Ig

goes from -0.5 mA to -3.5 mA is because in the beginning the lateral electric field
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is weak, and so Wegr is actually large. As Ig approaches -3.5 mA, the lateral field
is stronger, and the flow of the holes is more confined. This leads to a reduction in
Wosr and an increment in Sy. For Ig > -3.5 mA, Weft increases, and S; decreases.
It is also interesting to note that because this is a pnp LMT, its sensitivity is less
than the sensitivity of the npn SSIMT fabricated in CMOS technology [5,20]. For
device A, S; is insensitive to the change in Ig. The explanation for this can be
seen from Fig.6.6, which shows that Ic is insensitive to the change in Ig.

In conclusion, even though the presence of the n*-buried layer improves the
current gain and the frequency response of the LMT, it makes the S; of the LMT

insensitive to the change of Vg and Ig, and contributes to the low values of S;.
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7. CONCLUSION

The aim of this work was to investigate different LMT structures, particularly
the LMT that can detect a magnetic field applied either parallel or perpendicular to
the chip surface. We wanted to find out sufficient information regarding to device's
performance to build a multidimensional magnetic transducer. Many tests were
performed on the LMT which was fabricated in a standard 5um CMOS technology.
The results are briefly summarized below.

When the device is operated in single ended mode, it is the simplest LMT that
can detect 2 components of vector B. Because of the long base width to maximize
the relative sensitivity, its gain is less than 1 and its ideality factor "m" deviates
from the conventional values of 1 and 2. With respect to the magnetic response,
we conclude that the dominant gavalnomagnetic effect is carrier deflection of
minority carriers in the base. Depending on the biasing condition, the relative
sensitivity varies. Generally when Ip increases, S; decreases. Sy also increases
with increasing Vs. The role of the p* stripe even when disconnected, is to
suppress local injection from the vertical edges of the emitter where the p+ stripes
are adjoined. In other words, it shapes the flow of the electrons.

The frequency response of the device is moderate when compared to that of a
conventional bipolar transistor. The cut-off frequency is around 100 kHz.

The influence of surface effects on sensitivity was studied by the means of gate
potential. When the gate was biased negatively, S; improved by 10%. When the
gate was biased positively, S; decreased drastically because a n-channel is formed
between the emitter and the collector (the bipolar transistor action is violated).

In addition, special attention was paid to the noise of a LMT sensitive to B
parallel or perpendicular to the chip surface. The 1/f noise region at different

biasing condition extends to 50 kHz. This is unfavorable for low frequency
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application, because the noise level is high and fluctuates with Af. We also found
that the collector current noise varied linearly with loglc. Very interesting results
were obtained for the S/N ratio. Even though the S; of the device when Vg was
connected to 5.0V was an order of magnitude higher than the S; of the device when
Vg was disconnected, the S/N ratios for both cases were in the same order of
magnitude. Subsequently, the minimum field detection for both cases was of the
same order of magnitude. When parallel B is applied, the By is in the range of 1
uT; when perpendicular B is applied, the Bpin is in the range of 10 uT. Further,
both frequency and time average correlation coefficients of the differential pair and
the differential LMT are found to be 0, which suggests that the voltage noise of
the 2 collectors is not correlated. It was also found that the differential noise was
higher than the noise in the single collector LMT.

A new pnp LMT has been designed and manufactured in bipolar technology.
The results show that the n*-buried layers plays a crucial role in the design of this
type of structure. In term of relative sensitivity, the device without the n*-buried
layer has one order of magnitude higher than the device with n*-buried layer. A
sensitivity of 135 %/T is measured- the highest ever reported for a pnp MT.

The work presented here has generated new questions, and to find the
answers a further investigation is needed. In terms of the magnetic sensitivity,
certainly we would like to improve Sr; so that it is at least in the same order of
magnitude as Syx. This could be the toughest challenge because Vs does not
infiuence Sy, to the same degree that it does on Srx. Second, now that we have
good results in sensing magnetic field in two different directions, we believe that 2-
D and 3-D devices based on LMTs are realizable. Further investigation of these
devices will require much work because their operation will be more complicated.

In terms of noise, further work in needed in finding the location of the 1/f noise

sources in a simple LMT. The questions that need to be answered are 1) which p-
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n junction is the most dominant noise source, and 2) will the noise decrease when
the gate is used? The second question is raised because if the 1/f noise is
dominated by the surface noise, then perhaps with the negative voltage applied to
the gate we can push action (i.e. trapping and detrapping at G/R centers) away

from the surface.

The past ten years have been a time of remarkable growth in the area of
magnetotransistors. Principles of operation of various structures have been
studied. Sensitivity, noise, offset, linearity, etc. have been evaluated. With all of
this knowledge, and with the information which will be obtained within the next
couple of years, the MT will reach maturity and will be incorporated in an

integrated transducers for different applications.
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