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ABSTRACT ) . i

ke -

Numerical solutions for magnetic field sensitive semiconductor devices such as VHD

(Vertical Hall effect Device) and MAGFET (MAGnetic-field sensitive Field Fffect

Transistor) are developed. Poisson type partial differential equations having mixed boundarP

ééﬁdnions for clectrostatic potential are solved ‘using the fin;Le element method.

To support the finite element method efficiently, an adaptive grnid .generauon
'algongnm 1s developed. Thé opuimum sensor probe position for the VHI) 1 found and the
corres-ponoing Scnsm'v‘il__\ ts calculated. Double drain and Triple d;am n-channel MAGFET

-

operating i1 the hinear region are simulated and their sepsitivity are compared.



ACKNOWLEDGEMENTS ~ N

“ N
: B N
4

I wish to appreciate most sincerely 1d my supervisor Professor H P Baltes for hi

patient supervision and invaluable advice.

»

I .would also like to thank Professors W. Allegretto, W "B. Joerg. and Dr. A M. ] \

Y

Huiser for their helpful assistance and discussions. I am indebted io a number of colleagues,

.

especially’ A, Nathan for the simulating discussions. ). Brigho and K- Chau for proofreading

this thests.

Finally. special thanks are due to Mrs. June Swanson, who 1vped all the equations.

”~



[ VN,

Fable of Contents

Chapter . " Page -
. INTRODUCTION .0 .. ... TIPS ]
2. MAGNETIC FIELD EFFECTS IN SEMlCONDUCTOR ........................ g O
21 Hall Effect ............ UTT RSP SSSPRPP SR 6
2.2 Carrier Deflection ... [SUUUUTRRIRR AU PRSP T
23 M'agnegocolncemralion TS SO TR . L T
7' 2.4 Hall Angle ...... TR UTUUUS BT SUTSRURURUURUR 8
2.5 Ideal Hall Voltage ................c.o..... U FETO PO L 5
"3 BASIC SEMICONDUCTOR }Qermor\s AND PREVIOUS MODELING
- WORKS oo 10
- f ' ‘ L o ‘ ,
: 3:1 Current Density. Equations ... e L e, 10

AR 1 1 Current dcnsn) cquauons without magneuc field -

: 3:1.2 Current density cquauons with magnetic field ...
1.3 Current density components with magnetic field ... 1
3.2 Currer{t Continutty Ecjuau’ons ........... ...................................
3.3 Poisson's Equauon ........... B T .......... JO .............. 15
3.4 Modeling by Lumped Circuit Cell Meth‘od‘ ............ R e el 1S
™ 3.5 Modeling by the Finite Difference MEthod .. oveoeeeeecoer oo T 16 .
3.6 - Analytical Modeling ............... DT PP 18
4. - GRID GENERATION ... e RTE T 19
"4:1 Basic Cdnccpt ........... .............. ................ e 19
4.1.1 Companson of the finite element method and the f inite dnfference
method .....ooovviviiieiii PP PP 19
4.1.2 The reason for grid refinement ...........ocoooooiiiiiiiiiiiimiii 19:
4.2 Grid Generation Procedure ..........cocoiiiiiiiiiinnn e et 721
4.2.1 Initial grid \gen‘eration s ' ..f.ﬁ..: ........ e, . el
4.2.2 Numbering sch;me for an initialA érid " ..................... S T 22
4.2.3 Grid 16MINEMERt rvvr.eeevreeesresseseeeereseeree e 23
. Y
N \”‘ - vi



[

10.

4.2.3.1 Horizonal re(inemcrﬁ PASS o P 24

4_2 3*.2 Vertical refinement pass ....................... B e 28
-1_2A4"Crner1a 10 exit from grid generation ... i 28

43 Results and discussions ..... ..................... PO ORI 26
T FINITE ELEMENT METHOD ... SEUSUTUUTUT . 28
5.1 Introducum ... ORI SO U U U UOP OO L
$.2 Finite Element Method for Poisson's Fquation ... ... 30
5.2.1 Interpolation fanCllons e 32
5A2°:2‘As;emblage of the 1ocal MALTICES «ovvvnemieoe e e a3
ANALYSIS OF THE VERTICAL HATYN. EFFECT DEVICES ... )
6,1 Introductuion. ... o 41
0.2 Equauons ............................... ST RSO 4]
6.3 Solution Procedure ............... ‘ ............................... e 42
6.4 Results and Discussion ... e P TR 4
ANALYSIS OF THE MAGFET .. s T 46
Tl ASSUITIPUIOTIS Lottt e et e e e et et e e et 46
7.2 Basic EQUALIONS ... ..o L e 47
7.3 Boundary CONdItions ....0........cooiiiireiiiioiai JUUSURRP 1
7.4 N.umerical Method ....i...... L R RCERISIERIIEITLE 51
7.5 Solution Procedure .............. S TR O PP e ceeenn52
7.6 Results and Discussion ................................................ ey 52
CONCLUSION AND OUTLOOK .-oooceoooororoosson ST 54
REFERENCES .......... D RRRRREE S .95
APPENDIX ..o.ovooooieeieosieeisieeeeeeevenes e ... 101

vii



PIST -Ol* TABLES -

De~cription Page
Position of the electrodes 56
Voltages and currents of the electrodes 56 ‘
at posiion 6 (4"B = 0.2)
X
N
< _ .
. A 8
P
® - o
b s

viii



[IST OF FIGURLES w

7 ~

Figure - . Page

-
K

]
—

{a) The Hall effect 1n a p-type semiconductor ST

(b) The Hall effect in a n-type semiconductor

Fig 2.2 Fquipotenual and current hines (L. = 4W) 5%
Fig. 2.3 Fquipotenual and current hﬁes (W = 41) : S¥
tig. 2 4 Fquipotential and current l‘l.nes of intnnsic squarce device Sh
Fig 4.1 The numbering scheme for the imual grid . 59
Fig 3.2 Refinable element shapes for horizontal refinement pass Hu-63

Fig 4.3 A gnd for a rectangular region

(a) An mmual gnd ' 64
(b) A final grid with 300 nodes 65
Fig. 4.4 First example of a gnd for a regx‘o‘n having flai bottom 06

(a) An imual grid
{b) A final gnd thh'ZOO nodes
Fig. 4.5 Second example of a grid for a region having flat bottom 67
(a) An initial gnd
(b) A final grid with 230 nédes
Fig. 4.6 Third example of a grid for a region having flat bgttom 68

o

with 250 nodes ) i

\ Fig. 4.7 Flowchart for the grid generation / 69470
Fig. 5.1 Element types in ong dimension ' AR LY 71
Fig. 5.2 Element types in twé dimension with ¢ specified at the nodes ** -7l
Fig. 5.3 Linéar interpolatio;m functions for two node line elements 72

Fig. 5.4 Quadratic interpolation functions for three node line elements 72

ix



@
Figure
Fig. S 5 Linear interpolation funduons for a three node tnangular element
=N ! N
¢. 0 Nyoy = Nyoy
3.6 Assembled contributions K¢ = Q

Fig

Fig.

Fig.
Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

LIST OF FIGUREFS(conunued® -

(a) System matrices (b)Contnbuling elements
6 1 (a) The convenuonal Hall plates
_{b) Partly deformed Hall plates
(<) Semaircular Hall plates
6~.2;Dcvnceygeomclry for the simulauon of the \’H[)‘
6.3 Grid for the simulation of the VHD |

6.4 The Hall voltage vs. sensor probe positions

(a) «"B = 0.01
(b) u'B = 0.1

(c) u'B = 0.2
6.5 Potential 'distribution at oplimﬁm position (u*B = 0.2)
6.6 Equipotential lines at optimum position (»'B = 0.2)
6.7 Equipotential and current lines from ,Huisér and Baltes
6.8 The Hall volage vs. magnetic induction .
6.9 Flowcha? for the simylation of ‘the VHD ‘Q-
7.1 Schemauaof an n- chg;miel MOSFET |

7.2 Grid for the s:mulaud’n of the MAGFET (W =L = 100 ym)

7.3 Top view of the double drain MAGFET

7.4 Top view of the triple drait MAGFET ~

Page

T8.

79
9 .

80

81483

84
84
8S

86



LIST OF FIGURES(conunued)
hguré

Fig 7 5 quixpolcnnal lines of the double dram MAGFET
(B =01 W =1 =100um)

big. 7.6 'Equxpo{cmxal. hines of the doublc drain -MA('}FPTr
(;'B.: 02 W =L = 100 um)

kig.717i%ncnuald&tnbuuén—ofthc dQubm drmn\hiA(}th
(u'B = 0.2.W =1 =100 um)

Frg 7% kguipotenual lines of the triple dram.M-A(jPET
(w'B =02 W = L =.100 um) |

Fig. 7.9 Potenual distributions of the mplie drain MAGFET
("B =02 W=1 = [00um)

Fig. 7 10 Draimn cur;em ;mb,alancc v$. magnetic ir}ductlxon

T

Fig. 7.1 Flowchart for the simulauon of the MAGFFT

,

-~

Page

K&

90



LY

. LIST OF SYMBOLS

Symbol Name Uinit
B Magnetic induction vector . esla
. _ . : » 2
(\’x . e Galundc capacitance per unit farad/cm
: -
v
area’ s
D F Eleetron diffusion constant Cemt/sec
n IS i\ .
l.);a %\ Hole diffusion constant CIT /A
¢ charge of a carrier (1.6« 10 ) coulomb
F . Electnic field vector voltzem
I - Intnnsic Fermi level ' _ eV
Pﬂ, (?ulk_kcrmn level ¢
F ot l.orentz force vector newion
G, * -Electron generation rate ©oemtsect
* 5
¥ . g . .
Gp Hole generation-rate em Fsec i
S :
A i Magnetic field strength vector (volt-sec/cm?)?
Is "Drain currént ) : ampere
L4 o \J
o) .4 Electron curtent density vector . : amp/cm?
. S N
> Hole current densily vector v ;:1mp/cm2
. 4 ) : ) . ) . .
'-!';‘;: : -
kv _ Boltzman's constant ' ; , Joule/°K
4 . Channel length .~ - " T pm
v;‘ . . N ) . N ' ‘ N
: Electron g)‘ﬁcentration . em? .
¢ 0 T ' E ' i
' lonized acgeptor concentration’ |, em’3.
4 to . N . .
1onized donor congentration .. <o em’
Q . i o
SN ]
o ’ X P




Syvmbol

-

V. oon

LIST OF SYMBOI S(conunued)

Name

Hole concentranon

~

Magnitude of the clectromic charge

Surface charge density

Average resistance befween adjacent

point 1 and }

Hall factor for electron
Hall factor for hole

Hall coefficient

Flectron recombination rate

Hole recombination rate

Temperature

Drift. velocity of moving

carrief

Onide thickness

\

' Substrate voltage

Drain voliage
Flatband voltage
Gate voltage

Source voltage

Xiil

Linnt

i

em
coulomb

coulomb/¢m:

ohm

N .
cm oCose

Cm/ SCO :
/

Kelvin

cm/sec

volt

M. 3
volt
volt
volt

volt



Symbol

<

%

[ IST OF SYMBOI S{conunued)

Name

Threshold voltage

Width of channe}

Permeability of vacuum
Flectron dnft-mobility
sHole drift mobihity
Electron Hall mobility

Hole Hali mobility

»

it

volt

um

" e /volt-sec
¢m-/voll-sec
cmz/voll Nt
¢m-/voll-sec

cm-/voli-sec

Permituvity farad/cm,
' H"an angle degree
“Mean free ume between carricr sec

cbllisipn

. Electrostatic potential, volt

Relative current imbalance between
N ’ ;

two outer drainé

Area of a triangle um3

Nabla operator

v

xiv



. 1. INTRODUCTION

~nce the bipolar transistor was announced 10 1947, the sermiconductor device Nield has
grown rapidly . (‘onngidem Q'ﬂh the growth 1 scmuonduct.or device development. the hterature
concerning semiconductor device and iechnulogy 1ssues has literally evploded. The advent of
Very Large Scale Integration (VL.SI) has certainly revealed the need for a better understanding
of basic device behavior. One of the characteristic features of classical (analynca‘i) device
modeling 15 the separation of the intenor of the device 1nto dl”(‘;(‘nl regions, ‘treated

, Y

independently, with rfestrictive and someumes drastic assumpuions. The ma}dr breakthrough
for VISI was the miniaturizauon of the single lra\hsxstor Thie carnier transport effects (e.g
Jhort channel effects) in such miniaturized transistor can not be explained by m; stmple
classical models smcs severe Of wrong assumpuons lead v a m.ncluupn far from the actual
behavior of the device. As a consequence numemal‘ simulation based on‘comparanvc]\

fundamental differential equations has become necessary and popular. This trend has been

supported considerably by the enormous progress in the hardware and soltware of computers

‘[1.2} '

analysts and simulation. According o Selberherr [2). Modeling iskhe description of somcthing

At the outsetl 1| seems necessary 1o clarify the frequenty used terms such as modeling.

that can not be diréclly observed. For semiconductor devices, modeling 15 the mathematical
description of the device, such as equations and boundary conditions. under the proper
assumptions of the device under s'ludy. Analysis is the examination of som.elhing by scparaping
the whole irito is corﬁponent parts. For semico‘nduclor devices, analysls is an analytieal
exangination by séparating the device in}o several regioﬁs, where each region assumes a ccna'in
model. Simulation is. the imitative representation of the functioning of one system 6r'proccss

-

by means of the functioning of another. For semiconductor devices, simulation is the
numerical examination of the model by using computers.
The -development of a new semiconductor device involves several design and

fabrication cycles until a specified goal is reached. Device modeling can substantially ‘reduce
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the number of costly tnal and error steps 1o this development. However, device modeling 1
not only dniven by dcv¢l()pmcnl cost reducuon, but also by scienufic cunosity . Device
modeling provides a unique insight into xhe‘funcliox‘ung of devices since 1t gives the
dxsmbu‘nons of various physical 8uannucs in the nterior of the device, a region }'hlch 15 not
readily accessible for experimental measurements [3]..For example, dcvice modeling seems the
only way 1o explain the operating ;;rincip]es of the magnetotransistor, an area which has
become recently the subject of dxspu-les_ Furthermore, computer resources are becoming
cheaper as opposed 10 the rising costs of experimental invcsuganoﬁs. Alrcady many device
modehng groups in the U.S.A. and Japan are Qsmg supercompulers to simulate complea
models. Supporung solﬁwarc packages such as SPARSEPAK (for the calculauon aof pée‘udo
inverse matrin).  IMSL  (mathematical program library) and DISSPLA  (for graphic
represefitation) are widely being used. Thus we eapect that numerncal modclm_g- of dC\‘lCCS@‘\'lH
bccoﬁ-morc and more important in the near future. In the following paragriphs. application
‘and varicty of the magnelic-field sensitive devices which we are going 10 model. will be
described.

| In general, an electronic signal- processing system consists of three blocks [4}:
1. annput transducer. \
2. asignal prbcessor.
3. an outbut transducer such as a displgy, transmitter, altuator or'mernory.
In the input qansducer, often called a sensor, a non:electncal measurand such as
temper'a(ure, pressuré, magnetic-field or chemical conccx;tration is converted into an electrical
signal. “ln the signal proccssbr 't.he electrical signal is in some way rrllodi'figd. i.e. amplified,
filtered, or conver'ted from an analogue.to a digital signal. In the output transducer the
electrical signal is converted into a signal which can be perceived by one of our senses (display
devices). Th_e signal can also be stored (mer;";ory devices), causé some action, e.g. closing a

' valve or printing a character (actuator) or be transmitted to another location (transmitteré).

For sensors it is sometimes necessary to use a third intermediary signal carrier in the

LY
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conversion. Transducers which make use of intermediary signal cartigrs are cafied “tandem

transducers . ! .

y .
A Magnetic- held Sensor (MES) 15 an input 'ransduur which 1s Lapable of converung

H {magneuc [eld suenglh venjlor) into an electrical signal lf a nonmagneuc signal 15
measured by means of an intermediary conversion Into H. a magnetic-ficld scnsor 1s ;120
&edcd. Thus we can distinguish between direct and‘d_in&ifccx.'MFS apphcations [4]
1. In direct applications MFS 15 used as a magneuc -field measurning device {magnetometor).
"a. earth magnetic-field measurement. :
b.. the reading of magnetic tapes o1 discs. _ -
¢. magnelic apparatus control.
> o oindirect apphcations MES 1 used as a tandem transdu(cvr,
a  hinear and angular displacement detecuion . \
b. potenual-free detection.
C. wAanmeter.
d. b\omaéDCLOmch)'.

There are several fundamental quanuties in magnenc-ﬁéld theory, such as Hand B
(magnetic flux density or induction vector). The re»lalionshx‘p s B = ““on with u, bcmg the
permeability of vacuum and u=being the relative permeability [3} We can distinguish two
classes of MFS. ‘The first is the class of sclf—gen:ratiné MFS irivolvxng high permcability
materials (u >> 1). These "’transducers commonly employ one or more coils, but coils can
not be implemented very easnly in IC technology. Al;hough there is a thin film (NiFe, Au)
layer technology for_seif -generating MFS the application of thin ﬁh‘n layer technology for
conductors is not favored hy IC manufacturers [4]. The second is the ‘class of. non

self -generating MFS invblving low permeability material (u = 1). The MFS in silicon makes

use of the Lorentz force, which acts on moving charge carriers,

F=ev -B , (1.1)

-



where ¥ 1s the drlftwllocu_\ and e 15 the charge of the carner.
Semiconductor materigls sucrllrasﬁf'mks, lnSb,. or InAs can be used to make MES. Since
electron moi)xlxty is largeT than hole mobihty, the materials are commonly n-1vpe. For a large
Hall angle »>which will be define®in Chapter 2, high electron mobility semiconductor matenals
such as InSb. InAs are favoured. However, these matenals have several disadvantages. Since
InSb and InAs have a small bandgap they have to be used al Jow lemperatures 10 avoid any
intrinsic behavior. Furthermore. there is no esmblishcd‘balchjfabrlcanon in InSb or InAs. For
GaAs 1t 18 questionable whether the performance/price ratio can match that of silicon because
GaAs IC technology 1s sull éosllf [3.4] '

In this thests the numerical simulauon of semiconductor magneuc sensors such as the
Verucal Hall effect Device (VHD) and the Magnetjxoﬁeld sensitive Field Hf‘:c: Tra}x?lslor

’ -
(MAGFET) 1s presented. All of the resulls are obtained using an AMDAHL 5660 running

MTS. The programming language used is FORTRAN VS which 1s a dialect of ANSI

v
A

FORTRAN 77 level language.

Chapter 2 explawns the basic phenomena occunng :n semiconductor devices 1n the

oo

presence of a magnetic field. Depending on the device geometry, doping and operating
conditions the action of the Lorentz force on the moving charge carriers results in the Ha]l‘
effect, carrier deflection and ﬁlagneloconcentralion. Chapter 3 gives the basic equations
governing. semiconductor behavior and previous works on modeling. First it explains the
equations when there is no mggnetic field. If a magnetic field exists, then the equations
become more complicated. Most of the modelixig works have been done by the finite

difference method. Modeling using the finite difference method and g lumped circuit cell

method will be discussed.

.
“

Chapter 4 and Chapter 5 -are devoted to the numerical and comp{national method. In’

Chapter 4, the adaptive grid generation method which is necé§sary for the efficient solution of
o

A

the Partial Differential, Equations (PDE) is described. Chapter 5 gives the mathergatical

procedures which discretize the Poisson equation when wusing the finite elemeat method. This

. A

ko
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cquation geverns the behavior of the devices 1o be modeled

Chapter 6 énd Chapter 7 are devoted to the actual simulation of speaific devices such
4s the VHD and the MAFGFT Chapter 6 describes the geometrical concepts of the VHI) and
the numerical technique. Presented as well are the generated results and dlscuss;ons Chapter 7
describes the simulaton of the MAGEFET. The assumpuons mvolved-_ boundary conditions
and the nurerical technique are described. Results and discussions are also included

Finally Chapter § summarizes the above works and outlines the possible arcas which

%
reqitire further investigations.

3
L=



- 2. MAGNETIC FIELD FFFECTS IN SEMICONDUCTOR

The o&If -generaung transducuon, governed by Faraday's Law of mducuion. can be
used with inductive components to detect temporal variations of the flux densiy  However.
coils can not be implemented very ea:‘!)" in IC technology, and furthermore a senous
drawback of this method 1s that static fieids ére not detected in a simple way. In contrast, the
acuon of the lLorentz force on the moving charge carners such as electrons and holes in
nonmagnetic semiconductors rﬁay be used for the detection of stauc and dvnamic flux
densities. Several phenomena such as the Hall effect, carr;er deflection, magneloconqcmranon_
and magnetoresistance result as a consequence of thé Lorentz force. These phenomena or a

combination of them mav be cxploited in the design of MFS [4]

2.1 Hall Effect A

If a magneuc feld 1s apphed perpendicularly to the direction of current density 1 a
scrmiconductor slab. then the lLoremz Force deflects ‘the moving charge carners in a direction
perpendicular to both current density and magnetic field veclors, resulling 1 a (ransverse
clectric field across the slab (Fig.2.1).

If 1.>>W in the device shown in Fig. 2.2 [5]. then the Lorentz force will be balanced
by the force caused by.the Hall electric field. As far as the net force gn moving charge
carriers is concerned there remains only the force due to the applied electric field. Thus
c'urrcrﬁ lineg are parallel'to the y-axis. However, the résulting electric field is composed of'the
Hall elect;ic field and the applied electric field. The resulfing electric fiéld is not paralle! to the.
y-axis but $kewed by avHa{l angle. Hence, the equipotential lines are also skewed by the same
Hall angle with respect to the x-axis. .‘ > N

A device based on the Hall effect was first propesed by Gallagher and Corak “[6]. This

device was a p-channel MAGFET combined with Half probes. The Hall probes were located

on both side¥of the channel.



tirata and Suzukt [7] fabricated a similar MAGEERT using NMOS techrology. A
—_—_—

wensitinvit. of 640 V/AT was obtained when the device was operated in depletion mode Lincar

ceion. The MAGEET was used as the sensor part of a contactless keyboard

2.2 Carrier Deflection.
‘ If W>>1 i the device shown in Fig 2.3 [8]. then the Hall field makes hitle ”cgeu
a“‘
on the carners in the bulk. In this case the current density vector is no longer parallel to the
v-ants, but s rotated by the Hall angle. In fact this situaton s complementtary o the Hall
~tfect 1n which the current hines remain unaffected and the equipotential hnes are rotated
Usuatly double or tniple drain MOS magncuc sensors depend on this effect In these

>

Jeviees. the cufrent imbalance between drains caused by carner dellecuon s used as the

4

measure of the magne'i“i( field. Fry and Hoeww invented a p-channel MAGEET with spht
drains. Popovié and Baltes [9]: made a (‘mlriicrslon of the MAGFET but with the dratns
Cross Lou;ﬂed Their device exhibited 10.000 V/AT . which was 10 umes higher than that \01' lh(“_
best known MAGFET.ﬁpd‘._ha,d offsct-voltage control capability thr;)i:gh gate contacts. Fhe

operaurig principles of the Magnetotransistors could also be cxplained 1n terms of carner

deflogtign in the base region (10.11].

A
£

2.3 Magnetoconcentration
If electrons and holes are simultaneously injected from opposite sideé of an intrinsic
se*iconduétor slab, then the Lorentz force cieﬂccts both types of carrier to the same surface.
(L
Thé ALorentz force is compensated by,a carrier concentration-gradient perpendicular to the
magnetic and elect,ric‘ field vextors (.Fig. 24). .
The Magnetodiode i§ based on this effect. Pfleiderer [12] presented theoretical and
experimental analysis of the magnetodiode. Kamarinos et al. '[13] proposed a'silicop on
sapphire(SdS) magnetMioge which eﬁpldys a Si-SiQ2 interface on top for obtaining a low

L4 .
recombination velocity and a Si-A1203 interface at the bottom for a high recombination



velocity

2.4 Hall Angle :
N

A

The Hall angle 15 defined as The angle between two clectric ficlds (14

However 1t can be Jefined as the angle between the current density! and the resulting clectne

Tield

2.5 Ideal Hall Voltage

The Hall voltage 1s given b [15]

where W 18 the width of the semiconductor slab, d 1s the sample thickness in the direcuon of

the magnetic field (see Fig. 2.1) and RH is the Hall coefficient.

In the weak field approximation ‘((u'BZ)Z <01 Ry for the n-1vpe semiconductor

- Iea

rn.
R =~ 2.4
H ne (2.3)

1

where 1 is called the Hall factor for the electron and stands for-

n T 2 . (2.5)

< > denotes the expectation value. The parameter T IS the mean free time between carrier

‘ ¥
collisions. r is about 1.15 at room temperature for low donor concentration [4,16].
} -



Vootor the oovpe semicenductor now reads

¢

If the magneuc nducton B 1s not weak. then 1 and noare functions of B oand <o R“_
7 o 7

henee V\ no longer has a hnear rclatonship with B Hall coeffiaent for the p-tipe

I

wmiconductor 18 1 /pe and 10 (=4 /) is about O.7 at room temperature for low Joping
- o -y l‘



3. BasIC SE.\HCO.\I)L('IORIL()L'AUO\S AND PREVIOUS MODELING WORAKS

5

To simulate an arbiran semiconductior siructure {or varous operating conditions and

nhysical parameters, 11 1s neCessary 1o construct 4 mathematcal model The equations which

form th:s mathematical model aré commonly calied the basic semiconductor equations. [he
masic semiconductor equauons consist of Poisson’s equation. the conunuily equalions for
clecirons and holes and the current re¥ations for electrons and holes. These equations are vahd

‘or the majonty of engineering appliations, particulary for Siodevices 2] Addwional
. N
f
cquations are needed 1o descnibe complicated effects such as thermocelectrnic or thermomagnetic

;

¢ffeuss 1n the semiconductor devices However, these addl;xonal effects demand large computer

<
resources and can pose a great deal of programming difficulues Thus the vquations v be
used In stmulation should be determined on the considerauon of the sertormancesef hiaena

1alio

3.1 Current Density kquations )

- >

3.l.i Current density équations without magnetic field
The chation§ (3.1) - ¢3.6) are obtained under several assumptions such as zver.o
magnetic 1nduction, no ume and spatial vanations of carrier temperature. slowly varying
ii’npx{my congentration, _clastit scattering mechanism, infinitely large semiconductor etc. These
_ Jassumpljons' are summarized on pp. 17 in Ref. [2]. |
The diffusion éﬁrrems are ﬁr_oporlional to the gradient of the carrier concentration,
viz., 7

<

To,aire T 9050 ‘ (3.1)
Ip,dlff = -QDb.P ’,‘_ ' ' (3.2)‘

10 .



where 1) and D are diff :son constan’s for clectrons and holes respecinehy and a1 oand pane
b} » ! .

. - N o -

‘he electron and hole conoontrations respeciach and ¢ - LS e 0 as the magnitade of the

Mo ! [ ¢ A

sleciron charge. The dnft corrents are propoltional 10 730 SICCII L,

i,ur il

O

The toial conduction currents are the sum of the dffusion and dnl current componernis, @

3.1.2 Current density equations with magnetic field
Under the mfluence, of the magnenc hield curreni density wquanions should  be

nodified as tollows {177

o=ty ot o) - . 3 ) ts)
n n n n 0 R

. . . & -

] = (g pE - gb p)t (1 3) t4.4)
P Y P » & »

’

where the second term of the RHS comes from Lorentz force. These equations correspond (0
the leading terms of a weak field expansion and a® valid when (4'B)? < 0.1 [3.17). Let us

consider just the eléctron current density equation (3.7) and 1o simplify the notation [$]. let

- A = . FS+ ' ' 7o
=g nn q[)rl n ‘ €3.9)

If we take the vector product of B with (3.7), then



s -
T
[T T
- i o=l A L T AR - 5.1y
- 1 N il i i . "
3
If we take xhc(dol‘pr&iﬁu of B with (3.7). then ,
. »
. - 1 =B - A RIS

y
X o

By applving (3.19) and”(3.11) 10 (3.7) the clcc(r(m current density equation, now becomes,
. ¢ ~ o

A

e 44 N
g B U S S S SRRV
1 n 1n n v 1 fl (5.1 .
4 1 ] "
R . ' . T . or
Mahing an evpheit form of TP results in

- .

- i x 1 . I v

o= - STy A (8 LSRR )T (8 R (3.1 3)

1 ~on - 1 n il % 0

R o . . > .
Equauon (3.13) 1s the general expression relating the current density J'_and the magneuc

i

indtiction B [S}. This equation comprises the isothermal galvanomaghglig effects for clcctrons&

It accounts for the direct effects of temperature on carrer conggiitration, diffusion. and

[i4 9

mobility, but does not include thermomagnetic or thermoelectric effects [3].
» - N

We can divide (3.13) into two cases depending on the rel:itive direction of the Tn and

B [5]. When Tn-is pcrpendicular to B. (3.11) becomes

B-J =E+-4a =0 v (3.14)

b= — [ A 4+ . (B -A) ] - (3.15)

Wﬁerj j’n is parallel to 8. from (3.7) we,ﬁ})tain

e ° .

*



3.1.3 Current demsity components with magnetic field

if B is chosen perpendicular to the device planc and parallel to the 7-ans, 1c B -
(O.O,BI)_ from (3 15) the clecigon current density components in the device plane can be

.
n

cxptessed as follows [5] :

]
i
‘ \ \ . ( A ) (vl
i A \ . .
| 5
n s &
oo ) + ) y -l
v 1
1 . 0
] = - R S R ¥ # b ) TR O
Ly = - 0 N .
N I+ B
~ n
) i
+ By L )
PO 1 \
1 = (q. nE A+ qh -
nz nooz n. 2z . (3.19)

’
* = L : : P ' )
. Jp\. = ———— 5 [ (a. pE - ’II)P O (3.20)
’ L+ (. B v
p .
® . P
+ B (q. pE - b )
p z Py D s
4
] T }( 3 [ (q.. pE - qh P ) (3.21)
pY 1+ (: B° Pt I . ®
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3.2 Current Continuity Fquations

The curfent continuily cquations are a statement of the conservation of the charge -

within a semiconductor [18]. It means that sources and sinks of the total conduction current -

are fully compensated by the ume variation of the mobile charge,
/

.

in the-denvation we assume all charges in the setmconductor, except the mobile carrers such
as electrons and holes. are time invariant. Thus, we neglect the influence of charged defects,
¢.g. vacancies, dislocaliorfs, deep recombination traps, which may change their charge state in
time [2].vUnder the steady. state condition (3.23) and (3.24) become

L T o= ea - R C(3.2%)

n’o, ¢

P

. T jp = q ((.p RO : | (3.26)



1.3 Poisson's kquation
The relationship between the space charge density and the clecirostatic potental s

described by Poisson’s equation [18].

where v 1s the electrostatic potential and NU" .\'\ are the sonzed donor and acceptor

concentrations respectively . The permitiivity ¢ mav be treated as a scalar quanuty

3.4 Modeling by Lumped Circuit Celi Method

>Arnold [19] ﬁmulalcd the Hall effect 1n an mmhomosencous nversion haver
modehng the inversion laver as a two dimensional resistor network

The condition of current conunuity 1N the mhomogenecous conductor where l‘hCA

conducuvity varies with posiion mav be wntten as a finte ditference cquation on a wo

Jdimensional mesh of nodes.
) N A

where \’1 is the potential at the point i and l/RJ is the average conductance between adjacent
points i and j. The above equation is equivalent (0 the Kirchhoff current law for a regular
resistor network.

'From the definition of the Hall angle,

- i v d ’
tan | = —= = Y, o z
: H E v d (.29
X X \



[hus,

N By (3adi

where Vo1s the voltage drop across the resistor i the v direction and Vv othe local Hall
A \

voltage, that s the voltage drop across resistor in direcion Using the il values of

voltage. we solve (3 2n) to get the new V and <olve (3 31) 1o gt the new Vo In tus way we
i AY

wlve (3 28) and (3 31) unul comergence of the local Hall voltage v s reached

3.5 Modeling by the Fimite Difference Method

Numerical device modeling using [nite difference methods 1s highh developed for sero
magnenc field {20-24]. Finite difference methods are well cstablished 1interme of discreuzing
the cquations and error anahysis. 1t 1s relatively casy 1o ux‘nmrporale boundary conditions 1n
finite difference mcth(;ds. The modehing of a magnetic ficld sensiive semiconductor device 1s
made parucularly difficult by the fact that the magneuc field introduces some asymmetry into
the current equations and bouridary conditions [25].

. ,

Zicren [4}'simulaled the Vertical Magnetotransistor (VMT) using a finite difference
method by neglecting space charge and magnetoconcentration effects. He solved. Laplace’s
equation using a five node discretization scheme and obtained potential distributions in the
epitaxial region of the device. The voltage V0 on node 0 may be approximated by

Vg = (VY +‘ Vot v /s

0 , (3.32)

where 1, 2, 3, 4 are-adjacent nodes in the rectangular grid.



The Umversity of Alberta >:rx>or;m()d€lxr‘.g group (AL BFRTINA) st presented
numerical solutions of the coupleg nonlinear cllipuic Parual Differenuai hﬁmnor}.\ (PDE)
used 1o model the carner transport an the magn‘cm sensibive semiconductor devices {25-32]
They discretized the continuily equations using a fintte box tvpe procedure. laking into
account the Scharfetter-Gummel approximation {33]. After discretization, three equations
were linearized by a Ncwlon-uerat.xon scheme. However_ the hncar system obtained was. 1n
many ¢ases o_f practical interest, unsuited for an iterative solution because of the numencal
values the out-of -diagonal elements ook on. This problem was solved by generahaing the
well-known Scharfetter-Gummel scheme for the case of two-dimensions and non/cro
magnctuic ficld. The solutions were obtaindd using 4 nonuniform rectangular gnd and the
Successive Line OverRelaxation (SLOR) 1teration scheme with a relavatuon factor berween 1O
and 1 9 depending on the device parameters and the miuial guess values [27].

In the doped matenals, dcpéndmg on the device geometrs aither -a Hall effect or
carner deflecion dominated. In the case of doped matenals. the results from  the
ALBERTINA modeling program agrees with prior results obtained by simple lmal,\'ucal models
or conformal mapping techniques [27). However, if the doping level 1s of the same order as
the intrinsic concentration and if significant electric and magnetic fields are present. then the
space charge can not be neglected. This is clearly demonstrated {or intrinsic or ncarly intrinsic
Hall plates and PI)N-diodes where Tnagnetoconcentration effects prevail [27.30].

- - Split-drain MAGFET devices operating in the linear region were modeled using the
same numerical procedures. Current density and carrier concentration were integrated over the
_ channel depth to obtain a two-dimensional problem. The current imlgbalance between lhc{ 1WO
outer drains produced by the (perpendicular) magnetic inductio@vas gcmonstrated. The
modeling results allow prediction of the sensitivity of split-drain MAGFET devices and
optimization of device geometry. Combining the sensitivity results with current MOSFET

noise models, the minimum detectable induction can be predicted as well [29,.31,32]).



3.6 Analytical Modeling

Sermiconductor devices have been modeled anabyvucally in many wavs One of the most
popular techmgues s the conformal mapping rechnique Suglganya [34] solved the
two-dimensional Laplace's equation on a rectangular three-terminal Hall element by means of
a Schwarz-Christoffel’s conformal mapping. Fquipotential lines and elecince force hines were
obtained as complex conjugates of each other.

“Hurser. Baltes and Nathan {32.35.36] calculated the po{emial a‘nd current distribution
in the VHID by means of Green's function. Again they used the conformal mapping technique

10 obtain a geometry with a better resemblance 1o Popovid's configuration,




4. GRID GENERATION

4.1 Basic Concept

\
4.1.1 Comparison of the finite element mcthod and the finite difference method
o>

Several numernical methods have been developed over the scars ¥ olve parual
4ifferential equations. Among them the most commonly used arce the Dinnte difference method
and the finite element method. lr;order 1o obtain a Nimte difference equations {or the given
PDF. the tegion to be examined 1s covered by a reculinear gnd which 15 composed of vertical
snd honizontal lines. The gnd for the Nimite difference method will reasonathy cover the entire
repion, but the boundanes are usualhy approumated roughh 137] The fimite clement method
rrqxlxrm dividing the domain of the sclution into a finite number of simple subdomains. the
fimite clements, 10 construct ai approximation of the soiution over the collection of hnite
cl.cmcms. The g¢nid for the finite element method s more convemently suited to the boundary
<hape [3%]. Moreover, a iocally refined gnd can be used for the fimite clement method. 1 ocal
refincment makes device simulation very efficient because with 4 given number of nodes more
accurate results can be obtained depending on the node distribution. Furthermore, 1t may
determine whether the program converges or not. This point will be discussed in detail in the
Section 4.1.2.

Thus we can conclude that the finite element method is better- suited for. broble'ms
having complex geometrical shapes and can make the program more efficient [37]. T’bd‘*gxploit
the advantage of the finite element method we-have 1o be able 0 gcnerale a gnd h}gvmg

|
nonrectangular elements and make refinements where necessary

4.1.2 The reason for grid refinement
In the finite element modeling of semiconductor devices grid refinement is important

for several reasons.

‘19
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\
First. the unknown functions oflen ¢ hibit sha#p vanatons over a smail pece of the
domain, while they are aimost constant in the remamning zones {39] To save compuler time
we need a dgnse grid where the funcuon changes rapidhy and a coarse gnd where the funcuion
changes siowly {3§].
Second, before imposing  consiant  boundary condiions  the discreuzed  parual
differenuial equations vield an almost syngular matnix [30])71f the constant boundary regions

are small. the matnx after imposing the boundary conditions still remains almost sxhgular. In
this case the mverse matr does not exust and anv kind of numernical techmque that involves a
pseudo-inverse matrix will not work  For example. the VHD can not be numericaliy simuijated
without gnd relinement bcaau'sc this device in the absence of a bulk &oﬂlact shows constant
boundary values only over 4 small part of the boundany In ‘>uah aase. a dxrc‘u method such
as Gauss Fliminauon produces significant roundoff crror and loses significant figures in the
pivots. An iterative method hike Successtve OverRelaxation(SOR) converges very siowly or
;1()05 ‘not converge at all. Moreover, a singularity of the matrix can occur when some of the
rows are almost hnearly dependent [41] This kind of ill-conditioned matrix 1s impossible 1o
detect 1n the practical sense before cntering the solution procedure because the test of the
.condiuon would need the inverse, eigenvalue or determmz;m of the matrix, and usually these
are just the quantities we wish to determine [41]. By locating a large number of nodes on the
constant boundary region we can improve lhé condition of the matrix. in other words, more
components in the matrix are explicitly determined by the constant b(ﬂ)undary conditions and
the matrix becomes less singular. From the author’s experience, an average of six to seven
times more nodes can be put by the grid refinement technique than the rectangular grid
generation technique. Since the approximation error is bound by the powers of element size
[40,42], the error iln the dense grid region which- is composed of small size elements is
signi{ icantly reduced. .

\‘\finally, the very boundary conditions can im’pose interface or boundary singularities

N .

.such as discontinuity of a prescribed value ‘which give significant errors in the solution. These

~



CTTQTS (an be reduced by a proper goid rehinement ledimgue which penerates 4 Jdenser gnd

aear the singular points ()

4.2 Grid Generanon Procedure
4.2.1 Imitial grid generation
We disunguish three types of polygon \hapc; (they have to be Al w:mzr; the tirst
quadrant)
Roctangular shap(: CSides of the rectangle are on vy oaves Fmbedded demains gre oo
atlowed .,

A Flat botiom shape . Bottom side 15 on v-avs, and Jovkaise successive boundarny points,
sartng from bottom left, never have decreasing coordinate (2 ¢ no hojizontal indents)
I mbedded domains are not ailowed.

3 Am arbitrary shape 15 approximated by polygons. .

Depeyghing on the shape of the device, we use different wavs 10 generale the mmiual gnid

i Rectangular shape © The user has 1o specify the number of horizontal lines (h1 -~ 1) and
vertical hnes (l‘(,_ +1). The nodes are generated by the intersecuion of horizontal lines and
vertical lines. Then the triangular elements are generated.

2. Flat ,bquom shape : The “user has 1o provide the coordinates of boundary ponts
(clockwise from bottom left) and the number of horizontal lines (inéludmg the bottom
line and the farthest point(s)). The scale'of coordinates is one micron (1 ym). The user
then is prompted for the specification of additional hc;rizontal lines. The intersections of
the h@frizomal lines with the boundary lines define the vertical lines. The program adds

. vertic'al and horizontal lines on boundary points not included in the generation schéme so ,
. far. The user then is prompted for the specification of additional vertical lines

intersecting with horizontal boundary lines. Based on information about (boundary.

horizontal and vertical lines, the nodes and elements are generated.



!

Arbitzary shape  The uSer has o glnonte an manal g0d oy speaiaing che coordinates

(9]

and node number 0f cach node which belongs 10 a inangular viement In this case there s
no  resincton on the geometnical shase of thr Jevie betause curved hines are
dfjprp\xmalcd by polygon hines Howe' 1. there are some ’mm!-an(ms The wuser draws
imaginary vcm(gl and horizontal lines over the device domain At least cach boundary
point has to be crossed by a-vertical and a horizontal line. Then the user deades on the
clements  The elements should be either night angled tnienglcs of osceles tnangles in
sther words, the element shapes should fit into the configuration dlass of big 4 2 {a).
(hy (o) and (dyandluding all thar marrored ri’;:rescmauuns (4long Hoth aaes)
4
4.2.2 Numbering schemg for an initial grid
For the imual gnd. a systematie s an of sumbenng is required We peed two kinds of
numbering. 1o, the numbening of the nodes and of the elements We also nee -m know
which nodes belong to an element. This informauon s required for later use i the refinement,
step® In our program we axsume‘thal node numbers start from O and clement numbers start
from 1 (Fig 41). '

For a rectangular shape. The relaunonship between node numbering and element

fumbering is described by the algorithm that follows

forlY « 110 h1
begin
for X« ltok -
- ~ begin
J e (-1)ek] + IX
Lo (IY-1)e(k,+1) + IX;
E(2‘Jb-1,l) «l1;

E(2J-12) «1; ' .-



Here 1Y and 1X are inden vanables for loopmg, J and [ are ;n:ic\ vanables {or artay Bowhich

'3

gives informanon regarding node bumbenng and  clement numbenimg Other hnds o

numberning schemes are also posable. Dunmng the cefinement procedure any sastematic wan of

numbermy s destroved, and since an mitial gnd contains a selatvel small number of nodes
~

compared o the finat gnid, any parucular chowe of numberisg scheme for an mital end)
(

does not have a sigmficant effect on the efficiency of the program. bor 2 nonrectangular

shape. the clements which are located at the outside of the device reion wll be exdluded after

. ‘
using above algorithm

AN
4.2.3 Grid refinement
After generating an imitial grid. the program control goes to the gnd refinement
proced ire. Our procedure involves two different ways of gnd refinement. First, to refine the
initial grid, the user has to provide the refinement criteria in terms ol the gradient of some
- ]

welghung functicn. If the gradient of the weighting function between any two nodes is greater

than  the value ‘prcsemed by refinement criten’a. the refinement is pcrformcd in
‘Asemiconduelor device modeling, the functional behavior of any importagt variable such as a
doping profile can be a wc1ghtmg function. There are two passes, viz., such as vertical
direction ref inement pass and horizontal direction refinement pass. Af ter the refinement step

between two nodcs, the gradient hetween the next two nodes, either lying horxzoma]ly or

vertically depending on the pass, is checked.
L) A’/v



greater than one. then only these sub-reeions are ned regardizes of the gradient of the
weghung funcuon and any other rogion will not be refined  The seof of relinement s
reduced by 1 after one vertical and horizontal refinement pass It the number of refinement s

oA

less than 1 (1.e ¢ero). then sub regons are refined Jepending on the gradient of the
weighting funcuon, Sut any other region wili not be 1efined
During the refinement. the svstemaltic numbdening soheme generated snothe imital gnd
generauon step will de not be conserved However . ~he correciiy matched reletionship between
new node numbers and tlement numbers v updated and mamtained This s essential beeause
g

the {tnite clement procedure requires informauon about the rodes that Sclong 1o an clement

as well as the coordinates of the nodes

3.2 3.1 Horizontal refinement pass

] «
The horizontal refinement pass starts with the fiust clement given by the

<« -

numbenng scheme. The program first checks to ~ceif the element has 3 refinable shape
The refinable element shapes for horizontal refinement pass and ihe corresponding
refined shapes are shown in Fig. 4.2 (a), (b), (¢) and (d). There are other possible
element shapes than those shown. However. we choose the shapes 4n Fig. 4.2 (a), (b).

(c) and (d) as the refinable element shapes because we want to maintain regular structure

for successive refinement in a simple way. If the element has a refinable sﬁape and'th-e
gradient of the weighting ﬁ}nclion betv;/ee'n two nodes lying in the horizé)ma'l direétion is
greater than the »reﬁncmem cbmeria. then a new node is ger{eraled at_the middle of the‘
line connecting these two nodes, otherwise the element is skipped..In the cases shown in
Fig. 4.2 ia) and the first case in Fig. 4.2 (d), only one new node is generated .‘at the

middle of the horizontal line. It should be noted that the first four cases in Fig. 4.2-(»5)

* result in a same refined shape.
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cases 1 Big 92 05) 00) and lasl two wases nobig S0 00 new the rehimement Ten The
ciements havirg sanied boundanes o othese cases the mumber of nowis generated Todes
v mmore than one Dhe Jotied nnes for :hc/w«: cases mdioate that the shapes for “hose

7
paris are not fiaed

The serond ciement 1y then checked and possibhy refined  All remaiming clements
a1¢ stccessively processed 1n this manner  Finaily the contror seturns o the VeTledl

rebinement pass

mement pass
Jhe same checkmy procedure s used as in the case of hortvontal rdhinement "o

differenee bemny, the ciements are now analvzed in the verogd Jdirecnion

4.2.4 Criteria to exit from gnd generation

. o .
There are essenually two fvpes of termination ¢ntenia Both require change of the

program  The gnd refinement 1v terminated when the mavimum number of nodes o the
mauvmum number of clements 1s reached. In this way, one controls preasely the masimum
number of nodes or the maximum number of -elements. The maximum number of nodes and

elements are interactively specified by the user. In another case the program stops only alter a

complete horizontal or vertical pass. In that case the maximum number of nodes dnd_clements ™

~ can not be precisely controlled by the user. From the author’s experience, the latter case 18

usually desirable because the precise control ef. the maximum number of nodes or elements is

. . 4 .
not necessary in most cases of device. modeling.
If the user provides values for refinement criteria which are higher than the gradient

of the weighting functiony between any two nodes, it is possible that the refinement does not

occur. Tp avoid such situafions, refinement criteria are adaptively modified until refinement

can proceed. After the horizontal or vertical refinement pass, the criteria given by the user is

I

modified by a proper factor umiitthe refinement takes place.
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After the refinement step the program generaies a picture of the fipal gnd and asks

the user if the generated ¢nd 1s a good one. If the user answers "NO' the gnd generation will
. ,

be repeated from the very beginning otherwise the control goes 1o the fimte clement

procedure. A plot of the grid can be generated at cach stage of the refinement. This 1s useful

in the development period (}l finding a proper gnd. @

4.3 Results and discussions
+ All of the results shown in this chapter can be obtained in less than 20 CPU seconds.
4

Figure 4.3 (a) shows an immal grnid for the device with size 150 um by 130 pm. Al of the

vertical lines and hornizontal hnes are equally spaced. For example, consider the weighting

funcuon A : ‘

Wx,\v) (U v + 10 - 7 - . ' (4.1)

~

The program lkn enters the refinement pass. The fmnal grid. which has 300 nodes, 1s shewn
. m Fig. 4.3 (b). The value of function W 1s zero if Vo }': > 10°. Thus the &}*id&?gense n
the circle with center at the origin arld radius 107, At the outside of this circle. the grid is vern
coarse. , . ’
o , .
hgure 4.4 (a) shows an inital grid for the device shape havmg a flat bottom and
slanted boundaries. The maximum size in x direcuon is 100 um and the maximum Ssize ln v
dueé&on is 60 um. The rectangular sub-region, in which x is from 0 um to 100 ym and y is
from 50 um to 60 um, is chosen for refinement. The final grid havmg “200 nodes is shawn in
Fig. 4.4 (b). It is easily noticed that ‘the grid inside the rectangular sbu-region is very dense.
Figure' 4.5 (a) lS thé sécond example of an initilal grid for the device shape having a flat
bouom and-slanted boundaries. The maximum size in x dlrecuon is 100 um and the maximum
size m y direction is 60 um The rectangular sub- -region, in .which x is from 0 um to 100 um

and’ S’ is f rom 50 um to 60 sm 1s also mtroduced for refinement. The final grid, whnch has 230

nodes is shown in Fig. 4.5 (b). It is also easily notlcecl‘that the grid inside the rectangular



N

sub-region 1s very dense. bigure 4.6 provides another cxample of the gnd retmement. The

maximum size of the domain 1s 100 gm by 100 um. The sub-region s from 60 wm ¢ 100 um

Ve O

in x directton and from 30 um o 80 «man o direction. The number of nodes 1 250

It should be noted that elements located near the sub-region are also refined. These

clements act as the transiton region between the sub-region and the rest of the device region.

=}

~
There are several important considerations in grid generation.

The wmiual grid generation for the nonrectangular geometrys .~ It the user speafies

horizontal lines or vertical lines. then these lines will be reflected as vertical or hornizontal
lines rospectively by the slanted boundaries. If all ol the boundaries arce slanted. thén
there s a possibihity that the reficciion process never ends. To reduce this kind of

i N . .
complenity we consider three different ways 10 gcncr;ﬂ? an gl gnd. The doser we get

(o arbitrary shape. the more information the user has to provide. N

The refinement for the nonréclangular geometry - Curved hnes may be approvimated (o))
polygon lines. Since we can refine elements having slanted boundaries. we can therctore
refine any kind of device geometry. The 1dc;1 chosen 1 based on mnsndcrauoxl such as
minizing the impact of refinement of an element 10 the other clements. The way chosen 1s
shown in Fig. 4.2 (b). (c) and (d). | -

The obtuse angled elements : By careful selecyon of an initial grid. the number-of obtuse
angled elements can be maintained at few percents of the total number of clcm;ms. The

obtuse angled element is important bccause this eclement can destroy the diagonal

dominance property of the matrix resulted from the finite elemem proccdure {43].



SCFINITL B EMVIENT METHOD

5.1 Introduction

The finite element method has several ways of formulating finite c¢lement equations
whn.h\dcscnbe the properties of the unknown vanable ¢ over each element. One of the most
popular ap’proaches is the vanational approach For the vanational approach the functional

. ’ .
1(¢). whose mimymum or maximum gives the solution we seek. has 10 be formulated. Thus we

should try 1o ﬁnd the nodal values of ¢ which make the funcuional 1{¢) statonary. However,
the problem 1s that the funcuonal does not alwayvs caust and 1t s not easy o hind this
1 ]
funcuonal even if 1t does exist. Fortunately there 1s another approach which does not need a
funcuonal.
The weighted residuals approach 1s more a versauie approach than the variational
counterpart. The weighted residuals approach begins with the governing cquations of the

& ,

problem and proceeds without rel;ing on 3 funcuional. This approach-1s advantageous because
it thereby becomes possxblc‘ 1o extend the finite element method 10 problems where no
functional is available. Applving the method of weighted residuals involves basically 1wo
steps. The first step is to assume the general functional behavior of the dependent variables in
some way so as lo approximately s;atisfy the given differential equation and ’boundary
conditions. The second step is to solve the equations resulting from the first step and there&y
specialize the general functional form to a particular function, which then becomes the
approximate solytion sought [37].

For example, we consider a lypical_;groblem. Suppose we want to find an approximate

_ functional representation for a field variable ¢ governed by the differential equation {37]

»

¢

CL(:) - f o= 0. (5.1)

. We approximate ¢ by u

28



where the N are the assumed tuncuons, the O are cither th. uanknown parameters or
1 1

unhnown funcuons of one of the independent vanables a F o oupper limit m s the number

of unknowns C .

When ¢ 1s substituted into (i 1) error 1s mtroduced.

- ? .

e method of weighted residuals seeks (o determine the m unknowns € an such g way that
e error Roover the enure solution domain s small, This 1s accomphished by formung 4
werghted average of the error and speaifving that the weighted average vamshes over the

<olution domain,

: .
The most often used method 1o denve the finite elemcm equations i known as Galerkin’s
mcthod According to the Bubnov-Galerkin method. the weighting funcuions are chosen 10 be
the same as the approximating functions used zo*represem ¢ that 1 W = N {37). Thus

i

Galerkin's method requires that .,

oLl =1 N dh =0 o (3.7)

(i:l, 2' ...’. ‘m)‘
In the preceding discussion we assumed that we were dealing with the entire solution
domain. However, because (5.1) holds for any point in the solutiorr domain, it also holds for
any collection of points defining an arbitrary subdomain or elemem of. the whole domain.

Thus we can formulate local approximation analogous to (5.2) for mdmdual elements. Then

’ \ ’ ]



b
. imethod we an wrie 1h¢ coaations governing the behavior of an w&‘:'ncm as

‘rom Gale o
H f e}
O

wh- e 1 1s the number of the unknown parameters assigned (o the clement and the supersenpt
(- ; means that the vanable is effective in a clement. e
However, we generally use ¢ instead of u n the himte clement equatons >0 (5.6}
be.omes |
H (‘) y{’.) N fe) 4‘\({') o) [
e it ) - Lo i X
)
2 O e R
3.2 Finite Element Method for Poisson's Equation
o
Paisson's cquation in two dimensional space 1s
2 !z
' S+ So= () (H.8)
.:\-_ -\"‘ )
with the boundary conditions such as ‘ °
P on (5.9)
© i Ve ! i e
[.ox - a e ?)j + a —;;] . =0 on o, (5.10)
where a is a constant and . is the normal vector to the boundary z,. ,
* . When we compare (5.1) and (5.8) we see that .
2 2 o
I T ‘
L(:) = >t 5 4 (5.11)
4\7 .



The finite ¢ en! cquations by Bubnov-Galvrkin's method are (5 7) Superseript (¢) can be

S

deleted + 1 the assumption that every equation s effectne in the clement o there s R
N

wpeatfie domain From now on every equation is valid 1n the clement. We can modify fimite
“

elemer  cquauons (5 7) to include natural boundary conditions.,

To reduce the order of dernatves and antroduce naturndd boundry  conditions  wg ase
integration by parts {37]. .
(9§ . . . . . . - .
Do ey o= o v e - SRR [
D )
If we let
ho= R A Lot ': ol
Noa N, i,.1)
1 r
(5.12) now reads
S
N (S —a ——)n_+ (= +a ) | d (5.16)
c i "X oV X Y X
N, . N
X ) . i . i
= [ ( —— - a —) — 4 (=4 a =) -] dx dy
: iX 1Y 1Y oy ' X .
D i



L)
)

The LHS 1s cancelled mside the global domain and 15 ze10 along the natural boundary due to

.the boundary condiuon. Thus (S 16) becomes

5.2.1 Interpolation functions
To calculate (5.17) we have to specialize the form of N: which s called the
interpolaton or base funcuon. The requirement we place on the choce of the interpolation
functions stem from the need to ensure that our approximate solution converges Lo the correct
solution when we use an increasing number of smalle‘r elements. ;To identifv quantitively the
admissible functions, we define the admissible class C™(D) [44].
De finition :
Suppose that D is a bounded region in R3 the three dimensional space and that f =
fl x,y.z) is a given real-valued function of position in D. Then f is said t6 be of class C™on
D if fand all of its partial derivatives of order less than or equal to m are continuous at
every point( x,y,z) in D, ::Shere m is a nonnegative integer.
For the second-order partial' differential problems such as Poisson's equation, class c? )

interpolation functions are needed. For the fourth-order problems C! interpolation functions

are needed [44].



et
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S:nce our problem 1s 1o soive Poisson’s cquation we are :nteresied in (" functions
ahich  are  conunuous throughout tr: giobal Jdomain “hut thewr  lervatnes are aot
L onlnuous Figure S1 and Fig S0 show the vanety of element types (37) For
functions the unknowns, which are called degrees of freedom. assigned to an clement are the
vilues of ¢ on each node. For C* functie as degrees of freedom may include the denivative of
the nodal varable Depending on the ¢ssumed funcuonal behavior of ¢ there are many
choices fork(“ functions. In a one dimensional case if we think @ sanes hincarhy we can use
linear elements which have two nodes. With the values of ¢ on Ih(‘\fi two nodes wee aan
snerpolate @ umgueh over the clement Thus we can san that the chowe of mnterpolaton

funcuons determine the clement 1ope OF VisC veTsa

Frgure 5 % shows actual assemblage of the linear snierpolation functions Lo represent

‘he variable @ over one clement in one dimension so that it gives [37]

" The precewsse lincar interpolation tuncuions over the whole domain 1n one dunension «an be as

follows [43]; ) .
N (%) = e - (2, =) . (H,14)
1 | 0 0 1 .
L0 (
! oo - 13 ’
N = |0 < T
Nj GO = Axpoo = Dy
!
X - X,
: <. - - ("'1-1 - <1)
: i Ti-1
- . .
] X4
) xl L (x, = % (i+1)
| Ui+l i
0 (xl’rl -t '<r1) ?

r
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where the coordinates ©f the nodes are denoted x and n s the number of nodes over the
domain
If we think the unknown svanable vanes quadratically. then we should use a three node
clement Figure § 4 illustrates the quadratue interpolation funcuons in-one dimension KR
bigure S 2 shows the vanety of clement tyvpes o two dimensions and big. S gives the
mterpolanion funcuion of hnear elements over a tnanguldar clement i (wo dimensions f46] The
. e
order of the interpolation polynormal 1 determimed by the number of degrees of [reedom over
the clement. In other words. the number of coe%ﬁmem.\ in the polvnormal should equal the

nmumber of nodal vanables available 1o evaluate these cocefficients. For the piecewise hnear

representation of a field vanable over a triangle. we wnite the inear polynomial senies as {37]

T (5.20)

The three nodal values of ¢ are then sufficient to find three coefficients. The coefficients an
a polynomial scries representon of arfield variable are called the generalized coordinates of
the element. The usual procedure i1s to use the same number of generalized coordinates and
degrees of freedom.

For integration in (5..1‘7) we can use a numerical integration technique. Howev;r, if
we use linear triangular elements, which allow ¢ to vary linearly over each element, we can
evaluate the integration analytically. In the RHS of (5.17) if f is constant within an element,

we have, from the integration formula of area coordinates (see Appendix),

DN dedv = f TN dxdy = o (5.21)
D p !



ahere O s the area of the i

The THS of (5 17) rcads

where

Wheni = 1, thé above equation becomes

Sal vadues (ee Append:

-



We can obtain other components when i = 2 and 1 = 3 in the same way.

From cqu; (5.20) let us detefmine a

[37].

(3]
.

v
wn

. 4, and a, by evaluating (5.20) at the nodes 1, 2 and 3



and ~ohving for

~e

shere 4% the

Substituting (3.7

where
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5.2.2 Assemblage of the local matrices
The remaining step 1s 1o assemble matrices from cach element into one yiohal matnn,

If the clement’s global node number 15 1§ and k respectively then

'\11:“\/1\-1)& s [T !
}\1]’ (Kll)u , A

? Kig = Ky,

'\‘\ : Kip = Ry,

/ K55 7 %ol
K. = (K.))



' 40
: SRy
¥l i1 N
K (X))
K} Yoot N
N - E}\ )
kK F 4o,
O = Q)
1 1 N
! = {0 )
- j SV,
»
¢ vl = (0 )
K JIEY
: ‘
The-contnibution from cach element 1n the process of the assemblage 1s 1Hus Fig. 5.6
[47] .

The constant boundary condition (5.9) 1s forced in the procedure to solve the global matrix

.

cqﬁalions:



6. ANALYSIS OF THE VERTICAL HALL EFFECT DEVICES

6.1 Introduction.

Conventional Hall effect devices have been 1n the form of a plate situated in the plance
of the chip surface. hence becoming sensiuve to a magnetic {ield perpendicular to the active
chip surface. However some applications need devices sensitive to a magneuic fie]ld paraliel 10
the device surface. For lhdse apgl;ca(ions, the VHD recently proposed by Popovié [48] scems
béucr than the magnetotransistor or the magnetodiode n the sense of temperature
dependence, hinearity ar)d‘ noise dependence {35].

Figure 6.1 (a) shows the Hall effect device which s 4 thin plate of a.senuconductor
with four ohmic contacts. one on cach edge of the plate. However 1t s mpossible 10 itegrate
such.a vertcal pla\tc because only onc; contact 15 available on the surface If we can deform
the Hall plate until both seﬁsor contacts. Sl and S2. come to the plane where the current

* .
contact Q“l 15. then we have three contacts on the chip surface (Fig. 6.1 (b) and (¢)). Even
'.ixcn 1t 1s not easy 1o integrate a perfeclly semicircular device so a rough approxxmanbn of the
semicircular device 1s taken (Fig. 6.2), which pratically has the same pcrformange [48].

Recently Huiser and Baltes [35,36] simulated the VHD using Green's functions. In
this thesis. the numerical simulation of the VHD using a finite element method is presented.
6.2 Equations

‘ A two dimensional geometry of the device is shown /n Fig. 6.2. The x-axis is parallel
1o the surface -.of the chip and' perpendicular to the magneiic induction B. The y-axis is
perpendicular {o the surface of the chip. | |

Neglecting diffusion currents, the electron current density equation in the presence of

a not too large field (u*B < 0.3) now becomes {17]

> . % S - 6,1
J = qu nk - . (J - B)Y - S - )
n n n

4 : ' °



Caleulating the divergence of (6.1) and using the gelation curl grad ¥ - O we arrive at {35]
i1 ] - PN (S0 b)) - L2
1 0 1
where « and u "B are assumed 1o be x and v independent. Since no injection of electrons or
o n
holes takes place in the bulk, div ¥ = 0.
. R
Hence, the resulting equation becomes l.aplace’s equation,
di‘v'e;tr:sd o=t L . ’ (L3
4

- ?'f e .
The current normal to the boundary vuhcrctéhcrc are no clectrodes. must vamsh. Using (3.17)
-

and (}.1¥) this implies that [49,50] N

/

where i 1s the unit normal vector to thé boundary .
When we compare cquations (6.3) and (6.4) with cquations (5.%) 1o (5.10) we notice
that the two sets of equation are the same if f = 0, a = un‘B‘and ¢ = V are assumed.

Hence, the discretized equations from Chapter 5 are used to simulate the VHD under the

N

above assumptions.

6.3 Solution Procedure
The grid for the simulation of. the VHD is generated (Fig. 6.3).with a dense network

of nodes in the surface region of the device because of reasons explained in Chapter 4. The

’

ngmber of nodes is 682, which is the number Qf unknown variables, and the number of
elements is 1128.

" The K matrix which is in LHS of (5.29) is then generated. The components of the Q

matrix which is RHS of (5.29) are zero because in our equation f = 0. These clement K

¢

v
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matnces are assembled globally according to (S.31) Now the global matrin 1s solved by an
. . .
adapuve SOR method. Since the size of the global matrin s large. direct methods such as
Gaussian Fllimination are not efficient. The adapuive SOR 1s apprommately 3 times [ster -
Q

than normal SOR in our problem.

To operate the VHD in the current source mode, a hincar combina:ion of opcratung
voltages 15 used in determining the voltage distribution in the device. V_(x.v) represents the
voltage of the VHD when we supply 1 volt to“contact 2 and 0 volts 1o the rest of the contacts

The same interpretation may be apphe‘d 1o the \'3(\,)) and V (v

The resulting Vi) reads

-‘_’.,' he ; 5\ . r..‘ IR . /(
.

Integratizy V(v v) over the sensor contact 2(a-b) and A-d) equanion (¢ ) rvads,

\( . )
x”") dx = !"iy " o 4 ’ { Gty
1 ) - 1 1
b V,(x,v)
+ k.o St s dx '
4 \
a R
d ‘\,(\( ) d \,)(x,}) q *.'5(,(, )
! ‘—“'_—i;‘—'* dx = Kk, | H_:~v*__ dx + ¢ T i
C ) T ¢ - «
d WV o(x,v)
+ k/ | -— dx
4 7 [N

By controlling the LHS of equation (6.6) the VHD may be used in the current source mode
and a Hall voltage, which is (ky-k,), is determined. To obtain V(x.,y) the global matrix has to
be solved three times’ each time with different boundary conditions. To see if the true

solution was actually obtained for the given equation, the conservation of the terminal



currents 1s checked.

t

From the simulation results associated with different sensor probe posiions. the
optimum position which gives the highest Hall voltage may be determined

i

The flow chart for the solution procedure 1s shownn Fig 6.9 (a). (b) and (¢).

6.4 Results and Discussion

Joping concentrafion 1s N[) = 10' ¢m }. We also assume the clectron mobility to be 1350

In all o:r/ta]culanons we assume that the frec carners are electrons and that the
«m-/Vs. For n-lypé silicon, IR about 1.15 at room temperature for l(;w donor c(:nccmranon
(4.16]. Thus the clectron Hall mobility 15 assumed as 113 fmes he electron mobihits . The
device geometry s 120 wm wide, 70 um deep and 12 xm thich. Fach contact has 10 wm length

First. we tried to find the opumum posiuon of the sensor probes 2 and 4. /T‘he Hall

r

voltage at 7 different posiuons (Table 6.1) was compared 1n order to determine an- opumum
probe posiuion. Figure 6.4 shows the Hall voltage at these different posiuons for »"B = 0.01.
01 and 0.2 Current conservation should be noted from Table 6.2 which shows terminal
voltages and currents for x*B = 0.2. Convenuionally the opumum position has been believed
10 be located at the middle of the two fixed contacts (1.3 and 3,§,‘ i.e. position 4). However,
ovr results indicate the Hall voltage is maximum at the vicinity of position 6 regardless of
‘nagnetic induction B. The results shown hereafter are for the probe fixed at position 6.

Figure 6.5 shows the potential distribution in the VHD for »'B = 0.2 with 1 volt.
agplied at electrode 3 while electrode 1 and 5 being grounded. The electrodes 2 and 4 are the
probes where the Hall voltage developes in the presence of a magnetic field, when the device
operates in lﬁe current source mode (zero current). The ideal Hall voltage is 0.1474 V (see
Chapter 2), the actual Hall voltagé is 0.0889 V and the efficiency is 60.3 %. The sensitivity
defined in terms of V/AT is 484 (V/AT) which is we'll above that obtained from Popovit's
measurement [48). The value of efficiency from Huiser and Baltes [35.36] shows a slightly

higher value ranging from 62.5 % to 64.8 % if devices having 5 contacts are considered. The

O
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value of sensitivity from Huser and Baitﬁ v also shghtly higher than our value by 15 1o 40
(Vaoal).

The equipotential hnes shOV\v‘n in Fig. 6.6 arc for the VHD for w"B - 0.2 We aan
notice an asvmmetry in the picture, caused by the magneuc tield  The cquipotenuial and
current Lines from Huser and Baltes are shown in Fig. 6.7, Figure 6.8 shows the Hall voliage

vs. magnetic induction B. The Hall voltage 1s a linear for u'B less than 0.2



7. ANALYSIS OF THE MAGELET
The MAGFET 15 a MAGneuc-field sensitive Ficld Fifect fransistor. There are tw0
types of MAGFET The first kind 1s a sigle drain structure. based predominantly on the Hall
effect. with sensor probes on both sides of the gate so that a Hall vollage 15 detected. The
second kind is a muluple drain structure whose sensitivity 1o the magnetic fizld 1s based xon the
carnier deflection effect. The sensitivity 1s a fuhction of the current imbalance between the
drains. We will consider a dox{ble drain and a triple drain device structure.
The MAGFET, just as the ordinary MOSFET has several adwmagm :
4.t can be easily ntegrated with other electronic circuits on a single chip and fabneated by
the standard CMOS process.
S low bower consumpuon.
However, 1t has the icllowing disadvantages
1. wnce the acuion takes place near the surface (inversion laver) there are noise problems
and lower sensitivities because of the low mobility.
2. offset problems due to nonideal device geometries.
Consiger an N-channel MOSFET operated in the linear region as shown in Fig. 7.1
(16]. The magnetic-field, B is assumed to be perpendicular to the channel, 1.¢. B = (O_O_Bl)
- thus the Lorentz force acts in the plane of the channel (x-y plane). As in the case of zero

!
magnetic-field, we assume no current flow in the z-direction [5].

I
7.1 Assumptions

In the following, the assumptions made in the analysis of the MAGFET are discussed

(5.16]) - .
a. the gate structure corresponds to an ideal MOS diode so that any interface traps, fixed
oxide charges or work function differences can be neglected. In a nonideal gate(, the effect

of fixed charges and difference in work functions cause a voltage shift corresponding to

the flatband voltage, VFB. This in turn causes a change in the threshold voltage, VT.

’
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b. the doping in the'channel v umiform.

¢ the dnft and Hall mobilites in the mersion laver are constanis Lor given gate and dramn
bias voltages. This s dqnc S0 by neglecting (8“7_/81)_ (B“n’, @) across the channel and
assuming no lateral dependence of . “n. (for MOSEFET s operauing n the lincar region
under low drain bias voltages, Pl(x_y) can be assumed 1o be constant) ‘

d.  the reverse leakage current 1s neghgibly small

¢ the transversal feld Fl is much greater than the longitudinal field F; in the channel Thys
corresponds 10" the s0-called Gradual Channel Approximauon, which assumes that the

¢harges in the system are governed by Ih\c——\-&‘mcal field only

- - ~
within the inversion laver. the hole current density can be neglected since I << ] for

\'“ > 0 and \'H < 0 The net recombination rate can be assumed /¢ro in the channel.

i his vields the drain current. | to be an electron current of vamshing divergence

D
7.2 Basic Equations

With the assumptions 1n the previous section, the charge in the inversion lasver, if we
>

constder onlv dnft current, 1s given by [3.16,51].

<

P TR

where V(1.y) denotes the reverse bias voltage between a point (x.v) in the channel and the

source electrode which is at zero volts. COX is the gate oxide capacitance per unit area ;

Sio )
¢ o= 2z (7.2)
oX OX s

where Lo is the oxide thickness. wB is the potential difference between the bulk Fermi level
(EFp) and the intrinsic Fermi level (El),-w’B is given by .

N : \
. N P S (1.9
q e ni
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where kT/g = 257 mV 4t rcom lemperaiure, T\'\ N the bulk doring denwiy and ooy the
intninsic concentration
From (3 17) and (3 i%) the two dimensiondl Curienl JOnsily qalions. using r

7V and DI uhkT/q_ reads

{ ) B ’ )
1 ~ :
o [
0 . -
) t - f ‘J) .
M
0
.
1 i Y
{ - ) ’ + ' y )
o ‘
I + 500
8 4
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VX, ) ~l
B - A Con)
1 S
e »

By integraung the electron current density equations over the channel depth t, we obtain line
current density equations for the MAGFET. This 1s carried out using assumpuons discussed
previously (in particular assumption (c)) and further neglecing the dependence of (aV/an),

(2V/Ry) on z and neglecting diffusion current terms [5];

. t
I (x,v) = 1+ 1 (x,v,z) dz (7.60)
nxN (') nx
-1 Rt % oy
= e, T B - ()
1+ (. B)" ‘ ¢ Foon "
Z " ]
, t
g v) = . <,V :
LX) é e (X0v22) d2 _ 7.7



I he mtegration is carned out from the sermconductor onde interface (¢ - U) to the pont (7

- 1) at which Foanterseds E}  (the quast Fermu level for electrons)
Integrating (7 %) from the source (0 V) 1o @ notential Voat any arbitrany point (vov)

v

i the channed [8] vy
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Substituting {7.10) and (7.11) into (7.6) and (7.7) and introducing a new function

S vV PR
Q0 ‘ )
we can simplify (7.6), (7.7) as follows : Y
~ » 3 L]
I X,v) = a TS * I
L) ro I LB T (7.13)
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Hence from (7

where {53

~

)

eleciron conunutly eqn (N I19),

13). (7 14) and (T 1) ae

have
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~ 3 Boundary (onditions

F R SO L A N S . :
AT The osling hounudt . TR TS a0t by -

AU the Hoating houndanes @ and @ b T iand b 4T 0

Hende

For the contac: boundan condinon. the ohmuc coniact which has anlinite, recombingtion

velociny and space charge neutrabity s assumed,

'd

7 4 \umerical Vethod

-

The equation for‘ the MAGFET (7.16) is Laplace's equation with ty)dary condition
(7.18), (7.19), (7:20) and~(7‘21). When we compare (7.16), and (7.18)/hrough (7.21) with
p,p{e equations from (5.8) to .(5.10) we notice that the two sets 6f equa.fions are the same if f
=0.a= “.Bz and V = ¢. Thus we use the discretized equations from Chapter S to simulate
the MAGFET under the assumption that f = 0 . a = 4'B and V = 9. However we have to

solve (7.17) to get the value of V(x,y) by usfng the Newton-Raphson algorithm [52].



~ 32 Solution Procedure

. ~ylae . h - Cvaee g g s, B R - e
The gnid tor the samulaton of the MAGHE D o penerated as oplaned on Chapter 4

thig T 2) The nodes at the drain fegions are Junse because Of ~inguldar peinls  Che numiher
of nodes s 633 and the number of clemenis 1 JubC Having generated the gnd. the Komatnd

-

ahich s 10 LHS of (8 29) 1s formed  The clement K matnces are assembled glovally according
10 (S 31) The global matrix 1§ solved by an adaptive SOR method K

As for the imitial guess the sasiable @ s provided »ith anear vaiues,

e 7 . o, ‘t R ) .

ahere 1o the node number zad YD) s the v coordmaie of e node TV MAN o
mavmum v coordinate and YMIN s the mimimum + coordinate

For the Sewton Raphson iterations, v oas provided wiih linear guess s giaes

V11') S ~,,)".<1) N S T TR B |

wheto Vi the dramn voltage and Vv 1s the source voliage
B

The flowchart for the solution procedure 15 shownn kg, 7 11 (a) and (b)

7.6 Results and Discussion

In all our calculations we assume an N-channel MAGFET with substrate doping, NA
= 10** c¢m?, and oxide thickness, s = 100 nm. The magnetic field 1s perpendicular to the
device plane. The device is in the linear region of operation and,lhresf:old voltage, V = 1.1 V.
We also assume 750 cm2/Vs for the el onﬂ surface mobility and 1.15 for rn'. The double
drain MAGFET and triple' drain MAGFET simulated and their sensitivities were
compared. The sensitivity defined in terms of the »r'clativefcnrrcnt imbalance between the two

outer drains (see Fig. 7.3-7.4) is defined as [5]

= (I, = Ip)) /Iy + 1

D1



e + . - - ¢ - - 4 - TR
Re Jovice prOmoliy for the sphn dranowructairo oy LK umowide and LU0 amoleng TR

PeGmieity seethy C0oDe favearatie snowew of tThe sensiinvis L snal Teonosst ralio and Josigh

sy TS The device s operated inoche Lnvar regron, Voo o N o v s DV oA
R = s IS LN ! S

Voand Vo0 V. The top view of the double drain MAGEFET v givenin kg 73 The leagth

0f the Jramn contacis 1s CU oum oeach and the separation distance 2o 60 um bFrgure 73

<hows the top view of the tnple drain MAGHFET The lergth o the dram contacts o 20 um

cach and the seperatuon distance 1s 20 gme-vach

brgure 7 S shows cquipotential hnes e the channel of the dduble drain MAGEHET for

. 3

Bo-ou W opolice an asvmmeirs iony che voaus caused D the magnetic field The

¢

resulls onoche potential lines having g shew of the Hali angic 40 the Hioatng boundarties

P gupotentia: hines for w'B = U2 are shownn Fig 7t The Hali angie iw"smadicr than thatn

bag T8 Fieure 7 7 allustrates the potential disiribution of the double dramm MAGLHET for .
v 3 '
LB - 02 The equipotenual imes and polenual distzibutons of the tnple drain MAGEHET

ftor "B = ¢ 2are<hownin kbig 7¥and hig 7 9 respectively

From Tthe sensttvity curve (Fig 7.10). we can conclude that the sensiliviiy s «4lmost

7
tinear in the range from -2 tesla to 2 tesla. in view of the sensiivity values, the tniple drain

MAGFEFFT 1s supenior to the double draitn MAGFEET



8. CONCLYSION AND OUTLOOK |

To develop new semiconductor, devices, the understanding of device behaviour under
g_eneral geomciries and operating conditions is inevitable. In the realm of analylica-l analvsis
only fxmiling cases can be understood. The analvsis of semiconductor devices under the
influence of a magnetic ficld becomes even more difficult using analytical methods because
the magnetic field introduces asymmetry into the current density cquations and boundary
conditions.
In this thesis, the num’ modeling of semiconductor devices such as the VHD and
M;AGH%T is performed. Amongl the several numerical methods available 1o solve partial
differential equations, the finite element method 15 used <

To support the finite clement algorithm cr'ﬁucn‘ll,\. an adaptive gnd generaucn
method 1s developed. Adaptive érid .generanonﬂs one of the most desired b{n difficult parts of
lhp fimite clement method [18]. With the aid of a proper grid, the VHD and wnple drain
MAGFET can be.simulated. kThe initial grid generation procedure for the arbitrary device
geometries will be modified to provide more generahity and convenience to the user by

incorporau:ng with pointing devices such as mouse or optical pen.
- For the simulétion of l'he'VHD and MAGFET, only the electron éontinuityf equation
‘is used. In order lo simulate moré complex devices such as the Lateral Magnetdtransismr
(LMT).and the magnetodiode three equ;tions are necessary, vig., Ihf: continﬁily equ‘ations'for
"clectmns and holes and Poisssn equétion. The program is bfe’scht’l&' being extended to
incorporate these three equations. h |
Addmg a powcrf ul graphic and mteracuve user mwrfa'ce for device specification and
analysx; of results becomes a necessnty in particular when it should be connegted any ‘other
VLSI design package th the extensmns stated above the range of semnconductor devices
. which this program‘ can handle will be mcreased.

\ .
T\\e results from numenoal devncc modeling need not perfectly agree with those

i

) obtamed from- megsurements on real devnces This is due to several assumptions made m

E s ‘ -
B R
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modeling, process errors such as geometry offset and/or piczoresistive cffect of Si.
«Furthermore, in the fabncated device there arc several uncenau}ﬁ)fauors such as noise,
. < :
temperature dependence and frequency dependence. Incorporaung these cffects o a
simulation program 1s highly likely in the forseeable future because it will enhance the
accuracy of device modeling results. However this trend will be governed on the basis of

performance/effort ratio. If all of the program modules are networked under A 1. (Aruficial

Intelligence) environment, then the man-month required for the device modching can be

significanty reduced.



Y coordinate (um)
Posttion

a b - X

b 20 ‘3() 90 100

2 2.5 325 53 S 97 s

3 25 N ‘s o
4 27.5 375 K2s 9o s

5 () 40 U 90
A B 328 s | aTs

7 35 45 =5 .

¢ lable 6.1 Position of the electrodes

Electrode | 1

ro
(PN
N
w

v (V) 0 0.4783 1 | 05672 0

I (Ascm) [-0.0757 0 015921 o -0.0835

Table 6.2 Voltages and currents of the electrodes ai position 6

. (u'B = 0.2)
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Fig. 4.1 The/ﬂfr;t;e{ng scheme for the initial grid
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Fig. 4.2 (a) ReM e element shapes. for horizontal refinement pass
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Fig. 4.2 (b) Refinable clement shapes for horizontal refinemeit pass
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Fig. 4.2 (c) Refinableelement shapes for horizontal refinement pass
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Fig. 4.3 A grid for a rectangular region

(a) An initial grid
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Fig. 4.3 A grid for a rectangular region '

(b) A final grid with 400 nodes
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Fig. 4.4 The ﬁr\st example of a grid for a region having flat bottom.

-

(a) An initial grid.

(b) A final grid with 200 nodes. V2
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Fig. 45 The second example of a grid for a region havfng flat bottom.
(a) An initial gnd.

(b) A final grid with 230 nodes.
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Fig. 6.2 Device geometry for the simulation of the -VHD

« Fig. 6.3 Grid for.the simulation of thg VHD
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10. APPENDIX

—
f the coordinates of three corner paints of a tnangle are (v .y ). (v v,) and (x 0y, ).
;‘ K\/’——\ - B N N - . h
mwgrca of this triangle & 15 {37.53]:
= 1) l ‘V‘I 1 (AL 1)
) P
1 X,
1
3 )

The ntegration of natural .oordinates oiten callea area coordinates. which are

precisely the interpolation funcuions for linear interpolation over a tniangle 15 the following

€



