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SUMMARY

Sensors convert physical or chemical measurands into electronic signals.
Microsensors arc manufactured using microclectronic processing technologics.
The goal is 1o develop batch-fabricated sensors interfaced with microprocessors or
application specific integrated circuits. Device modeling is becoming an essential tool
for microsensor design and analysis. This new ficld of microsensor modeling is
revicwed in this paper. Modecl equations and boundary conditions are presented along
with numerical procedures and selected results.

INTRODUCTION

A sensor or "entrance transducer” is a device which converts a physical or
chemical signal into an clectronic signal that can be readily processed, stored, or
transmitted. Sensors are required at the front end of measurement and control
systems or robots. Microsensors or integrated sensors can be designed and
manufactured using standard silicon integrated circuit (IC) technologies such as CMOS
or bipolar technology with or without additional sensor-specific processing steps. The
use of IC technology offers the advantage of integrating the sensing elements with
support and signal conditioning circuitry on the same chip. Silicon has
revolutionized electronics and is now altering our perceptions of sensors as well.

Microsensors can be classificd by measurands, i.e. input signals to be converted,
namely magnetic, chemical, radiant, mechanical, and thermal signals. A number of
magnetic field, optical, pressure, and temperature microsensors has been achieved in
standard silicon IC technology by inventive device designs without requiring any
special processing steps. Examples are integrated Hall sensors, magnetotransistors,
photodeicctors, and transistor-bascd pressure and temperature sensors. Other sensors,
notably chemical and mechanical sensors, require dedicated post-processing steps
such as the deposition of specific films or the creation of geometric structures by
microlithography and etching (micromachining)., Examples are capacitive humidity
sensors with water adsorbing layer, chemical sensors made sclective by applying an
enzyme layer catalyzing the reaction of onc specific compound, and various
mechanical sensors based on silicon microstructures produced by ctching, such as
microbridges, diaphragms, and cantilever beams.

Timely information on the rapidly growing field of microsensor research can be
found in recent reviews [1,2], conference proceedings [3,4], special journal issues 5],
and in the dedicated journals "Sensors and Actuators” and "Scnsors and Matcrials”. The
wealth of approaches, methods, and tools can be classified in the four broad categories
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of (i) silicon 1C technology (standard fabricaiion process, but dedicated device design
and test of sensor functions), (ii) film deposition, (1ii) micromachining, and (iv)
device modeling. The last mentioned arca of microsensor modeling is the topic of this

paper.

The modcling of semiconductor 1C devices is a highly developed an, as is
manifested by the many contributions 1o this volume. In contrast, the ficld of
microsensor modeling is still in its infancy. The motivation behind 1C device modceling
-- reduction of the number of costly trial-and-crror fabrication cycles and insight in
the physical propertics of the device interior not readily accessible by experiment --
is even more compelling in the casc of microsensors. The goal is to understand the
sensor’s operating principles and, in particular, how design, fabrication, and
operaling parameters determine, enhance, or limit its sensitivity with respect 1o the
mcasurand under consideration.

By design, the presence of the physical or chemical input signal is meant to
"upsct” an "ordinary” 1C device as much as possible, which makes the device modeling
task even more difficult.  For example, magnetic induction disturbs the carrier
transport by the Lorentz force; incident radiation alters the generation
recombination balance in photodeicctors; mechanical stress can modulate the clectric
conductivity. The measurand onicn appears in the form of an external field that
reduces the symmetry of the device operation, hence making the choice of
appropriate model equaltions, physical and material parameters, as well as boundary

and interface conditions very crucial.

Simple analytical models of microsensor operation arc useflul heuristic tools for
trial device design, but often may turn out 10 be correct, only under very special
geometry and operating conditions. Numerical microsensor modeling is indispensable
for analysing gencral and morc complex situations. Solar cells and photodiodes arc
probably the best understood semiconductor sensors and the latter can ofien be treated
adequatcely by one-dimensional numerical modeling. A varicty of onc and two
dimensional numcrical codes have been developed (sec [6] and [7]) that solve the
drift-diffusion based system of cquations in the presence of optical radiation. In view
of the vector character of magnetic induction, at least two-dimensional modeling is
usually required for magnetic sensors [8]. For these problems, we have developed
ALBERTINA- a package that provides numerical solutions 1o the system of cquations
governing carrier transport in Hall type [9] and bipolar magnetic ficld sensors [10,11].
As far as pressure sensors arc concerned, we are only aware of SENSIM [12] and
ANSYS (sec [13]), that can provide a full numerical analysis of the interactions of
mechanical, thermal, and clectrical cffects in such devices.

MODELING EQUATIONS

The fundamental system of partial differential equations that describe the physical
processes occuring in integrated sensors, are usually given in the following
macroscopic form

div(eE)=p
div]n—qﬁnz’r)lzq(R—G) O

div Jp+ qoplot=-q R~ G),
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in the usual notation (see [14]). Although the cquations arc a result of many
approximations [14], they are nevertheless justified in view of the physical
dimensions and operating conditions normally encountered in practical sensing
structures. Depending on the nature of the measurand, the various quantitics in
system (1) have to be suitably modeled to account for the variety of physical effccts
(and their interactions) taking place in the device. Some of the pertinent models are
described in what follows.

Temperature effects

Scemiconductor devices arc sensitive to variations in temperature, whether applied
cxternally or generated within the device. A variety of methods are possible for
utilising devices and circuits in standard 1C technology, as temperature transducers, A
review of temperature transducers can be found in [15]. To allow for the effects of
tempcrature, the transport relations for J, and J P in system (1), for not too large

temperature gradients arc {14]

J, =-gD, (T) [grad n —n grad (qy/kT)] + gnD nT(T) grad T 2
Jp = -qu (T) |grad p + p grad (qwkT)] - qupT (T) grad 7, 3)

including a component of electric current density with the temperature gradient as a
driving force. The temperaturc dependent concentration diffusion constants, D, p and

the drift mobilitics, 1 p ATC assumed 10 be related by Einstein's relations and the
thermal diffusion constants, D, pcan be assumed equal to D, p(T)iZT (sec [14]). The
carricr concentrations #n and p are assumed to follow Maxwell-Boltzmann statistics,

n=n,cxpl(y-¢@)V)] 4)
p=ni exp (g, ¥V, ®)

where V, denotes the thermal voltage, ny, the cffective intrinsic concentration, and

Pnp denote the respective Fermi potentials, An claborate account of the temperature

dependence of the various terms in (1) to (3) can be found in {14,16]. The models are
identical 10 those used in IC device modeling. Electrical and thermal interactions in
the device can be accounted for by an additional heat flow equation, viz.,

div [x() grad T| = pc 3T/ot - H (6)

with x(T) denoting the thermal conductivity, p the mass density and ¢ the specific heat.
H accounts for the various heat sources and sinks in the sysiem. Equations (1) to (6)
adequatcly describe the thermoclectric effects and in particutar the Seebeck effect
which can be exploited in thermal sensing [17].
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Optical radiation

Physical processes in optoclectronic devices such as photodiodes and solar cells
can be described by (1) to (3), but optical gencration of carricrs has to be taken into
account. For monochromatic radiation with zcro reflectance at the diode back surface,
optical generation at depth x into the device can be generally expressed as [6,7]

oo

6= | (1-Doac®a ©)
0

where ¢ is the incident photon flux per unit arca normal to the device, Ithe front
surface reflection cocfficient, « is the absorption cocfficient, all being functions of
the wavcelength, A. For muluple reflections between front and back surfaces, the
integrand in (7) becomes more complicated (see [7]). In avalanche photodiodes, the
high reverse bias voltage across the depletion zone lcads to ¢-h pair generation from
high energy clectrons and holces in the depletion region, thus requiring the inclusion
of impact ionisation in the continuity cquations. High doping effects particularly in
solar cells result in the recombination term, X accounting for both Auger and
Shockley- Read- Hall processes. The dependence of the intrinsic carrier concentration

and carricr lifetimes, 7, pon doping concentration arc modified accordingly [14,16].

Also the clectric potential in the current density relations in (2) and (3), have to be
replaced by effective potentials accounting for variations in band structure and the
Fermi-Dirac statistics {sce [18]).

As for the boundary conditions, the clectric potential and carricr densitics at
ohmic contacts {assumed ideal) are prescribed by the usual Dirichlet conditions [14],

v =V, + (kT/g) sinh™! (N/2n)

n=N*+nh 24 NP (8)
p=(Na+n22-Np,

where N denotes the net ionised impurity concentration. We note that relations (8),
hold for the various other sensors whose output is clectrical. At the interface between
two different media, the net clectric displacement normal 1o the interface is assumed
cqual 1o the interface charge density. The current densities at insulating boundaries is
detecrmined by the recombination at the interface [6], for nonideal interfaces.

Magnetic field effect

In the presence of a magnetic ficld, the action of the Lorentz force on moving
carricrs manifests itself in the transport equations. Under various assumptions [ 19],
the magnetic ficld dependent clectric current densitics can be expressed in the
classical drift-diffusion formulation as

JnB + lun* Jnl} xB = an [grad n —n grad (gy/kT)] 9

Jpp =ty Jupx B ==qD, (grad p + p grad (quikT)]. (10)



567

The transport relations are a good approximation only in the weak field limit, (u,, ;B}z

<< 1, with a rclative error that is of the order of (1, p* B)z. The equations take into

account the direct effects of tempcerature on the various coefficients, but they do not
include thermoclectric and thermomagnetic effects. The Hall mobility, un* is assumed

proportional to the drift mobility, i, with the constant of proportionality being the

Hall scattcring cocfficient. The experimental value of this coefficient has been found
10 be significantly different from theory, particularly in the limit of ionised impurity
scattering [20]. In general, this coefficient depends on the nature of the scattering
mechanism, the band structure, the degree of degeneracy, and on the statistics
characterising the velocity distribution of carriers [21]. In view of the scattering
mechanisms normally assumed in the simulations, and in weak magnetic ficlds, a
valuc of 1.2 for the scattering coefficient for both electrons and holes {11] can be
adopted.

System (1) together with retations (9) and (10) are solved subject to a mixture of
Dirichlet and homogencous Neumann boundary conditions, At ohmic contacts
(assumed idcal), the electrostatic potential and carrier concentrations at the contact
arc prescribed by the usual Dirichlet boundary conditions (8). At insulating
boundarics, the presence of a magnetic ficld could result in a significant Hall ficld at
the boundaries. In such a case, the standard condition grad y. n =0 at these insulating
boundarics may be physically invalid (n denotes the outward normal vector) and
therefore, the procedure introduced in [10] is adopted. The actual boundary condition
on y at these boundaries is treated as unknown and to deal with the problem an
"artificial” oxide region is introduced, which completely encloses the device domain.
In this way, one avoids imposing artificial boundary conditions at the device/oxide
interface which could a priori affect the results. The discontinuitics in the normal
component of clectric ficld at the interface are handled in the weak formulation of the
cquations. Poisson's cquation is solved over the entire domain (consisting of the
device plus oxide), with the normal component of clectric field taken to be zero at the
oxide's outer edges. The nature of this condition could, in principle, affect the solution
in the device's active region. These effects, however, can be made minimal by an
appropriate choice of the oxide thickness. The solutions of the continuity cquations
arc restricted to the device domain. At the semiconductor/oxide interface, the zero
normal current condition J, . n=J p = 0 1s imposed for ideal interfaces.

Mechanical effects

The effect of mechanical stress in a p-n junction can be exploited in realising
bipolar transistors whosc output characteristics are a function of the applied stress
[22,23]. Stress-induced variations in the encrgy band structure affect the intrinsic
concentration which then becomes

n; 2= ny,> exp [aPIkT], an

where ais 107 ¢V/bar for a uniaxial stress in the <100> direction and P denotes the

applicd pressure (see [23]). Conscquently, the majority and minority carricr
concentrations in the base region are affected. The stress also induces a change in the

carricr mobility. The change in mobility, A u is lincarly related to the stress,
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Au=-ucé, 12)

where 6= 107 bar™! and o denotes the stress. There is also a change in the free carrier
lifetime duc to the stress induced generation-recombination centres.

Mechanical Equations and Boundary Conditions
The basic effects cxploiled by pressure sensors arc piczoclectric, piczoresistive, or
capacitive, The cffccts most commonly utilised by integrated Si pressure sensors are

piczoresistive (A R) or capacitive (A C) which are inherent in a thin diaphragm. Bascd
on the approximations employed in the thermoclastic plane-stress formulation [24],

the cquations governing stress, £ and deflection, w in a diaphragm are given by:
19y (1E (PF1dv? = viPFIax2)] + 2% 9xdy [1/G (PF13xdy))]

+ PIox2 [V/E (PFIox2 - viPFIyD)]
=~ (1 - V) [PIRHNE) + PI1oy*(N{E)), (13)

Piox? (D} Pwldx? + Dy PaldyD)] + 28710xdy [Dy Pl dndy)
+ Pioy? Dy Padx? + Dy P/ dy?))
=g - (U1 - V)] [PMydox® - PM o3, (14)

In egns. (13) and (14), £ denotes the effective Young's modulus, G the cffective shear
modulus, Ny the thermal load, M']» the thermal bending moment, g is the cffective

loading, v denotes Poisson's ratio, F the stress function, and o the diaphragm deflection.
Dy, D4, Dy, and My arc assumed constants and arc given in [24]. The boundary

conditions for (13) arc as follows,

PFiox® = N, and #Flaxdy =0 fory ==L/,

PFIy? =N, and FPFlaxdy=0 forx =+L/2, (15)
where N is a surface traction force caused by thermal mismatch between the silicon
substralc and packaging/mounting material and/or ¢xternal forces, and L is the
diaphragm sidc dimension (Fig. 1). The boundary conditions for (14) arc {24]

w=0 atx==(L/2)ory == (L/2),

Jwox = gM alx=*L/f2, (16)

dwldy = gMy aty==%1L/2,
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where M and My arc bending moments and g is the edge factor (see [24)) which is

constant. Equations (13} and (14) solved with boundary conditions (15) and (16) yield
the stress components, 0y, Oyy and Oy in the diaphram. In the case of bridge and
cantilever structures, the boundary conditions (15) and (16) become suitably modificd.

For piczoresistive pressure transducers, the fractional change of resistivity 8p as a
result of stress ois {24],
6
S;= 2 m;o; amn

R A
J=1

where i (=1,2,..,6) and j carry the notation such that xx=1, yy=2, zz=3, yz=4, xz=5,
and xy=>6. For a diaphragm in x-y plane, employing the plane stress approximation

(o Oy and o,, assumed negligible), yields the fractional change of resistance as

2
ARIR,=m 0, + 7, 0, +ms Oy (18)

where R, is the unstressed resistance, AR denotes resistance change, o, isthe average
normal stress parallel to the current path, o, is the average transverse stress

perpendicular 1o the current path, Oy is the average shear stress and 7, 4 denote
the longitudinal, transverse, and shear piezoresistive cocfficients.

For capacitive pressure transducers, the total effective capacitance between the
diaphragm and the reference plate is given by [24],

C=es? Il 0oy ay + c, (19)

where C » is the parasitic capacitance, 5 is the zero pressure separation between
diaphragm and reference plate, and £, is the diclectric constant in the cavity. The
relative change of capacitance duc to deflection (C —C_)/C can then be evaluated with

the zero pressure capacitance C, being EOLZ/’S.

NUMERICAL PROCEDURES

Except in very special circumstances, nonc of the above systems of cquations can
be solved analytically, Conscquently, a varicty of numerical schemes have been
introduced 1o obtain rcasonably accurate solutions to the problems considered. For the
devices we have sclected, finite clement/box type procedures are preferable. This
approach allows flcxibility in nodc position and density, and easc of specification of
natural boundary conditions. Conscquently, changes in device geometry and
parameters can be easily implemented. Finite difference solvers can also be uscd
{14,25], so the choice is based on individual prefercnce and needs.

The first - and most important - step is the generation of a suitable grid. Our
ALBERTINA grid generator consists of a hybrid scheme which combines procedures



introduced in [26,27] with a simpler gencrator (sce Fig. 2). Roughly spcaking, it works
as follows [28]: given a simulation region, we first decompose the domain into
subregions whose arca depends on the local changes and size of the physical
paramcters. Each subregion is then automatically decomposed into cither right angle
or cquilateral triangles (sce Figs. 2 and 3), with element maiching at the interfaces.
We obscrve that perpendicular bisectors of the sides of such triangles must intersect
within the triangle. 1t is casy for us 1o control the smallest angle in the right angled
triangles thus facilitating the control of discretisation crror [29,30]. Division into
cquilateral triangles requires relatively many nodes and is used in regions where
conditions and variables are changing rapidly along curves. Division into right angle
triangles uses fewer nodes and is suited to regions of slow change or of change only in
onc dircction. This is important in view of the large physical dimensions that sensors
have in general. Finally, various residues and relative changes are monitored as the
solution proccdure progresses. If such quantitics arc deemed unsatisfactory at any
node(s), then the solution procedure is stopped, the grid in regions adjacent 1o such
places is refined and the solution procedure 1s then resumed.

We can solve lincar and nonlincar Poisson's cquation, clectron continuity
cquation, hole continuity cquation, and the heat flow cquation. Depending on the
problem posed, an appropriatc combination of the above equations is used. We briefly
describe our procedure in the solution of Poisson's and the continuity equations for

the case of magnetic ficld sensor simulations. Given yy, ng, and py, we solve the
nonlincar potential cquation for v using a modificd Newion method. Speed of

convergence is improved by accelerating algorithms [31]. Since the magnetic field B
docs not enter in this equation, our procedure is essentially as in [14,25]. Given vy, ny,

pg» we next discretise
div (A J,) =R (n,p), 20)

where A is a nonsymmetric matrix whosc entries depend on B [32]. This is donc by
following the averaging ideas of the Scharfetter-Gummel scheme [33] in discretising
J,, in any clement. A cell is constructed surrounding any nodc by means of
perpendicular biscctors of the clement sides, and Gauss's thecorem is then employed 1o
integrale (20). Observe that the presence of nonsymmetric A leads to changes in the
calculations rclative to the usual procedure. ' We next proceed to calculate py by a

similar procedure. We have found it advantageous 1o solve for scf consistent ny, p;
before returning to calculate y,. The procedure continues until self consistent valucs

are found for w, n, and p. The stopping criteria used arc of the order of 103 10 100
depending on the problem considered [11].

The above procedures are usually staried at equilibrium, Applicd bias is increascd

in small steps to the desired value with y, 5, and p updated at cach stage by
extrapolation from the two previous valucs. As is well known, the above procedure
works well for small R, but difficultics arc encountered otherwise. In such cascs, a
Newtonian scheme may be applied 10 all variables simultancously at the price of
increased compultational complexity. The above procedures lead to the inversion of
numerous nonsymmelric large sparse matrices. Up 1o about 3000 nodes, we have
obscrved that the package SPARSPAK [34] of dircct solvers performs very well. As the
number of nodes increases, however, the storage requirements become excessive. We
have developed generalised preconditioned conjugate gradient procedures 1o handle
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such problems; work in this area is still in progress.

The above discretisation ideas fail a priori for sensors which lead to fourth order
differential equations such as those governing the mechanical behaviour of
microstructures. For problems of this nature, a finite element scheme based on
macrotriangles [29] is preferable. The procedure maintains the flexibility with which
general micromechanical structures and gcometries can be handled. For a varicty of
rcasons, it is desirable 1o have apertures (holes) distributed on structures such as
diaphragms and bridges. Furthermore, the boundary conditions as well as any
matcrial inhomogenctics can be handled naturally in the weak formulation of the
cquations. Work along these lines is currently being pursued.

Finally, we briefly describe our error checking routines. New codes are first run
on simple problems whose answer is known analytically or on problems whose answer
had been previously established. Current balance checks are also performed. Such
steps are taken 1o remove obvious errors. For new problems, however, the key
mathematical question is how to determine practically a suitable size for the triangles
uscd in any subregion. Our grid generator attempts to choose this size so as to
rcasonably distribute the error, although we have been usually unable 1o obtain
precise practical estimates. Moreover, errors may lie in reducing the physical device
opcration 1o a mathematical model. If such errors are large, no adjusting of triangles
will suffice. In summary, the ultimate error check is based on comparison of the
numerical results to the experimental results obtained for a device of similar type.
This, we have strived to do as much as possible (sce [9,11]).

RESULTS AND DISCUSSION

Photodiodes have the unique feature in that carmier transport analysis can be
adequately treated in onc dimension. Examples of numerical results in photodiodes
using the onc-dimensional PC-1D simulator are illustrated in Fig. 4. The simulator
runs on IBM XT compatible computers and provides to the user, a variety of
sophisticated physical models for both Si and GaAs photodiodes, and also allows
provision for user input models. The electric field and carrier concentrations at
equilibrium are illustrated in Fig. 4 for the Hamamatsu 1337 photodiode using the
default parameters in PC-1D. The limitations of PC-1D, particularly in simulating the
short circuit photocurrent in high accuracy photodiodes (such as those used for self
calibration) are discussed in [7]. Current efforts in silicon photodiode modeling aim at
high accuracy prediction of the spectral quantum efficiency for the purpose of
absolute calibration in radiometry.

Selected numerical results of magnetic ficld sensor simulations using ALBERTINA
arc illustrated for unipolar as well as bipolar devices in Figs. 5 to 10. Distributions of
carrier transport were computed for a varicty of Hall devices under various
configurations of discontinuous magnetic induction (Fig. 5). In the casc of the Hall
cross with a longitudinal strip domain, we observe strips of Hall fields with current
flowing parallel 1o the inversion boundaries, indicating that the distributions
effectively resemble the "Hall effect” analytical model. In the other limiting case of
the transverse strip domain, we observe no Hall fields but the current lines are skewed
by the local Hall angle. In this case, the distributions obey the "carrier deflection”
intuitive model. In the general case where the magnetic field is inhomogeneous in
both dircctions, a mixture of both Hall effect and carrier deflection are involved in a
complex way on both sides of the inversion boundary. The analysis of such
configurations in terms of simple analytical models could become very complicated, if
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not impossible. A comparison of cxperimental and numerical ouput responscs is
illustrated in Fig. 6, for both bubble and strip domain configurations. As we can sce
from the figure, the experimental results support the validity of our analysis.

The simulation domain for a bipolar magnetotransistor is shown in Fig. 7 with Fig.
& illustrating the actual device structure which was fabricated using bipolar
tcchnology. The oxide that surrounds the base region (Fig. 7) has been introduced to
deal with the problem of boundary conditions discussed in the previous section. To
illustrate the cffects of magnetic ficld near the junction vicinity, cquipotential lines
for the region around the emitier of the device arc shown in Fig. 9. The dashed lines
indicate the interface between the semiconductor and the oxide at the surface and the
bold lines denote the emitter clectrode. The device is operated at V= 0.85 V with a

magnetic ficld of 2 Tesla parallel to the chip surface. The current through the device
is 0.6 mA. The cquipotential lines appear 1o be symmctric around the emitter-base
junction indicating that there arc no significant Hall ficlds in that vicinity. The
distribution of flow lines for minority carriers (clectrons) is illustrated in Fig. 10, In
contrast to the distribution of potential, the effect of the magnetic ficld clearly
manifests itself in the distribution of current density. There is no indication of any
asymmetry in the injected emitier current at the metallurgical emitier-base junction,
The numerical results discussed above yield Hall voliages in the order of pV at the
emitter-base junction vicinity. This is too small in magnitude 1o substantiate the
validity of the emitter injection modulation model (see [11]). These predictions
gathered from simulations are supported by experimental data oblained from in situ
Hall probe measurements [11]. A sysicmatic comparison of simulations performed for
various device structures Iead us to conclude that the dominant operating principle in
magnclotransistors with lincar response is carrier deflection, while possible
nonlincaritics can be attribuied to magnetoconcentration effects.

In mechanical sensor design and development, numerical analysis scrves as a
valuable 100l, reducing the number of redesign cycles [13]. In the design of a silicon
cantilever accelerometer (singly fixed beam), the general purpose finite clement code
ANSYS has been extensively used to predict stress patierns on the beam, the
sensitivity, the fundamental as well as higher order resonant modces, temperature
coclTicient, and overrange characteristics [13]. Knowledge of the stress distribution
on the beam aids resistor placement. Results of modal analysis arc illustrated in Fig,
11, where the fundamental bending mode is at a resonant frequency of 839 Hz and a
sccond (torsional) resonant mode at 68,575 Hz. Hence, for a given measurement
bandwidih, onc determinges a priori whether the higher order modes would present

scrious problems.
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Fig. 1. Cross-sectional view of a pressure transducer
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Fig. 2 Triangular mesh for an emitter base junction of a magnetotransistor,

generated using Delauney triangulation at junction sidewalls and regular
grid triangulation everywhere else [8].



1020

10%

CONCENTRATION (cm™3)

10°

Fig. 4

575

Fig. 3 Delaunay triangulation for a microbridge with apertures
(Courtesy of Chau [28]).
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The electric field and carrier concentrations at equilibrium as a function of
depth. The nominal front region parameters used are characteristic of the
Hamamatsu 1337 photodiode (Courtesy of Geist [7]).
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Equipotential and current lines for a Hall cross with longitudinal strip
domain, a split-electrode Hall device with transverse strip domain, and a
conventional Hall device with bubble domain [9].
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bubble and strip domain configurations. The bubble distribution used in
simulations is denoted by "a" and the measured bubble distribution is denoted

by curve "b" [9].
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Fig. 7 Two-dimensional simulation geometry of the magnetotransistor's base region

surrounded by an artificial oxide region [11].
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Fig. 8 Cross-sectional view of dual-collector magnetotransistor fabricated in bipolar

technology [11].
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Fig. 9 Equipotential lines the emitter vicinity for Vgp=0.85Vand B=2T [11].

Fig. 10 Minority carrier (electron) flow lines in the vicinity of the emitter for the
same operating conditions as in Fig. 9 [11].

Fig. 11 The fundamental (bending) mode at 839 Hz and second (torsional) mode at
68,575 Hz, for a silicon cantilever accelerometer (Courtesy of Barth et al. [13]).



