sa

I*I Natuonel lerary ' Blbtuotheque natlonale oo AT S
A - of Canad,a ' 2 du Canada e : LU

" Canadian Theses Servnce .

C Ottawa Canada ' : A
: K1A - . RV

The quality of this microformis heavnly dependent upon the
quallty of the original thesis submitted for microfilming.

.Every effort has been nfade to ensure the highest qualtty of ‘
: . hRN "On . [N

- reproduction possible;

the egree.
if, the

Some pages may have mdtsttnct pnnt especnanllgb
on or

driginal pages were typed with a poor typewriter-ri
lf me untversnty sent us an mtenor photocopy

" Previously copynghted materials (journal artlcles pub-
_lished tests, etc ) are not fllmed

" . Reproductlon in fuII orin part of this mlcrotorm is governed

by the (‘(anadtan Copynght Act R S.C. 1970, c. C- 30

.

NL-399 (r.88/04) . . *

Service des théses canadlennes

It padges are missing, contact the untversnty which granted~ )

. La qualité de cette mucrotorme dépend grandement data . -
. qualité-de la thése soumise au microfilmage. Nous avons’ o
tout fait pour assuréer une qualité supéneure de,reprodu(

-

Siil manque des pages, ‘veuillez communnquer .1vvc'
« I'universite. qui a conféré le grade .

N

La quahté di mpressuon de certaines pages peut |alSSO a _
désirer, surtout si jes pages originales ont. é1é dactylogra- ..

- ‘phiées & I'aide d'un ruban usé ou si I'université nous a fait - '
parvenir une photocopie de qualité mténeure :

Les documents qui font déja. Iobjet d'un dfoil’ d’auteur o
(articles de revue, tests .publiés, etc.) .ne: sont pas
mlcrottlmés _ "

La feproduction meme pamelle de cette mtcrotorme est
soumise 4 la Loi canadienne sur le droit dauteur SRC i -
1970, ¢. C-30. . I R

N



""" CARRIER TRANSPORT IN MAGNETOTRANSISTORS -

" BY"

ARGKIA NATHAN.

S ‘ATHESIS

J_

SUBMIZ% TO THE FACULTY OF GRADUATE STUDIES AND RESEARCH

IN PARTIAL FULFILLMENT QF THE REQUIREMENT S FOR THE DEGREE OF .

DOCI‘OR 01= PH[LOSOPHY

'4..

DEPARTMENT OF ELECTRICAL ENGINEERING

~

<

EDMONTON ALBERTA " 'f S

| FALL 1988 B

. a



—— ‘», .-

~

‘@Permissionfheslbeen'granted

-to the National Library of

Canada to microfilm this,
*. thesis -and' to lend or 'sell

gcopies_pf the film.

v

The author (copyright ownerf
"has reserved other

publication ‘rights, ‘and

neither ”the thesis nor
extensive extracts from ‘it

may be. printed or otherwise

reproduced without his/her 3

written permission.

Ny

+ IEBN

. "'
. e ‘
. »
>
B
&
e
-

S315-4548-1

. L*‘autorisation a &té aécordée
A 1la Bibliothdque nationale
du Canada de nicrofilmer

_.cette thése et de préter ou.
‘de-vendre des exemplaires d
film. J :

. I# auteur (titulaire du droi
@ auteur) réd»rVe les:
autres droits de publieationt
ni -la " thése’ ni ‘longs"
‘ extraits rde. ceile oi ne
doivent étre impriméa ou .’
autrement reproduits sans aonf'"
autorisation éctite.-~

G



. rv,h

cxtracts fmm lt may bc prmtcd or othcrwnse rcpmduced wnhout lhc author‘s wnttcn

pcmussnon

"»11.__"1“an Tu 'Cﬁcc Road - ,

" Penang 10460

S W: Malasia -~
e L RO S

Date: “ |Vl

C '\" "._'_

Thc amhor reservcs othen; publwauon nghts. and nenher 1hc thes1s nor extcnswc o

S



gl

' THE UNIVERSITY OF ALBERTA -
/¥ FACULTY OF GRADUATE STUDIES AND RESEARCH'

T

‘The undersxgned cemfy that thcy ﬂavc read, and rccommend to’the Faculty of Graduatc
(‘3 :

Studles and Rcsearch for acccptancc a mcsns cntitled Camer Transport in Magnetozranszstors. -

submltted\by Arok.xa N;l.than, in pamal fulﬁllmem oﬁhe rcqulrcmcnls for the dcgrcc of

L

- Doctor of Philosophy., -~ '
\ . : L .

 Date: April18,1988 - . .




-~
|

. Abstract ""’

. The analysis of'galvanomngnetic carrier U'anspott in magnetie~ﬁeld-§ensitive o

\

; mtegrated blpolar transnstors is presented Based ona two-dnmensnonal numencal model that ' o g

' ernploys a"ﬁmte box proccdure. lugh resolutton computatlons (:l: 0.5 |.tV stoppmg cntenon) of -

the potenttals in the base regton of magnetotransnstors were’ performed for realistic devxce

structures and opcrattng condmons ’Ihe results show that the magmtude of Hall ﬁelds at the

‘ emttter base Juncuon vncnmty. an-(too mmute to cause any appmcuable asymmetnc mmonty

4

carrier mjecuon hence mvalxdatmg the w:dely mvoked emitter mjecuon modulanon model

Measured data obtamed USmg novel Hall probes pmcedures aré support of the conclusxons X

’denved fmm the numencal model Camer deflection appears to be the pnevatlmg operatmg

pnncnple for magnetotmnsnstors thh a lmcar output respd‘tse wlnle magnetoconoeml-au On

seems 10 be adequate to descnbc possible nonlmeantlcs Measurcments results of 1/f1 nmse m

’ dual-collector magnetotransnstors are also prescnted In pamcular, a strong posmve

) .correlatton (close to 100 %) between the nonse voltages of the collectors has been obsewed ,

‘’

DT
. ThlS umque conelatton in the noxse voltages mdlcates that a ﬁeld resolutmn of 22 t.tT over a.’

o

3 5 MHz, bandw1dth is possxble. thh a magnetotmnsnstor of a mere 6 %/T sensmvxty operatmg in -

¢

- the dtl‘fetentJal mode w1th less than 1mA of total‘cum:nt The correlation of the collector ‘

“noise voltages seems to be mdependenr of fabncauon technology

1

s
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V Flow. lmes oTcnmnt densxty for (a) electrons mjected fmm the

emmer, (b) holes mjected from base

The d:smbunon of (a) electrons and (b) holes in the domam as
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Measurement schemauc of differenual voltage. Vp across the
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C of perpendxcular bisectors of clemental edges convergmg to node z,f .

 shown in Fig. 5.2. The distributions have beea clipped off at' 109m3
. at the respectwe N+ and P+ regions. In the oxide region, ‘electron and hole -

v concentrauans are zero. Note Lhat the dlrecuon of axesane opposne in both cases.
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~ and they depend on the parucular MT apphcatlon (see [5]) The lmeanty of the

1. mmomjcrloiv -

. Research in silicon magneue ﬁeld sensors over the last three decades sec.msto indicate
that'the magnetotransxstors (M'I‘) has the greatest apphcauon potenttal pnmanly because of
the hlgh magneuc sensmvmes 1 2] it has exhibited. Recent studies have also sh0wn that MT's
can be batch- fabricated in standard IC technologtes such as blpolar or CMOS technology
without des:gn rule vxolatlons The avatlabthty of low cost and htgh performance signal =
»processmg cucmtry. p;rucularly in bipolar IC techrtology. tmphes the attractive possnblhty of
' mtegraung the MT on the same: dne An example of such an mtegrated MT is presented in [3] |
where the devjce replaces the mput stage of an operauonaf amphﬁer A further attractlvc

- feature of MT s which dnsungmshes them from other sﬂlcon magneuc field Sensors is their .~

. ‘abthty to detect several components of the magnettc ﬁeld vector. By suntable modtﬁcauons of
- the basxc MT st:ucture. two-drmensnonal [3] as well as t#ree-dtmensnonal [4] vector ﬁeld

: detectors have been fabncated. : \ ) -

B Offsets in magltetot'xansistors. like umpolar Hall plates can unfortunately be qtutc . _
;hxgh Besndes the geomethca.l tmperfecuons mtmduced dunng the fabncauon process, - |

- ,,mechamcal and thermal stresses resultmg fmm the packaged die can also contnbute 10 offsets. .

is as good as for Hall plates in most cases (5). One possnble source of nonlmeanty can be

' attnbuted to magnetoconcentratton effects mherent in thc dev1ce operatton Other possible
sources of nonlmeanty are offset vanatlon wuh operating pomt and temperature. and

' 'vanauons of devxce parameters thh temperature ‘Wnth respect to nonse, magnetotransnstors

. : Y
have cssentxally the same charactenstlcs as standard blpolar devnces However. by explontmg
 the mherent properties of noise (e. g m mulucollector structurcs). the output nonsc in MT's

- can be sngmﬁcantly reduced t.hereby mcreasmg the magncuc ﬁeld resolutton [6] At low -

current operanon Us2 mA) the tcmpcrature cocfﬁcnent (TC) of M’l"s has becn found'to bc as -

favourable as for Hall plates (see [5] and rcfcrences therem)



As magne’tie ﬁcld-'scnsor's. M'T‘s-can be as effecti\;e asor supen'or-to o'thel" silicon
magnetic ficld sensors for sthchmg and magnetometry apphcauons For example, the MT is

uscful in muluduecuonal magnetometry because of its vector dmecuon capablhty A palr of

. vemcal MT's, mtegrated with penpheral c1rcuu.sy have been dcsxgned {3] to detcct‘the 1npla&e

: vector ﬁeld Along the same lmes, an ommduecnonal magneuc swnch can be. mtegrated by

combmmg "hysteresns cmcunry with the above conﬁgurauon Also, by mtegratmg the MT

- wuh translmcar cnrcunts [7] a hxghly funcuonal magmtude detector of three-dxmens:onal

fields can be reahsed .

In view of the above virtues, the MT deserves more scnenuﬁc attention lhan it has

‘ rccelved in thc past and an m-depth dcvncc analysxs*by both numencal sunulanon and
' measurements is worthwhnle The surpnsmgly w:de range of magnetw sensmvmes have - ,

. mlngued nesearchers who commually dev-}sse new structures and pmposc mtumve analytlcal

‘ -

; models such as Hall voltage or camer deﬂccuon to explam thenr expenmemal ﬁndmgs Whlle ‘
' »some of these models remain valuable heunsﬁc tools 10 explam MT opemuon in lunmng cases.

| mconsnstencnes arise when a descnpuon of the underlymg tmnspon mechamsms for geneml

devnce stmctures and operaung condmons is attempted Any such mtumve MT model has the

- character of an mtelhgent gucss of the tme soluuon of the carrier lranspon equatmns, ie, .

(

the mtumve model isa hypothesns that ulumately has to be venﬁed by solvmg the full
tmnsport equauons (cxther analyueally. or more likely numencally) wnh appmpnate

matenal (proccssmg) parameters and bomdary condmons In favourable cases it may tum ' "

out that- lhc camer transpon soluuons yleld po%ntml curreng. and carner densnty
_ dlstnbuuons that can be mtcrpretcd in terms of the one or the other mtumve model For
example. the Hall voltagc (electnc potenual gradxwt) and camer (cun'em) deﬂecnon have

‘been venﬁed to dommatc the camer ort pattem in very long, and very short extnnsnc

[P ~

B _'scmnconductor slab geometnes, nespecdvely {51. On the other hand featunes of both potermal .

gradlem and cun'ent dcﬂecuon were found to blend ina quadraue (squam) 'extnnsxc

semnconductor slab whnch makes the two mnnuve models obsolete in this case. In general thc

: 'apphcabxhty of mtuluvc models oulsxdc their provcn vahdnty hmns, cannot be taken for



: grantcd In pameular. the complcx mtemcuon of galvanomagnetic effects and btpolar acuon |
.in the M’I‘ nequues at least two-dlmensnonal camer transpon analysns '
“In order. to ‘check by expenmental means, the true physxcal pnncnples undcrlymg the ’
‘MT operatlon. novel test procedures have been devised whlch. bcsndes the usnal.ﬁ'black-box"
output respt)nse. also t'acilitate direct measn‘rement of the internal ‘behm/ivour of ccrtd‘in
: physi‘cél quantities such as Voltage [8]. Such nroc‘eduresA. howcvcr, .yie_l.d, the vo'ltagc:. |
. distribution for only part of tne deviec band‘are unable to detect the voltage at crucial areas. ) B
(such as those in'close proximity to the emltter‘base juncuon). due to the llmxtatIom imposed R
) by. pnescm fabncatxon technology Thereforc numencal modchng/ts Sll“ indispensable for
| _ determmmg the spatlal distribution of vanous physxcal quantmes such as electrostatic C e l
potentnal cunent densxty, and carner dcnsmes Computatlons of a relattvely hi gh precnsnorL o
can be easxly performed to prove or dlsprove the sngmﬁcancc of certatq physncal cffects [9]
In this work an analysxs of camer transpon 1s presented for magnctotrans:stors N
-fabncated in standard CMOS and btpolar IC technologlcs Results m terms of potenttal and -
umnt densnty dtstnbuuons in the base region of MT's, have been obtained usmg numcncal
| and novel expenmental procedures Thc cxpcnmental techmque is based ona dlrect R
measurement of the Hall voltagc in various MT structunes that have mmunum swed Ha pn bes
- placed at dlfferent parts of the base regton The voltagc across the probes i3 momtored asa

' functlon of the operatmg pomt (mjecuon level) and the magncttc fteld Thc numcncal results,

ol

‘ | : :’whlch are bas!d on high resoluuon computauons 05 p.V stoppmg cntenon) conﬁrm the ‘\%
a presence of a Hall ﬁeld at the emitter base Juftcuon But this Hall ﬁcld is snmply too wcak in . | o . “‘
,magmtudc for all practtcal m_;ecuon levels, o cause any apprecnable asymmetnc emitter o
: mJecuon The same pattem of behpvnour is observed wnth the meaSured data. Thls asymmctnc .
"~ emitter mjectton effect has been wndely used by rescarchers to explam the unbalancc in the
) MT's collector currents when subject toa magneuo field perpendlcular to the m_|ected curem |
- We thus rule out "emmer injection modulatlon asa v1able M’T opcratmg pnncnple,
prefenencc to carrier deﬂectton forlmear MT's. Possnble nonlmcanues in the MT‘s output

I

_ -msponsc can be attnbuted 1o magnetoeoncentmtlon effccts RS B
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X S 4
~In the next sectron. a summary of prevrous MT analyses i is presented In paruculai' we.
cntrcally revrew the Hall ef(ect and rts mteractron with blpolar opcrauon at the cmrtter base |

, Juncuon of the magnetotransrstOr In Secuon 3, the approxrmatrohs made and the cmcral steps
v

mvolved in the formulatron of the gafvanomagnetrc transport equatrons are outlrned The

, .fonnulatron of . the equauons is pursued usmg the approaches,adopted in formal transport .' N

: theory as well as wrth the concepts of 1rreversrble thermodynamrcs This secuon also includes

_ . the system of model equatrons and boundary condmons underlymg the numerical

analysrs Unlrke the usual (B= 0) boundary condmons for the potenual at the devrce s

. msulatmg boundanes, the boundary conditions in the presence ofa magnetrc field, have to be

Judrcrously chosen SO that t“he true Hall angle at the msulatmg boundanes is preserved The

1

'- ‘procedure employed to-deal wrth'tlns problem is drsCussed The vanous algonthms employed in

: the numencal procedure arc presented in Secuon 4, The essenual drfferences between the S |

' numencal procedures cmployed in thts work and that of usual devrce modelmg liei in the

L drscretlsauon of the current continuity equatrons and in the treatment of the boundary

- conditions. A formal treatment of the drscretmatron pmcedure is provided. In Sectron 5

numencal as well as expenmental results for Y vanety of deyrce structures are 1llustrated The

' numencal and expenmental results are compared wherever appropnate and possrble causes of

v'drscrepancy are drscussed Section 6 1llustrates measurement results of l/f noise in -

L -dual-collector MT structures fabricated in brpolar as well as CMOS technologres In parucular, |

we rnvestrgate the degree of conelatron between the noise voltages of the collectors Finally,

I {he_.eonclusrons of both the theoretrc_al as well as expcnmental ﬁndrngs are presented.



2 PREVIOUS MAGNETOTRANSISTOR ANALYSIS

As spccnﬁc mamfestauons of thc Lomntz forcc acnng on moving chargcs (cloctmns

" and holes) three basnc cffccts are usually assumed to bc ncsponsnblc for magncnc scnsmvnty

mmagnctouansxstors Hall cffcct ci?er dcﬂecuon. and magnctoconcentrauon Thcsc ctTocls

» interact w1th the mhemnt bnpolar action in a vancty of ways. Dcpcndmg on dcvncc gcomctry.

fabncatJon pnocess, and operaung poml any one of thcsc cffects can prcvaxl in favourablc
specnal cases. The cﬁ'ects are explamcd in the followmg sectlons bt we focus mmnly on thc

Hall effcct and in bameular, its mlcracuon wnth bnpolar opcr'atxon t the cmmcr basc

o Jun_cnon. Dotaxled dxscusswn of th&g;hcr effects i in the MT and the precise _forms of the various '

analytical models, is beyond the scopé of this w'odi. However, n‘_gcncral form of the an-alytical

E models, particularly for oarﬁcr doﬂection is given. An'_olaborate acconni of the various effects

~

Y

“and associated models can be found in [5,10]. I S

2 l Hall Effect

o i . o s,

Analysns hnhcrto (scc [5]), of thc mteracuon of Hall fields and blpolar action in the

) basc rcglon of magnctotransxstors, has lcd to thc ndcnuﬁcauon of lhmc cffccts which possxbly

COntnbutc 10 the unbalancc of collcctor cum:nts in dual-collcctor stmctutcs. viz,,
@ asymmctnc emitter mjccuon - cmmer m_;ccuon modulauon '
(u) c mbutxon to minority camer dcﬂecuon by the Hall field gcncratcd by majonty

.c ers mdlrectdeﬂecuon. ‘ i L5
(i.ii). lyZondlulauonof the base trans rt factor. * o S

9] .
A

- / The emitter mjecnon modul jon model was ﬁrst proposed in (113, and has been
subsfquemly mvoked by scveral n:scarchcrs to cxplam the output scnsmvuy of latcral‘%nd

vcrucal magnet,otransnstors Asymmetnc emitter mjecuon is believed fo bc causod by thc

/
/

bmldup of a Hall voltagc, V(B) along the emitter base Juncuon due to thc action of Lorcntz

/

'/

/ the base cmit;cr' voltage, Vg £+ Vj(B) and conscqugnnxy toa modulation of the collector

/ a

o . ; ’

X iorc n the mjccted mmonty and majority cam.crs. Thx_s supposcdly lcads toa mo_dulauon of :

JRSS



" current, I(B) ~ exp [V  Vy(B)) . The resulting difference in collector currents,
[ICI(B). - Icz(ll)]. and rsubseque'ntly the sensltlvity for dual-collector structures
s S=leBY-1BN/ [y +1cy) B o . @ o
. o SRR\ o . : : : . . .
o Was‘then expréssed as {11]
S=sioh (VyB)/2V71/B 4 . @)
where VT denotes the thermal voltage, kT/q 'I‘he approach used in arriving at (2 2) was based

i ~on decoupltng lhe P-N tion mto two drscrete Hall plates where netther of the plates
- mclude any portlon of the space charge layer at. the junction. Conventlonal Hall plate analysrs \
is then employed to esumate the)Hall fields in the respectrve plates Dependmg on devrce o
, geome‘iry dopmg and operatmg condtuons. the ana.lysrs c0uld lead to accurate estimates only |
| in regtons far away from the Juncuon The Hall ﬁelds resultmg in these two reglons are |
' opposrte in dtrecuon to each other and eould in principle, be- large But at t.he space charge
layer and in parucular. at the metallurgtcal Junctton, the dtstrtbuuon of charge is such that it |
rcsembles an mtnnsnc Hall plate wrth extremely small Hall coefﬁcrent and, hence,
negltgtble Hall voltage Dependmg on operatmg condrtrons magnetoconcentrauon effects can
possibly domtnate at high i tnjectton by v1rtue of the Lorentz force actmg on both electrons and
: holes This would result in very httle magneuc modulauon of the net space charge at the -

junction. Hence. modulatton of the electnc potenual by the magneuc field . will be mrmmal

' and thts is basrcally due to the dtfference in Hall mobrhty of the electrons and holes.

‘ Consequcntly. the contnbutaon of VH to the total devrce sensmvrty as expressed by Q. 2) should
‘ be of no practtca.l srgmﬁcance ) ‘ -

L AL thts pomt a clanﬁcatmn should be made Qf the mtsconcepuon in the operatmg

o pnncnple of the DAMS structure [12] The DAMS is compnsed of two vemcal btpolar transrstors -

| .in common-ermtter conﬁgurauon wrth the base reglon constrtutmg a very largc Hall plate

| ; Thc sensmvrty of the devrce (tmbalance in collector cuﬁents) rehes on the dtfferentral



emttter base voltage whlch isa consequence of the xntcmctton of the Lqrentz force and o
a umpolar actton Asin the usual Hall plate, the dtfferenual voltage isa functton ol‘ the base Hall
plate tluckness, its resrsttvtty. n[:l of the base current. chce. the DAMS structure does not rely
- on emltter ll’l_]CCllOn modulauon [5]
! | The emitter mjecnon model was extended to fit expenmental data obtamed for’
smgle-collector [13] and dual-collector [14] lateral MT's fabncated in CMOS technology ln
partrcu"lar, the desrgn geometry of the emitter in [14] was modlﬁed so as to yteld alow emitter -

. efﬁcrency. and the Hall voltage supposedly abeys -

B VH=RH-IB/t S B @3
/ where R 9 is the Hall coe ﬁcrent and t is some effecttve thrckness 'l‘he fit to the measured data -
ylelded a Hall voltage o 202 V/AT [14] However. the desrgn of low efficiency emrtters usmg

'standard CMOS techno ogy, does not affect the carrier densmes and only leads to a reducuon in-

the emrtter current ; ause of the reduced chctJon area) Hence, there isno enhancement '

-in the magneUc ﬁeld odulauon of mmonty camer mjecuon

A s1mtlar a proach was taken m (15, 16] in ﬁttmg expenmental data The ﬁt was made -

/.

o

by lmeansmg the sef n smvrty for small ﬁelds, |

S~ ~exXp (qVH/nkT) 1 +qVH/nkT TR o @4 !
| and dependmg on the bras cdnﬁgurauon. sensmvmes of up to 300 /l‘ obtamed for thelr

structure were attnbuted 0 the presence of a Hall voltage burldup across the base emrtter o
Juncuon ’Unfonunately, a successful ﬁt of the devrce sensmvnty alone does not necessanly‘ ,

allow the conclusron of a umquc operatmg model because expenments do not pl‘OVldc '
o : \ o complete access to the behavnour of po;mal and camer nsities in the devnce interior.
o .~D|fferent potenual and camer denstty dlstnbutmn- patterns in the d'ejvicc.may .we.ll yield :
snmtlar output charactensttcs | L | |
| | Indtrect deﬂecnon refers to the contnbuuan of the Hall ﬁeld in the base reglon 10 the -

deflecuon of the rmnonty carriers amvmg at the collectors Asa result of the Lorentz force

actmg on the majority camers. a Hall field is gcncrated in thebase regton The resultant



asymmctry in the clcctnc field in the base reglon glVes nse to funher deﬂectton of the | .
| : ‘mmonty camers m;ected from the cmmcr Just asin Hall plates. the Hall field in the’b‘ase -

: ‘vregton is a functlon of the base resrsuvnty, base geometty, and the base c{urrent The Hall ﬂelds |
are large and favourablc to deflection only when the base currents are qufﬁcxendy fugh but

concun'ently mamtammg a low level of i mjectxon. Tlus maximises the angle between the .

' 4ma_|onty camer current densnty ‘and the resultant electnc ﬁeld in the base. region. IAs the .
‘ llevel ol' mjectton mcreases. the Hall fields detenorate in magmtude beeause of the mcreased
o densrty of mmonty carriers whtch consequently yteld a small Hall cocfﬁc1ent. At lngher
| , tnjectlon levels. the dtrecuon of the Hall ﬁeld reverses and the boundary where thts l&ppens '
' progressxvely moves with i mcreasmg m]ectton levels The models that descnbe the level of
_' contnbuuon of the Hall ﬁeld to mmonty carrier deﬂecuon are descnbed m Secuon 2. 2
Thc extent to which modulanon of the base transport factor plays a role is detenmned
b thc magmtude of the Hall field that is generated by the majonty carriers in the base '
region ‘The asymmetry in the resultant potenttal dtstnbuuon. could lead to dnfferentral

gradlents in potenttal between the parts of the base regton leadlng 10 the collectors Tlns

conscquently pnoduces a dtfferentral current gmn,whrch for dual-collector M'I“s operated in - .

| common-base conﬁguration. resu_lts indl Cllal E.‘*. chlél B

v‘. o ,:&7“

2.2 Carrler Deﬂectton : - o

Camer deﬂecuon is tnherenrm all maghetotransnstors and is usually the prevarlmg

mechamsm for all, dual-collector lateral and verucal MT structures ([10 17]). lt is charactensed o

'by a htgh degree of lmeanty m the MT's output nesponse The m_]ected mmonty camers.

-

) the presence of a magneuc field pcrpcndtcular to the i mJecuon trajectory, are. deflected and .‘ :
give risc to,an _irnbalance in the collector, current, »A IC}(B)..' This imbalance is usually "

characterised by a relation of the form (sce for example [10])

o AIC'(B).‘;‘I:(L/W)uw‘_B_lé.‘ R P X



LYY

" and hole Hall mobilities,

- 3
-

Here, L denotes an effecuve tra;ectory length and Wis an effecuve wrdth of mtnonty

" carrier mjectton The dtmensnonless factor. k is a geometnc parameter that is generally

‘\

obtained by fitting the measured value of A 14(B) with assimed values of L, W, and electron

I, p‘. We note that relation (2.5) considers only the effect of the

Lorentz force on the 'i'rfjected minerity carriers. It does not aecbunt for the Hall field in the

: base regton that is generated by majonty carfiers. Hence. the relation (2. 5) is valid only for a

limited Tange ( of values of base resxsuvrty, base geometry. and base current Dependmg on the |

* . structural conﬁgurauon of the M’I‘ the geometncal parameters in (2.5) could bea funcnon of

thcoperatmgpomt S L - _‘ ;o -4‘\‘

If the actton of the Lorentz fon:e on majonty carners m the base negton becomes

significarit, the effects of the resultmg Hall ﬁeld are convemently supenmposed mto (2 5).

- thus preservmg the general form of representauon for the current tmbalance, vnz “

Al ()= k(L/W)ueﬂ-BIC R _' e

Hence. the contrtbuuon to mmonty carrier deﬂecuon due to the presence of the majonty

. car;ier Hall field appears inthe term, uejfwhich is a sum of thie majority and minority carrier ; h

v

Hall mobilities,

°: #e‘ﬂ'=un.'+#p‘ T ‘ ‘ . . ‘ o ‘ .. (2-7) )

TR

- where #n,p '.p08iti9e conStants. The relations' 2.5 w0 (2.7). may pcrh'ap's scrve as useful -

desrgn ards. but they contam 100 many parametets whtch can be convemcmly ﬁtted onan -
ad hoc basrs The relauons in thetr present form leave very little noom for extracttng any

conclusrve details about the mteracttons takmg place in the devtce mtenor In pamcular the o

‘ role of parameters such as. the base resrsuv:ty. the emitter and base currents, and the basc _

geomctry, on minority carrier deflectwn shauld be p_ur__sued toa greater s_cxenttﬁc depth.



'23 Magnetoconeentration : o

- "When the MT is operated at htgh mjecuon. and in the presence of a\magneuc ﬁeld :

perpendtcular to the dtrecuon of tnjected current there is ambtpolar dtffusron creattng large
clectron and hole concentrattons oni the same side of the base regton Th1s leads to a magneue
-field modulauon of the base resrstance due to the magnetoconcentrauon (MC) effect In
regions where thcre isa large buildup of mobtle charge. we see a localtsed decrease in base
A'_reststance resultmg ina. clustenng of the cunent densrty ﬂow dnstnbutron The reverse

-~

happens at the region where there isa localtsed increase of base resistance. Although there is

L ;rcdtstnbutton of mobtle charge in regtons ‘where MC effects prevaxl there is no nouceable L

L .effect of the magnetIc ﬁeld on the net space charge [p(B) n(B)] Smce the effects on the

electnc potenttal are- determined by the space charge, the local dtstnbuuon of potenttal
remams pracucally unperturbed by the presence of B. ThlS results in: curnent ﬂow lmes
.Wthh are perpendtcular to the equtpotenual dtstnbuuon, although i tt does not necessanly

| mean that the local Hall angle there is zero [see eqns; g3-.24) and Q3. 25)]

\

The effects of MC in MT's become notu:eable when the base width is comparable in

"»length to, or larger than the dtffusron 1ength of mmonty and majonty camers Itis also

- requtred that the base tegton is quasi tntrmsrc (f 2 n) which is- achleved by operatmg the MT

at very htgh mjecuon levels. Under such condmons the dependence of the mdmdual

o collector currents on the magnettc ﬁeld tums out to be nonlmear [17] Despnte the

o |
nonlinearities in th'e single ended collector currents.’ the differential output.signal. A ’C (B)‘
' could tum out to be lmear wrth the applted ﬁeld (by cancellauon of the nonlmeanttes y B

. b

through subtractmn) o

10



3 MODEL EQUATIONS FOR MAGNETOTRANSIST OR SIMULATION

The pamal dnffcmnlxal equauons govcmmg carrier, mouon in snhcon MFS anc :

.
\

.‘ ,outlmcd 'Ihc cquauons are based on the class:ca] dnft-dxffusnon formulauon.‘l\lthough 1ncy

o area result of:many appro)umauons [18]. thcy ncvcnhcless provide an adcquatc dcscnpuon of

"; :the various transpon phcnomena 'Ihc physncal dnmcnsnons and opcraung condmons normally

- "encountemd in pracucal MFS justify. thesc approxlmauons ‘The dcnvauonﬂf lhe cquatlons

(pamcularly those dcscnbmg the galvanomagneue carrier uansport) in [19] is cxhaustwc. so |

‘. only the crucial steps are prcscnted hcrc | |

3 3. 1 Poisson’ 5 Equatlon 8’:1(1 Contmulty Equatlons

| - Thc fundamcntal systcm of equauons that dcscnbe the vanous physncal proccssas

. -’
occuring in semlconductor devices in general, ar_e usually gwcn by the followmg macmscoplc

form (18] | | | g
’ div (¢ E) = gp S <RV B
dlv.l B+qa)/8t —qR. . S : o "‘ '_(3.3)'

. Here, E ': ~ gfad wdenotcsvthé elccnic ﬁeld with‘ wdcnbdng the clcctric' potcnt‘i'.gi. cisthe

ymatcnal pcrrmmvny. p the spacc charge. q thc clcmcntary charge. J,, B JpB are magneue field .

-

dcpendcnt cun'cnt dcnsmcs. R is the net recombmauon rate, and n,p dcnotc pamclc dcnsmcs

- for clcctrons and holes respcctwcly Wc notc that Ponsson s cqn (3 l) and thc conunuxty cqns

) 2) and (3 3) remam in thc same fonn as for thc 2e10 magncue ﬁcld case [18] Thc cffcct of

- '.@he magne;t{c _-mducuc_m,_ B mamfcstsf If in thc cumcnt dcnsny rclauons This is descnbcd m B

the following sccii,on; '

. 3.2 ?alvanomagnetxc Transport Equatlons

Thc carrier: uanspon cquauons are gcncrally denvcd usmg thc approachcs adOptcd in



mlcroscOpnc transport thcory {19] A gcneral form of the cquaudns can also be denved usmg T
the conccpts of 1mvcrsxblc thcrmodynamncs [20]. By casung thc thcrmodynamnc rclatxons -
dcscnbmg the syslcm into a sunablc form and usmg Onsagcr's mlauons. the funcuonal S
dcpcndcncc of thc various kmcuc cocfﬁcncnts on the local‘mtcnswc vanab]es (potcmxal
tcmpgraturc) as wcll ason extcmal forccs hkc thc magneue ﬁcld canbe easnly nfade apparent.

\ e
Thcsc cocfﬂc:cms can then be quanutatwely Calculatcd using thc results of mlcroscoplc

. transport thcory
The general fonn of thc elccmc and hcat current dcnsny rclatmns in an 1sotrop1c L
’ scm:conductor. based on the soluuon of Boltzmann s transport cquauon using the rclaxauon

. 2
: '-umc appm;umauon. can be expnesscd as [19] o

J = MOO grad (Ef/q) + Mlo B x grad (Ef/q) +- M20 BB. grad (Ef/q)

-

+M01 grad (T)/T+M“Bxgrad(T)IT+M21b‘B grad(T)/T

T - Mozgrad(T)/T Mlszgrad(T)/T Mz,_BB.gmd(D/T | Y
' Hcrc. Ef dcnotcs thc Fcrmn cncrgy (or the clcctrochemxcal potennal [19]) and T denotes the

. !cmpcraturc Thc tquauons are vahd for small dnvmg forccs (gradxent of potcnnal or 2

’ ,tcmpcmturc) [19] and they dcscnbc the mtemcnons of Lhc elecmc currcnt and heat flow in

~

‘thc.mau:nal whcn.subjcct toan’ cxtcmal magncuc ﬁcld.- The cocfﬁcncnts,»M ., arg

- tensors and in thc prescncc of a-magnetic fi f eld, they are funcuons of B (as wdl be seen later).
LI .

' Thcy becomc sca]axs for zem field in 1sotrop1c semnconductor matenal

Consndcnng N-dopcd Si matenal and undcr the assumpuons used in [18]. cqns (3 4) for "

1]

,-thc case of clectronsrcad
 Jpe= = Moy + My B x }Mm'nn',)*gm% |

,‘:'v'+(M01 +M“B_x ‘+M2'IB_B.-)gra'd(7.)/T,



o

.whene @, denotes the Ferml potenual for electmns SR -

J q\=:({t.{01 +_'le1le +V-M21BB“. )Sﬁd ﬂ
” -(Mo'z?“iz-_lizf_ '+M22§‘B.)gmd(D/T. L
S ”“> - )

.
h xn,

Usmg the concepts of meversxble Lhennodynamlcs. the elecmc and heat current

f densmcs in (3 5) can be adequatcly dcscnbcd by the relation (see [20)) .« . -

: o ’*“ZLM e,

: 2

J

where L k are the kmenc coefﬁc1ents and are functions of the local mlensnvc paramctcrs such

as tetnperatufc-and ‘pot_ential. as well as the magnelic induction_. F-dcnotes 'thc jth dﬁv'mg R

t

: force (or the afﬁmty) such as potenual gradlent or tcmperaturc gradlcm -and .I k deno!es lhe

kth component of cumcnt densny (or ﬂux) In arriving at (3.6), it has bccn assumed Lhat the
' afﬁmtJes 1mposcd on the system are small i.e. thc thcﬂnodynamnc syswm dcvnates only .'
_ slxghtly fré'm equllnbnum In such a case, the quadrauc and hxghcr order terms in (3 6) havcv B '
. been neglected and the system obeys a hnear Markoff process [20] In such a process.
' Onsagers relauons are valid and consutute a very powerful tool. The relauons state a )

' symmetry between the jth afﬁmly and the kth ﬂux (and vice versa) when thc effccts are ‘

- ;_neasuredmopposuc magneue fields, viz., -~

B L U

‘With'the choice of current densities J ;, arid J,., as the fluxes, and grad g, and

= grad M/ Tas the associatedeQmpdne_nts' of _afﬁnitic's respectively, the transport eqdauons

for the electrons read _ _ ’ , o
Tl [P M| Jemde. 0 a4
» = N R RN X
Ing Nao N |med@IT)

- with Nik denoting the cbr_reSponding tcnsbrs' of kinetic cocfficients. It should be noied that the



B vmagncuc field docs not. appcar cxpllcxtly in the dynarmcal cqﬁatnons (3 8) asa dnvmg forcc
. ThlS 1s to bc cxpcctcd since the. magncue ficld.does not mtmducc energy to the system (or

o convcrscly it docs not affccl the rate of local cntropy producuon) In the absencc of thc ,

. L magncllc ficld, Onsagcn’s relation reduccs the scalars N12 = N21

. To snmphfy the Subsequcnt analysns the foilowmg conﬁgurauon shall be cmployed
L Assumc !hat thc magncUC mducuon, (0 0 B) and the apphed potcnUal and tcmperaturc |
gradxcms are in thc x-dlrccuon By. vxrtue of thc Lorcmz forcc, componems of potcnual and
' tcmpcraturc gradlcms ncsult in the y-dxrecuon The componcms in the z-dxrccuon are |

assumcd zero, mamtammg consxstcncy wnh the assumguon of 1sotropic matenal The terms i in

rclauo_n_ (3.8).arcnow cxprcsscdmCa_ﬂesngn components Ty, ‘ _
'Jne = [ Jnex. ] y ]'T : ) | _an = "[ Jn.qx . jnqy ]'I“
- Vo, f=' [V <pn vup"]T T V—;_[-’v'r? vr]_TA .

' whcrc the supclscnpt T dcnotcs the uansposcd vector. In terms of the kmcuc cocfﬁcxents. le

- . 9“ 'LQ'_JQ- ".i 3  Lys: 'H}‘
LNy o= | B SRR R B IR S
| Ly Lyl Ly Ly
. flar L] o Ly I} .
. N21 =" R , ‘ . "" N22 = B 4: .
BT ¥ TR 7 o If43 ROV :\(3:9).

Note th'i}t dué to’'the prescncc"of the magnetic ﬁeld‘, thq'fluxes are now Jne }My, ]nq J ng’* and 4

- the assocralcd afﬁmues arc v q)n. v (pn, (-1 /73 V T, and (- l /T) V T. As. long as the rate of

local cmropy remains the same over the products of fluxes and affmmcs the symmctry |

'rclauons given by Onsagcr hold [19] This rcduccs the ﬁensors. N,k to the form

- | -_Ln L12 R o 'L13 T
LoMpe= ) M s -
o Bl g e N s LTt



Ly . Ly L ‘1’53. L34
S I AT S IR
T e T L

' 'Note that due to Onsager's theorem the equahty of N 12  and N21 snll rcmams The tensors are -
: srmphﬁed on thc followmg basrs ’I‘hc coefﬁcrents.Ll 1 L13, L22. L24 L33, and L34 are cven
) .
' functror\i of B becau%of Onsager’s rclauons and conscquently s0 i L31 (= Ll3) and L42 (== :

. Lpy). Due to the assuﬁitidn of ‘iSOtropic crystal symmetry we further obtain Ly, = 'L22 and Ly,
= L@-,The r‘emainingic:ocﬂ"rc;em{s,' le and Ly, ‘are identified as odd mheﬁonsbfa'ﬁy virtue of;':
On'sager‘vsv theorem .Hem’:c, the number of independent krnelic ceer'f;rcients; i‘ik har/c.been |
reduced to six. From hereon, one could proceed wnh the analysrs of the vancty of . 3
. ‘thermomagneue and rhcrmoelecmc effccts’and thcrr descnplrve COeffrcrcnts The effccts

| . mclude the absolute thcrmoelectnc power. the rsothermal and adnabauc clectncal and hcat

conducuerrcs thc rsothermal and adrabauc Hall and Nemst cffects and thc Emngshauscn and . &
‘ Leduc-Rrghr effects [20] | | R

If the system is as‘sumed 10 bc rsolhermal and consrdenng only the clectnc currcnt

.densrty, the preccdrng system of equauons (after a slight change of notauon) bccomc

J an ) ) | . : g ;
| - C 311y
Jnay - Lzr . h
' Recastmg the electnc cum:nt densrty in rclatrons (3 5) into a form compaublc wrlh 3. ll), and

<

: .under the same condmons as beforc, we oblam (after a srmrlar change of notat

C | (3.12)
I8 -MpB =My J. LYye,. R

The coefficients My take the form (see [19) .
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| 0= 91 f A+ 52 lay aff* dE v (3.13)
,‘wherc al = ( q/ 37:2) (2m / 112)3/2 o, = E3/2 (a’ '/ 3E) a3 (et/ m ) and s dcnotes asB én_:,'
m dcnc}tcs m; cffacnva mass, h=hR2k (wnh h bcmg the Planck constant) E dcnotes the ” ’

| .cncrgy, and T= 1(E) is the cncrgy dcpendcnt relaxauon time. Expandmg a+ sz)' in (3 13) as

. an mﬁmtc sencs inB, the M jo can be rcduccd to

My=ZEYBY g f ‘ot HaE T NCAUE
B oo .0 ) e :
Identifying the kinetic coefficients, L in (3.11) with the M, in (3.12), the following
relations can be established using (3.14), viz.,

L4

Ly ?-'Mba S NEVFPN J no*¥dE 319
L 0 ') R o
A ;BM10=3 Ty sy o I .%,“3.”21.4& S (3.16) -

On cValnation of the intcgral in (3.14), Mootums out to Be the' electrical condnctivity, Cpp =
| qunn for zcno magnchc ﬁcld where M, dcnotcs Lhc electron drift mobihty The mtegral xs '

cvalualcd by assummg 1hc classxcal Boltzmann dlstnbutlon for the carrier dcnsxty and the ‘l . M

'v dcpcndcncc of nclaxauon nmc on energy by a power law [19] From (3.15) and (3.16), we note
that Lll is an even funcuon of B and le isan odd function of B. Thisis consxstcnt with the ’

. conclusions drawn from cqn. (3.10) which were dcr,w_cd solely.nsxng the pnncnples of
im::'vcrsiblc’ thcrmodyn‘axnics{ Hence, the kinetic coefficient, L, which is the electrical

* conductivity, o, can be expanded in powersof B
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—~~ R “'b 1”7
L11=“ Zd le e ' | ? : L NCRE)) .
A - " ‘/I’:r : Lo ‘; v
~ and with (3.15), the coefficients dnj are expressed as - ‘ .‘
2 Sag=t . N . » 4, » “'l.._ . Coe
B R I

- We :can procced to evaluate quelxﬁtit‘ic.svsu;:h asthc Hall coc'fﬁg:icnt, Hall rﬁébility, and .
: thé Hﬁil ahg]c in'tcrms of the kix;e’ticv cocfﬁéicnfs, le obtai;lcd from thc;'xnodynz;niics
| ', B (macroscoplc) and subscquemly wnh the M ik obtamcd through mlcroscoplc @smﬂ Lhcory
| The Hall cocfﬁcxem can bc defined as (sec [19, 20]) . J
| R,,nv 4»,,/(1,,,; * B). - o | | N B () I
3 th system (3. ll) and on applying thc boundary condmon that the transvcrsc cumm o

; ,-t"" ST
-J IIB" = MObt\aln

RH—L12/[(L“ +Lip) Bl o am
We obsc;'vc from (3. 20) that RH is an even funcuon of B. Subsutuung 3. 15) and (3.16) mt’o
(320, the Hall coefficient becomes e
RH-MIOI(MOO + B2 Mw) o e

~The Hall moblhty for elcctrons, can be dcf'mcd as the absolutc valuc of lhc product of

~ Hall cqnstam and electrical conductmty._ hence
n = '.Ln-lez‘/[B L+ L1220 | ’:(3.22)' .

whxch is agam obsc;rved to be an even funcuon of B. With thc approénalc subsulunons it now |
'n_’,én'd‘s H, = l—(Mm/Moo)/ll + B2 (MIO/MOO) G , -. | (3.23)“ -‘

F‘mally, 1f we dcﬁne thc Hﬁﬁ'anglc as the anglc between the resultant gradient of thc

Fermi potcnual and current dcnsny vector, we oblam



-n,
"‘J:p‘{m N

'kxgasu,,,xgrad%)/u,,;.giadw,,) P . 1)

T .whcrc ki isa unit vector. lhdlcatmg the dxrcctmn of (J,, B % grad cpn) Usmg G. 11) the nght

: obtam Ai =1. In general, A; are staUSthal cocfﬁcxcnts whlch dcpend on the nature of the

h

hand sxdc of cqn (3 24) can bc evaluated and wnh appropnate subsutuuons, thc Hall anglc g

-~ DOW rcads ’,

ige;le“/L’u'=4'—'B(M'10/M00). : e

- Ifin (3 14) the mtcgral ns evaluated wnh a low ﬁcld cxpansnon in B, lhe resultmg clectnc

~ curent dcnsny 3. 12) in vcctor form rcads [191

Jng = ""nbgmd P - 6M A»l un' B x grad ¢pn\e OppAn yn2 B x (B x grad -0 | (3.26)
where CA=[TEPETBR+G+ DA/ TR+ - (32D

“and I"(x) denotes the ‘gamma function. The :cdcfﬁ_k:ients. A, for r = ~1/2 (phonon scattéring)

w

tum out to be A, = 32/8 = 1.18 and A, = 91/16 = 1.77. In the case of ionised impurity scattering

(r=3/2), A; = 315:;/512‘: l.,93.ar\1d_A'2 = 1528 = _5.89. For neutra impuri_ty scattering, 7 = 0 and we

o

bar 11N

scattcnng mechamsm the' band structure, the dcgrcc of dcgencracy. and on the statistics

ch_aractcnsmg thc velocity dlstnbuuon of camcrs- [21]. o

Taking the vector pmduct of B wi_th (3.26) and mulﬁp,),_ying throughout by A;4,, we obtain

Al"anJnB“" Aluangradtp -0, Al unzBlﬁél'(__Bx,grad ¢n). ; - (3.28)

w

In (3 28), the terms bcyond those quadrauc in B have been cxcludcd If we assume that Al =

f,,“u .

' A2. and substituting (3.28) mto @. 26), the resulling magncuo ﬁcld depcndcm current densny

: can._be clcgantly rcpn;scngcd in the form

Jnptin JupxB=-qipngrde, 2029

18
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-

~where un'» = Al;:;n~,dénotes the Hall mobility. ‘DeSpil'c lhé diffcmx}c'cs Bctv)écn the 'ﬁworcticai _

values of A;2 and Ay, the errors involved in the assumption, 4,2 = A are trivial in the

case of the weak field limit, (1, "B << 1, since the h'igher o'rdcficrms in 8 in the Myy's become

»'J

neglxglblc Funhelmorc. the mcasumd values of A; havc been found 10 bc sngmﬁcantly

different fmm theory, pamcularly in the hmn r=3/2 (lomsod lmpumy scaucnng) (sec [10])

obtained for the Cas;‘,-of low fields, as indicated by eqn. (3.235. '

'33 The Basic System o ' S - B i ] | !

Consxdcnng the cxpressnon for the Hall moblllty given by (3.23). it appcars crude to

-approximate ;_1; as being proportional to u,,. But we noté that this brpporiionality is indeed

- The gquz;\lion for the maghetic current density for holes,
JpB = 1y JPBXB;—q;lp»pgfadepp S , (3.;0)_

is analogously obtained. Here, up-'.,acnotcs the Hall mobility for holes, 1, the bdrrcqunding

5 ‘ .

drift mobility, and @, the Fermi potential.
’ _ ] . " S 3

Undcr various assumpuons (see [18]), the Fcnm potcnuals in (3 ,29) and (3.30) can be

cxprcsscd in terms of the electnc potcnua] and thc carrier dcnsmcs '

‘Pn y-V loge (n/n)

=y + V,log, (pin; ) o (3:31)
where "1 denotes thc intrinsic coqccﬂtratiop\ Qf‘ld V= Ic_T/q dé;u;tcs the Lhcﬁnal Volwgc@
| Subsiitutihg thc above relations into (3.29) a;ld (3.30), apd using Eipstcih's relations
R . an =Fn.p "T/q o | T ) . . . ‘ (3'32)

@

to dcﬁnc the diffusion constams D thc clcctnc currcm dcnsmcs inthe presence of a

%

np

magnetic field can bc‘cxpmsscd as in the classical drift-diffusion-fonn’ulation



JnB"'ﬂn J,.B"B=¢ID [gradn -n grad (qyikD] o 33y
J,,B-u,, J,,,xs——qv [gmdp»«pgrad(qwkm . 334
InPorssons equatlon (3 l) thcspacccharge termpcanbespecxﬁedas[lS]

p q (p n+ N) wuh N ND N /! denoung the fully IOﬂlSCd net lmpunty dlsmbuuon Under

‘ stcady state condmons eqns 3. l) to (3 3) reduce 10 the followmg system

dw(egrad w)=—q(p n+ND No
de,,B o *‘% o (335
| ‘ 'div.lp =-gR. |
- System (3. 35) with tne'transport- nelationsv 3. 33) and (3.34) together wnh appropriate :
R boundary condmons are sufficient to descnbc the transpon phenomena in the devrce The : ». |
: system rs of macroscoplc character and docs not take mto account any quantum effects |
 Quantum effects bccome unportam if Lhe devrce feature sizes are in the order of the de Broghe .
' _wavelength of the pamcle [22]. |

The transport relations i m the fonn descnbed'by G. 33) and (3.34) arc a good
. ¢ :
approxlmauon only m the weak ﬁcld hmn (,an » B)2 << 1. They take into account the dnrect

Acffccts of temperature on the various coeff cients, but they do not mclude thermoelecmc and

h -1hermomagneuo effects. The relauve error due 10 lhe weak field approxunauon is of the ordcr |
\ .

of (2 8)2 .
| ® |
- 3.4 Boundary and Interface Conditions: = ; .

Equauons (3.33)10 3. 35) are solved subject‘to a mixture of Dmchlet and homogeneous
Neumann boundary condmons To ensure o contacts;. the contact regrons havea
. sufﬁcnemly hrgh dopant concentration anchhe contacts are assumed ideal. Hence, the - .‘
B | electrostauc potenual and carrier concenuamns at the contact are. prescnbed by the usual

©

Dmchlet boundary condmons[18] _ . o .



Z1 .

y=V,+ 0 smhl '(Nfz}u,.)
n= (‘N2/4’+ n,.’kz)vlfh N2 a3
: p=‘.(~2/4+nif) i/z_~m' e
- for an apphcd Voltage, V at the contact.

The presence of a magneuc ﬁcld could result ina sngmﬁcant Hall ﬁeld at the dcvncc s

-

", insulating boundancs In such a case, the standard condition grad w ‘8= 0 at these msulaung

g boundanes may be physrcally mvahd (s denotes the outward normal vector) and thcrcforc we

adopt the procedure introduced in [23]. The actual boundary condiu’on on yat lhese boundarics
is treated as unknown and to deal wnh the problem we mlroduce an "amﬁcnal" oxnde region
- glat completely encloses the devnce domam. In Uus way. we avond lmposmg artificial boundary
: .'condmons atthe devnte/oxrde mterface whrch could aprwn affect lhe results. Thc interface i is
. assumed to be ideal (nov mterface traps) and lhe trapped charge density in the oxide rcg:on is
assumed zero. The discontinuities in the norrnal 'cornponcnt of eleéuic ﬁcld at the'intc'rfacc are
handled in the weak formulauon of the equauons Porsson s equauon is s:)lved over the entire
domam (consisting of thc device plu; oxndc) wnh the normal component of electnc ﬁcid taken
to be zero at the oxnde s outcwdges The napture of this condmon mlght affcct the soluuon in
the devxce s active region. Thcse cffects however, should bc mnmmal due 10 lhe choscn
,thlckness of the oxxde negxon. \
| 'In the oxide-rcéion only Laplace's equation is sOlved since zero mobile and oxide
trappcd charge densities are assumed. The solutions of the conunulty equauons are restricted

to within Lhe device domam At the scmxconduclor/oxlde mtcrface. the zero normrhscurrcnt

.condmon (J .8= J s 0) is unposed

35 Physncal Models
We assume that the mobile charge is subject to purely lamce and u'npunty scaucnng, o

in whlch case the dnft mobilities obey lhc model proposed by [24] ' '-Q

!



. v 1. 2 2°
Hup = tnp™ * 67
o 'whcrc xhc lamcc mobnlmcs un pL are 1330 cm2/Vs ang 49 N d.holcs
Y RN .
I o ) R B B - ’— "3_ A
mspccuvely The cmpmcal cocfﬁclents. un ”‘1" ﬁ'& 65 cm2N§ and 44’&
. . R Q" 1 ' 2y :-' . £ . z
. ' AN ¢ S :
85x1916cm'3and63><1016¢m .a arc072‘and076 and‘N
i . a .

° i

‘ mobxlmcs (scc Sccuon 3 2) In vncw, of thc scatteﬁng mcchamsms we havc%&umed and 9&
we are dcalmg wnLh wcak ﬁclds, A 631.,was chosen to° bt 13;2 for bbth elcctmns and holcs @ o b_ 4
-‘:"a' .Xiﬂ"; /‘- B WP \
’I’he gcncrauon rccombmatmn phcnomeamassuh;ed to 'be restncted to thg% . DU .

' proccsscs rclated to thc presence of trap centers B

Shocklcy-Rcad Hall the net rccombmauon rafc wasmode]é@hag (scc [25]) R . o

R (pn nz)/[f (n+no)+r (p+po)] - | ~(3.38). -+

Here, n ; and p;, are functions of the energy levcl-of trap centres. This chérgy level is usually b

not known and following cor}imqn practibe (séc [26)), it is assumed identical to that of the

intrinsic Fermi level, in which case no é,»po = n, The intrinsic concentration, n, is é;ssumed ’
uniform th‘roughout the dcv_icc."Thc‘ r_cspcclivc electron and hole carrier liféﬁrﬁcs-rn p 3T

'as'sum,cd"to bq_,flmétions of the imptiﬁty doping concentration. According to the model = o
proposed by Fossum (see [25]), |

-

where z,',"; are 3.95x 105 and 3.52 x 1055, and N, ,° identically equals 7.1 x 10*° cm™

"



4, NUMERICAL PROCEDURE -
The model cquanons shown in Sccuon 3 arc dlSCl‘CUSCd on a lﬁangu]ar gnd A fine-
‘ mcsh is cmploycd at appmpnalc locagons to provndc bcttcr n:soluuon to the doping pmﬁlc
and to thc nonlmear behawor of thc clcctrostauc polcnnal The mcsh‘gcncrauon/rcﬁncmc
proccdurc- is bascd on a combmauon of the well known ncgular grid mangulauon and’ .‘\
‘Delauncy mangulatmn 27 schemes Due to the awkward structuml natum of
magnctotransnstors (largc Juncuon aspcct raﬁ)s). ncuhcr of thc abovc proccdurcs on thcu ~ |
own was found to be efﬁcxcm in optimising . the lotal numbcr of nodcs gcncratcd Thc rcgular :
| ’ 'gnd tnangulatwn schcmc is economlcal on thc total nodc count but fanls to cfﬁcxcmly rcsolvc .
curvcd reglons Dclauncy mangulauon on the other hand pr0v1dcs a@ good ncsoluuon of
nonrectangular reglons but has thc drawback of gcneraung an cxccssxvc numbcr of nodes
because of ns mhemm propcny to gcncratc opumally shaped [elcmcnts (cqullatcral triangles).
‘ - «& .In v1cw of Lhcsc drawbacks. a combmauon of both schcmcs is cmploycd whcrc the lancr is
| used in thc lnangulauon of curvcd ncglons (such as )uncuon sndcwalls) and thc formcr %,

‘ .zverywhcm else (scc Fig 4.1). Carc was takcn o ensure that all anglcs in an element were as

. Iargc as possible in accordance to the standard error analys1s [28] Thc algonlhms cmploycd in,
| thc grid generator wlll be prcscntcd. elsewhere.
- 4.1 DISCRETISATION SCHEME

‘ Thc dlschUSauon schemc cmploycd is based on thc control rcgion‘a“;)proxunauon [29]
dr more commonly known as the box imegration mcthod (see [30])" ThlS method whcn appl:cd .
' to any of the cquanons in systcm (3.35), transforms it by means, of Gauss' dxvcrgcncc thcorcm |
mto a system of dlscrcte algcbraxc cquauons cxprcsscd asa funcuon of: thc rcspccuvc

- unknowns, u/, n,-and p Dctails,of the scheme arc illustratc,d:in the two sitbsections that follow. .

¢

k " . 4.1.1 Poisson's Equation ' SR : ‘
I T . ‘:7‘
Following standard procedure, the continuous form of Poisson'’s equation in (3.35) is



first Imcanscd by ‘a Newtonian scheme around a known potential, . For small deviations in -

. potential, itreads

Ld;;(ééﬁll;é#(é/?,)@é+n‘%)‘w—‘.(q/‘V‘)'Q7_0+n")1p”-.-p“"=v0‘ (%’,1)

where é‘o".;"ic"P_[.(‘qu."'}p)l_‘V;]" R
| - y exp W —¢,.°>/V_,j

‘v'.fPo~=P7—.n°+N. P B - (4.2)‘

o Applying the di\lcrgcnco‘thoqmm-'to eqn. (4.1) transforms it into a syst;:m of algebraic

'3
»

' ci;uations foﬁncl by solving for 'any node i the equation: ‘

egnaysaamy v [@vporseyvag,

-

Mi . [o7
/‘I—JQ/V )(Po"‘"a)V'o+P0]dﬂ, 0 L . o (4.3)
| Q2 . : a.@ ‘ R S o

"whorc £2;is the cell (of subdomain) formcd by the union of porpcndicular bisectors oﬁ%r:‘lom
cdgcs that converge to nodc i(see Fig 42), 3.() denotcs lhc boundary of .Q and. ome outwizij>
vnonnal vector to 052;. The choxs¢ of pcrpcndxcular bxsectors of clcmer;t edgcs kccps

- calculations of ﬂux ,ema:laling -frorh node i, r_elatjvoly simple. "I“‘h'é elcctrostatic potcntial,'- y/_is" ,
" assumed 1o be spaiially lincar wnd\m an clcmerlt (i;o. thc elc'c'i'rio ﬁelds ‘avre.pici:cwisc constém

<
in the domam) By assummg a pwccwnsc constant matcnal pcnmthvny. € thc dlscn:uscd form

of eqn. (4.,3) can casnly be cvaluated For a chosen elemcm the dlscrct1scd cquauon fo; nodc {

reads -

'-'V'-‘ld /6y v,)+d,k k<w,-<—w,‘)1-+l @V) %+ yadA

I[((I/V)(P°+n")vf’+P°ldA -0 A_? o 'ﬂ | (4.4)



N o
.

where the subscripts associated with d L denote scalar diammcs of the pcrpcndicular |

bisectors and elcmental cdgcsmspectively. and A denotes a portion of subdomain £2; that is

. encompasscd by d;; and dy (see an 43). Thc chargc dcnsnty terms (p" + n°) and p" in egn. (4 4)

©are assumcd to bc spaually linear funcuons wnhm lhe clcmcnt The approxnmauon of lmcady

‘ varymg chargc dens:ty should lead to solutions of sufficient accuracy since a high density of

mesh pomfs-has been cmploycd at thc cdgcs of the dcpleuon regions where nonlmcanty in
the potcntlal is hlgh Thc integrals over A. are evaluated by s:mplc numcncal mtcgrauon

using tnangular area co%nates {31]. A more accurate lcchmquc of cvaluatmg the nonlmcar

charge densny mtcgrals would bc to cmploy an n-point Gauss quadratum A sufﬁcncmly hngh

accuracy could be achieved wnh a sxx point formula [32] ‘The procedure cmployed in obtammg

- eqn. (4.4) is then repeated on-an clcmem by element basis covering the entire sunulaugg :

dor'nai‘n‘..The entries for the stiffness and right hand sidcvmatﬁccs arAc’upd'a.tcd in t}ic proccss; »

-

4.1. 2 Carner Contmulty Equatlons |

The dxscrcusauon of thc clcctmn and hole commuxty cquauons is based on thc
two-d:menswnal cxtcns:on (to tnangular gnds [33]) of the Scharfcttcr-Gummcl approach [34] .
but with the asymmcmcs mtroduccd by the magnetnc field sunably mcorporatcd Duc to Lhcsc

asymmetncs, variations in Lhc standard proccdum were cmploycd in determining the

projected current dcns:ty along the cdgc of an ‘element under consndcrauon This involves

taking into‘ accoum all three nodal Vahies o@/, n, and p pcrtai_ning to the element.

In what follows, the steps leading to thc discretised form for the electron continuity

' cquauon are prcscntcd An analogous approach holds for that of holcs We rccall that the

-~

magnetic ﬁcld .dcpcndcm clecuon current density (3.33) reads

s

: JnB+#n*JanB,=J"0 ” o L e ‘(-4'5)‘

where the right-hand side is the zero field currcnt.'

L4
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);°'; ;'b " @".” -ngrad~(\w,)1. - o -(4.6) B
ExprcS$mg Jno in aivérgcncc form and ‘p_roj;c;ing it _nmn an ¢leincni side Conngc tcd 'by ] Od es ‘
. .‘a and b yields R . |

A\
\

7

-ty exp_(—}fv,); qD,‘,,g'rad (nexpy1V))]- g | @
whcrc U, dcnotcs the unit vector parallcl to the sxdc For thc elcmcnt under cnnsnderauon

(say clcmcm with vertices i, j. k shown in F’lg 4. 3) the mtcgrals of @n along paths itojand i

| 10 k ylcld

S J,,,, = aD /b I, B(w,,/ ) B(w 7

,IM x),k 9D /by [nkB(v,u/ ) -n; B(w,k/ ﬁ@f | | L @®)

rcspccuvcly Thc lcft hand side of eqns. (4. 8) dcnote scalar current dcnsmcs and‘ Pk dsnote

v the respective nodal electron goncentmuons. To arrive at’ (4.8), the scalar current density,
el ’ . l . o M ® .

J no“ab isna_ssux'ncd constant along the ‘clcmcmal edge, the mobility u, (and ‘consequently D,)

. is assumcd constant in the clament and is rcplaccd by an averagc clcmcntal value. The electric

:_polennal is as before- assuxﬁcd to be spatially linear. As in zero field. cases, B denotes the
: _ choulli function which is'defined as B(A) =A / [exp(A) — 1] where A denbtcs (he potcmial
' ;di't_‘fgmncc,betwccn nodes, v, = v, - VbL-We can extragt the zero field current dénsity,‘ J o in

the clement;

ano:U-an». . o S - . (49)
| Jno = ' U= e .
1, U""x.f Uy
e 0
. o s |
and * [ 9D,/ U [n, B(wﬂ/V‘) n; B(w / 1 ; A
F, = | & - b @10
2D 1ty BV - BV




Returnmg to cqn (4 5), lhe magncuc ﬁcld current dcns:ty Jn B in lcrms of jts componcnts can

beexprcsscdas S o S , ,
. 'ﬂn"nB=J;w . o ’J ‘ e | (4_'1]).
| where o , g #’;’B R
R "By = B @
‘ : —#,;‘B 1
: Subsutuung for the zero field current (4 9) into (4 11), the magncue field current dcnsnty can.
- now be fully determmcd viz., - . .
Ip=B1UNF,, R CR E)

" 'Having constructed the magnetic field current density J, g in the clc;ﬂént. the standard
procedure is new employed in obtaining the discretised form of the eléctron coﬁtinuiiy

>

equation. By assuming J, p is constant in the element, the flux or the_cum:m omanating_fmm o

' l. node iis cvaluated in the usual manner. Wxth an amhmeuc average of the Hall moblhty un
. 40 v .

and with the usual assumpnon Lhat the clcctnc ﬁcld is pxcccmsc constant, lh ivcrgcncc

theorem is applied to the cominuity equation in sys!qm‘S). For a subdomain, £, this ygx

£ o - . | ! o
’ f div J, g d€; = f Inp - $4(00) = [ do, (4.14)
9 .. w1 g | I
‘where the integral over 2€2; denotes the flux rélated to node /. In the _clcmchl under o
) - ! . o k . o . . . s

- t -

consideration, the contribution of flux to node i from its neighbours, j and k can’be expressed )
in the form ;

JgTUTD=F TN oD (@.15)

. whcrc D= [dij dy) T The discretised form of the clcctron&inlinuily cha.’l'iém rcads '

F,T W (B, UTD = A oy - mey G+ m) + 5G4 p)L  (416)




‘rcsulting in a positive deﬁmtc.symmct.nc suffncss \
Vi o t. Y .

: | X
where n;, p;, and ny denote the é;lcciroﬂ. hole, and Intrinsic concen;rations resp'eétively at

B nodet and Tap denolc the electron and holc hfeumcs Thc nght hand sndc oi‘ eqn (4 14) is

\

cvaluatcd by assummg a constant net recombmauon in A: Agam a more accurate treatment of

: th¢ rccombmatmn mtcgral in cqn 4. 14) can be pcrformed by employmg an n- pomt Gauss

. quadramrc formula [32]

An analogous treatment ylclds the discrctiscci form for the holc continuity equation;

'?’F’,‘;Z"[U'llT-Lp,‘,'llT-ulfp=—qA (ni.p‘-—niiz)/[rp(n‘- +'no)+r,,<p,-+p,,)]. | | @
CWhere . [,j[ij(W/V,) p,B(wJ,/
L < F_ =
¥4

- ‘l-Dp"zk (o B V:y By :)]

" ' o ¥

A T - @18

i

4

The entries (0 the stifﬁl'css matrix are asscmblcd on an element by clemém basis, skipping - ‘

. those clcments in lhc OdeC rcgion This way, the soluuon to thc conunuity cquauons is . .

.

rcslnctcd 10 wn.hm thc dcvxce domam wuh the no—ﬂow current densnty condmon at the .

dcvxcc/0x1dc mtcrfacc natumlly rccovered In cqns (4.16) and @. 17) the prcscncc of the
'\iw : .

terms [U T (8, p'1]7._' UT rcsiilts,in a'stiffncss mauix that is positive definite _non‘sym'metn'c

Fd

~dueto the magnetic field u, ,p'B « 0) which explicitly shows up in ﬂ,Lg;Ehijs represents the |

difﬁ_:rcncc between this work and the usual cases of B =0 that is widely found in the literature

(sce [18)). Indeed for zero ficlds (;tn'p‘B =0), iU -3 [ﬁ,’,'-p'l T UT results in an identity matrix.

B Hence, the flux contribution to node i (for tiic case of clectroa_;) simply reduces to

,J' .

F, TD 94 (;p; = 211z, (n, +no)‘+r @i +p - ‘\'(4;19) |

,- ,'x E&pressxon 4.19) is 1denucal to the




. 42 SOLUTION SCHEME

4 . . . . ¢
_ formulations employed in ﬁumerical device ydysis using the box integration method.

The discretised equauons dlscusscd in the prevxous section are solvbd by usmg a
. fionlinear procedure which employs basncally a successwe scheme (Gummel svalgomhm see |
[35]) The soluuon procedure is initiated by solvmg the nonlmear Ponsson S equauon (inner
‘ loop) with the quasx Fenm potenuals kept constant. The nonlmear proccdune cmploys an
| acceleragi_on a!go’rithm where the update for the potential is dampcd. B
au= gt -y R 4- "‘<4',.‘20)
,w1th the demg parameter t evaluated along the lines suggested by [36] A facxlny is |
; provlded in the code whereby the acceleration algomhm can be mvoked or: dlsabled if so
' desxred at any stage in the iterative process, based on the res:dues whlch are commuously
moni red 'Fhe accelerauon algonthm appears efﬁcnem only wnh good trial values® of the
pote 1als Wuh bad trial values, invoking the accelerator has often led 10 resnducs whxch
succesefgvzly increasé after every nerauon in the inner loop ulumately Icadmg to dlvcrgcnce
If the\resndues after the ﬁrst few nerauons are obsened to bc monotomcally decreasmg. the
accelerauon is mvoked at every subsequem iterative step ThlS appears to substanually reduce

the numbcr of iterations reqlured for the convergcnce of the electric potenual in the ipner -

1 "loop When the inner loop nerauons have been satisfactorily termmatcd the concentrauons n

~

. iand p are updated with the new value of wwh:ch is in tumn kept constant dunng the '
‘subsequent soluuon of t_he,eonupun_ty equatmns. o

Am process' is employed in the solulidn of cominuity equalions 1o yield self .
consxstem values ofn and p for the glven W At each iteration step,’ the rccombmauon tcrms on .

- the nght hand sxdc of the conununty equatlon are evaluated with the most recent updates of n

C and p,. We found that this prgCedure reduced the tetal number of outer loop iterations

| ] '.‘necessaxy for the complete convergence of v, n, and D.

To obtain solutions of the variables for a desnred device operaung pomt the applied

29
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blas is mcrcmcnted in steps startmg from the zero bias (or equlhbnum) solutwn The mal

)
values for the potenuals at zero bias are- obtamed by assummg space charge neutrahty and

thermodynamxc equlhbnum of the charged cam’érs Typlcal increments in bias voltage were
_around 0.2 V at low injection and 0.1- V at hlg,h leCCUOﬂ At the first bias mcrement a careful
| extrapolauon of the elecuostauc potenual is made. based onan assumed behaviour of quas:
| Fermi potenua.ls at the N and P reglons At the next increment in apphed bias, the mal values
for the potenuals are constructed from a linear mterpolatlon of .the previous t:vo nerates This " -

. way. no convergence dlfﬁculues were encountered in sxmulauons leadmg up to an applled

potenllal of 0.9 V. Problems however were encoumered at hlgher lIleCUOﬂ levels pamcularly

with the: solutmn to the commulty.equauons, pnmanly due 10 the strong couplmg of y, n, and
P through the recombmatmn terms Such convergence dlfﬁculues encountered with the
' decoupled scheme could be alleviated wnh the partial lmeansauon of the recombmauon terms
in the communty equauons as shown in [37). This is'shown in Appendlx 1 for the case of |
magnetm transpon equauons . | .'
An 1mproved guessing procedure for the soluuon variables could be achxeved by o
lmeansmg equauons @a. 33) to (3.35) around the soluuons obtamed for-the preceding bias

point. The soluuons to the resulung lmear equauons serve- astnal values for the subsequent

-

~bias poml Thls scheme’is 1llustrated in Appendxx 2.
The dlscreused equauons are solved by a famnly of dwect methods usmg SPARSPAK [38].
Wh:le this solvcr was found to glve very good results, the storagc requm:mmts that were
‘ encoumered in the sxmulauon of various magneuc field sensmve blpolar devnces indicate that

~ an iterative scheme such as the generahsed conjugate gradient method would be far more
: ~

preferable

Although the vanables in the system are y, n, and p, convergence checks are apphed to

-

the potenuals V. ¢pn. and Ppr The quas1 Ferrnl polenuals are updated at the end of each

conununy equauon soluuon using relations (4 2) The convergence criteria for each node are

as follows
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' _Wherc u reorcsénts the electric or quasi-Fermi potentials. The precise v‘a]ucs of 7, and % are

- ‘chosen dependirrg on 1he pmblcm at hand. To avoid unncccssary calculations, n=n= 110'3 was

found to be sufﬁcrcm for the cvaluatwn of dcvrcc charactcnsucs In othcr situations, whcrc

thc simulation is aimed at mvcsthatmg the magmtudc of certain physrcal cﬂ'ccts rmposed by

the magneuc ﬁeld (such as ihe Hall voltagc in magnctouansrstor structures. {39]), 71 and )2 are . . ,. -

typrca'fly in Lhc order of 10‘6 The convcrgence cntcna for thc clcctnc potcnual in the i mncr . : \1

loop obeys_(4.21) but with 71_ and 7, an order of magni_tudc smaller.

4.3 Evaluation .of Terminal )-“;Curre'nts o i‘ o .
Tcrmmal currents arc. cval‘ualcd oncc thc dcsrred soluuon to the vanablcs has been
aclircvcd ie. asa post processmg stcp A common fcatunc in most magnetic ﬁcfd scnsmvc
ocvrces is the presence of multr-clectmd%hcm the current’ unbalancc between a pair of
clcctmdes (such as collectors or drams) ‘scrvcs asa méasurc of thc magmtudc and direction of
B thc magncuc field. Hence it lS dcsrrablc to pcrform an accuratc computauon of the terminal
. ‘current to determine true estimates of the dcvrcc sensitivity to the ﬁcld
| ', A wcll known tcchmquc of calculatmg a tcrmmal curmm rs by rmegratmg the ﬂux
cmssmg thc border of the comact and the device. Smcc the total currcm dcnsny mvolvcs

e ":'numcncal dcnvauves of the solution vanablcs. largc crrors may rcsult parucularly at the

union of Dmchlct and Neumann boundary condmons Allhough thc sol'
- ¥

# are smooth at Lhese regrons, thcre may be singulanues in thc dcrivauvcs which yield

smgulanues in the currem dcnsxty '

" The techmque outlined below employs an alu:mauvc approach 10 tcnmnal current

' cvaluauon Thrs proccdurc appears to provide cxccllcm conscrvauon of tcnnmal currcms and-




its implementation is straightforward in terms of computational complexity. Considering just

the electrons for simplicity, the conti uity. cquation.can be represented in the weak form, viz. ..
IQ;dan,,Bdn:.[Q;‘qu ' 2

where { is a smooth test function and £2 represents the device domain. Equation (4.22) can be ’

expressed as _ SO R o _ ' v

.[ag(ch). $d(oQ) = J.a{nﬂ grad ;dQJQ (gRAQ . 4.23)

Y
s
e

’u"{iyhcrc s is an outward normal ycétor and 9Q repm%ts the device boundéry. If {is chosen to

.

b,c l 'ovcr clcctno'dc a and zero at all other electrodes, the outward electron current at electrode ~

a IS thcn given. by

¢ : o

Ia= J J,.B gradcdmf Cqu-Q . L (4.24)
‘ Hence, the tofal current ITa thmdgh cicctmdc «a is obtained .by

IT =1, +I } 0—.8*’8) grad(d.Q. : . (4.25)
An ¢lcgaht tcst‘ for mé‘conservauo‘n of total clectmn dcvncc current can be performed by
Sctling thc test funcﬁon C tobe 1 over the entire devic,c‘doniain. This reduces 4.23)t0

-

fanj,,,, sd(aa)= In = I qun S (4.26)
. where I nL dcnotcs lhc total clcctnon lcakagc current. Thc ng,ht hand sxdc mtcgral in (4 26)

g f,..can be convcmcnﬂy cvaluated since n only reqmres summmg thc vanous recombmauon '
integrals whlch have been performed carhcr for each cell as seen by eqn. @. 16) The

| proccdurc cmploycd in lhc test for conservauon of holc current is analogous :
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' Fig.42 The cell or subdomain, 2; (bounded by 2€2,) formed by the union of |
perpendicular bisectors of elemental edgcs'cbnycrging tonodei.

Fig. 43  Anclement with vertices i, j, and k, constituting part'of the.cell
. shown in Fig, 4.2. The notation used is described in the text.



'S, GALVANOMAGNETIC CARRIER TRANSPORT ANALYSIS

Analys:s of bnpolar carrier transpon bascd on results of numcncal snmulauons as wcll
aﬁ mcasuremems is pcrformcd fora vancty of dcvncc structures: Thc results of simulations,
compnsmg of potcnual and cux:rcnt dcnsnty dlstnbuuons. allows one to mvcsugalc thc :

_ sxgmﬁcancc qf the basncv physxcal mechamsms in the MT (such as H}all cffect, carrier
déﬂcction and magne'bconccntration) for various ;)pcraﬁn‘g‘ conditions. Pertinent
mcasurement rcsults obtamcd through novel cxpcnmcmal proccdurcs seem to bc in suppon of

the conclusions drawn from thc sxmulatwns ‘The numencé\l and cxpcnmcntal rcsults arc\\

compared wherever appropnatc, and poss:blc causes of _d_xscrepanesy are cxplamcd.

“ }

|

5.1 Simulation Results for Emitter ABasé Junctions.
The analysis bcgihswith a Sixnulation of trahs;‘)‘ort‘phcnomcna- in a lateral P-N junction
diode in the presence of a magneue field perpendxcular to the dcvxcc surfacc [9 ,40]. The reason -
| -for choosmg such a sxmplc structunc isto mvcsngate very closcly the bchav:our of
| o clectrostaue potenual at the Juncuon vicinity, of a forward biased emitter base _;unctmn for

H S
dxffercnt mjeéuon levels. Thc lwo-duncnsnonal device gcomctry consndcrcd for the analysns is

shown in F1g 5 1. The device has a 10 pm base contact, 6 u.m cmmcr contact, and a base wndlh of

-

6 pm. An aruﬁual oxndc regwn that complctcly encloses thc dcvncc has bccn introduced to dcay
. thh thc problcm of boundary conditions for the clccmc potcnnal as dnscusscd in Sccuon 3.4.

The 1mpunty distribution used in the sunulauons is as follows The devicchasa

uniform P-substrate ‘with N '='1016 cm'3. At'the_ base arvid;}qmincr‘comagt rcgions. thc.pcak
dopmg concentration is N = 1020 cm’ and ND 1020 cm” rcspccuvcly N 4 and N D drop

vexponemially toa junction depth of x;= 1.3 pm.
Figure 5.2 shows the distribution of 'clcctrostan'c potcntial in the dc;/icc as well as oXidc
freglons for an apphcd blas of VB E= 1 V and a magncuc ﬁcld B 2 Tesla. Thcrc isno. mdlcatmn

\

'of any Hall field at the junction vncxmty (Flg 5.2), bul a skcw in the-current dcnsuy ﬂow lmcs



e obscnrcd (Fig 5 3) mdleatmg thc prcscnce of camcr dcﬂccuon Thcskcwu pameularly Sl
nouccablc for the mmonty carriers,. ducto. thc hxghcr Hall doﬁdny of thc electmns There -

also seems 1o be a weak clustcnng of thc current densities, J,p and J B to thc same side of the

base rcglon This i ls bccausc of the bulld up of both camers (scc F'lg 5 4). lcadmg to a localised -
"rchon of hi ghgr conductancc The reverse happens on the othcr sndc of the base neglon
where there i isa localised rcglan of hlghcr base resistance [40). , "
The results sjown abovc are from numencal computauons that are based on a

E éon,vcrgcnc’c_‘ criteria (4.21). R of 10-3 for the potentials in the outer loop(lncmasin%c }

A _
‘ rcsoluuon of the computatxons (72 = 10 ) s:mulatmns were pcrformcd for a diode structure [9]

(Fig. 5. 5) that is almost similar to the one prcv1ously dlscusscd (Flg 51).A magneue ﬁcld of B=

2 T 1s,apphcd pcrpcndlcular to the diode surface.
At low injection (V= 0.7 V), due to the rather low minority ghd majority current

, dcn‘sitics.'wé do not observe any effect of B on ,ihc potential. At high injection (Vgg=0.9 V),

there is a Hall field in the vicinity of the junctiOn (AA") and its direction reverses in the
~ ncutral base rcglon (BB) This is lllustralcd in Flg 5.6 whcrc AA and BB'in ille ﬁgurc denote

cut lines at thc emitter basc Juncuon (x 6 75 um) and neutral base regxon (x=5 um).
rcspecuvcly Thc changc in dm:ctmn occurs, m the range 6.4 um <x < 5 9 p.m for VB E= o9oV.
41X ghe Hall voltagc av Lhc cxtrcmmcs of the JuncLIon (AA ) tums out to be approxunately 50 uV/I‘

No magnetoconcemrauon (MC) effccts occur at low ijCUOH since n 1 << p- At mcdmm

2

and Vhigh injcction levcls. the mlatiyc concentration imbalance,'A n/no =A p/po across the'

dcvncc is about 0 01 /I‘csla (sce Fig. 5.7). Hcre, n, and po denote thc zerodield ¢ cc'mfa_tidﬂs.
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" 5.2 Simulation Kesul a )
The slmcture consxdered &r aﬂyﬁs isa lateral CMOS NPN dual-collector MT stmctunc ;

that is sensmve to magneue ﬁelds pcrpendlcular 10 the chi surface [23]). The two-dunensnonal g
geometry ofthe MT is shown in Fig. 5. 8 The resulgwfsn/ulaUm forVpp = Vep=0. 9 V are.

xllusuated in Figs 5 9 - 5.11. These results are based on computauons performed for a

convergence criten'?«’ﬁ’\ﬁi =103 for the potenuals in'the outer loop

The electmstatlc potcnual and current densny in the dcvnce atB=0 am shown in Figs.

5 9 and 5 10 tespectively As expected there is symmetry in lhe dlsmbutlor(§. In the presence.

ofa magnetw ﬁeld B 2T, the symmetry in the potential distribution at the emitter base Ii‘
Juncuan appears 1o be snll preserved showmg no sngn of a Hall voltage buildup (see Fig. S. 1 l)
However. the paths of both majomy and mmomy carriers are observed to be skewed (Fig.

s, 11). The asymmetry in the mmonty carriers (electmns) amvmg at Lhe collectors gwes rise

to an 1mbalance in the collector currents. The presence of magneloconcemrauon cffects in

the devnce seems to be weak. The relative imbalance in the corncentration is much lcss than
that observed in lhe diodes that were analysed in the prevrous secuon For the dual\colleclor
M’l':suucture considered, the dominating mechamsm ,responsn_ble for sensor action seems to be

carrier deflection [23].

5. 3 Measurement ol‘ Hall Voltage at Emitter Base Junctlon
The expenmem is aimed to provide an indication of the Hall vollage at thc emmcr basc

‘ jUIlCUOl'l of the recently dev1sed highly sensitive suppressed sidewall mJecuon

_ magnctotransxstor (SSIMT) [1] The device is a dual-collector structure and fabncatcd usmg

standard CMOS technology Itis sensmve to ﬁelds parallel to the chip surface and has been o
reponed to exhibit magnetic sensmvmes (relatwe lmbalance in collector currents) of 3 %/mT o
The relative nonlmeanty in the output sensmvny is less than 1 %/T The device has a pall’ of

~ 'P+ stripes adjacent to the N+ emitter. The funcuon of the slnpes isto suppress any sxdewall

A6 neid Aiffician hacad minaritu rarmisr iniectinn \mth annrooriate Sch-lenCl' reverse:



: blas voltagcs ’nus feature s sccms to be crucxal in enhancing d@fiewcc s sensmvuy to thc f"?:rd
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The cxpcnmcntal arrangcmcnt for lhlS preltmmaxy measurement of Hall voltage is

shown in th. 5.12. The P+ stripes are bi with constant current sources, Igy=lgy=1 E/ 2 tc;

forward bias the emitter base junction. The differential voltage, V) across the extremities of

the junction is then monitored as é-function'of ‘the magnetic induction applied‘ parallel to the

~chip surface [9]. The SSIMT samples are mounted on sﬁitable heat conducting nonmagnetic

substrates and a uniform magnetic field is generated by a VARIAN V - 4005 four inch
,cl’cctmmagnct which is;Opci'ated by a VARIAN'V - 2900 régulated power supply. The magnetic

Tield is monitored byv an LDJ - 511 Gaussmeter which employs an axial InSb Hall probe [41]. The

| samplcs are operated using an HP - 4145A semiconductor parametcr analyser and the Hall

)

. o
voltagc is mcasured using an HP 3478A mulumctcr which has al00nV resoluuon The input -

1mpcdancc of thc multimeter is grcatcr than 1010 Q and the prescncc of th¢ meter has no

o obscrvable cffcct on thc base currents ﬂowmg into the P+ stnpcs

_ follows

The dlffcrentxal vbltagc measured.for \@nous basc currents is shown in an 5 13 for a
magnetic induction, |B < 0.9T. Thc observed scnsitiyity (VD '/AT)‘ tunis out to be around 1

V/AT at low currents [9] andvdccrcasc‘s at iatgcr operating currents. Using thé Hall voltage
model dcvclopcd in {14], the sensitivity for the above gepmetry at fr = 1 mA is calculated to be
15 V/AT which is an order of magnitude largcr than the meaSurcd value. In the calculations.

-~

o

.thc Hall scattcnng cocfﬁc:cnt (;1 /un) was assumed tobe 1.2, the substrate dopmg, N, W= 1016

cfn‘3 and the dcvncc thnckncss t (cmlttcr wndth in thc ducctxon of BY is 50 pum.

Although the abovc results are based on MT samples whosc dCSlgnS are not 0pt|mxsed

' l'or purposes of Hall voltage mcasuremcnts. they ncvcrtheless support the clalms that were
‘s drawn from thc numcncal computauons A more accurate measurement technique usmg MT

| 'samplcs specifically dcsngncd for Hall voltagc mcasuremcnts [8] is dxscussed in the sccuon that'
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' ncvcrtheless cxpcct that duc-to thc minute relative dimensions of the probc COmpamd torthose

- e

A vanety of MT samplcs. fabncatcd in standard bxpolar tcchnology. were dcsngncd to S

facnlxlatc a dlrcct measuremcm of any Hall voltage bunldup in the base rcglon. mcludmg the

‘areas Lhat are m close proxumty to the cmnter basc Juncuon This was achieved by a

' -.symmctncal placcmcm of a pair of Hall pnobcs in the base reglon Thc samplcs were 1dcnhcal

" in geometry but of varymg pmbc dlstanccs from the cmmcr basc junction, i.e. W’ = 40 pm,

, and.80 um. In Fxg 5. 14 thc (a)y tOp view and (b) cross- sccuonal view of the basnc M’I‘

60 pm
_;})metry is 1llustratcd The Hall probes havc dnmcnsnons of 8 um x8 um Thcsc dlmcnsxons

,

were a consequence of the minimum size offered by the dcsxgn rules. Although thc size

-. . e .

restriction of the probcs does not con‘cspond to an 1dé)al Hall voltage mcasurcmcnt we

of the base region (140 pm x 80 pm) the mtcmal potcnual dlsmbuuon is notﬁgmﬁcamly
perturbcd by the prcsencc of thepaxr of Lhesc locallscd cquxpotentxal surfaccs [39]

The fabncauon proccss for-the samplcs conSIdcrcd is as follows. Stamng from an |
cpnaxlally grown phosphoms doped N layer on a P- substratc (for thc standard 44 V device),
the boron dopcd P+ xsolauon rcgnons are then formed. cht the P-base reglon is formcd Wwith |

boron d1ffusnon followcd by a phosphorus dlfoSIOI‘l for ch N+ collectors and emitter. Conlact :

‘holes (mcludmg thosa,for thc Hall probcs) are then cut and’ followcd by thc Al mctalhzanon '

proccss The unpunty conccntrauon at a SllCC lhrough the emitter base rcglon at x = 0 is shown

in F-lg. 5.15.$he proﬁlc was obtamed by_ using the sprcadmg resistance method, The junction’

depth X is 2.5 urm and thc olher dcpths are.as shown in Fig 5.14,

Thc samples are moumed on nonmagncuc ceramic packagcs ’I‘hc mcasurcmcm
apparatus uscd is descnbcd in thc pncvxous secuon The cun'cm voltagc charactcnstlcs
2
obtained with the scmlconductor paramctcr analyser for the MT opcratcd in common- basc

configuration are glvcn in Fig. 5.16 for cmmcr currems in 200 u.A steps for a rangc of

021n>- 1.2 mA. Thc characteristics lr'1 . '1;, =f(/z. Vo) have a scafter of less than 1% for the
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MT's with the different Hall probe conﬁgurauons The variation in eoileetor current offsets O

Als= (’Cl - ’C2) in the various samp s was less than 5%. Thc collector current 1mbalance. Alg

" asa funcuon of the magneue ficld i is shown in Fig. 5.17. The devrce is operated in the forward

activc rpode in common-base configuration, VCB =A5 Vand/ E=— 1 mA. The measured ’sensiu'vity,

S=A I/ B) is approximately 0.8 %/T with a relative nonlinearity of less than 1% for
IBls200mT. P (Y8

The Hall Voltagc measurement for:ll"'re various parts of the base'mgion (W’'=40 um,
60 pm, and 80 urn) is shown in Figs. 5.18 ana 5.19 forifCB‘ ~5V.and Ig - - 1 @A. At ¢m‘n§agncﬁc~
indnction. the rneasumd voitagé‘ correspond to the probe offseta. At 'reasonably cloae :

'_pmxlmxty to the emmer base Juncnon W= - 40 pm) the Hall voltage turns out to be around 20 |

uv/T for |B I s 200 mT (see Frg 5. 18) or 20 mV/AT:in view of the 1 mA emitter current As the

- distance: from the Junctron increases, the Hall voltage progressrvely drops and this can be
'obsewed from Fig. 5 19 where at W’ 60 pm and 80 pm, the measured voltages are
15 uV/I‘ and 9.5 uV/I‘. respecuvely We note that the direction of the Hall field (see Figs. 5.18
and 5.19) pentains 1o that of mmonty carriers (electrons). In the common-base configuration, -
this du'ecuon of Hall ﬁeld at the base surface seems 10 be afuncuon of the collector base

voltage. 'Ihe same behavrour, however, is not observed when the devj rated in

common-emmer conﬁgurauon. The collector current : unaffected by the presence of thc

mulumetcr across the Hall pmbes

)

The measuremem resu]ls descnbed above mdrcate that the Hall effect around the

emmcr base Juncuon vicinity is much too small in magnitude (m the order of uV') to cause
asymmemc emmer mjecuon This is in contrast to prevrous predrctrons (1 1] where the
' unbalance in collector currents was atmbuted to the presence of Hall ﬁelds along the emitter

) base junction [see relation 2.2)]. Rewnung relanon Q. 2) as’
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[Vgl=2vpsinht (latgril), - AECA N

and using Fig. 5.17, the Hmbsn_agg is calculated for the measured values of Al for

-#

I=1Iz=-1mA and with the zero field offsets nulled (Fig. 5.20). The predicted Hall voliage,
-although small in magnitude, is an order of magnitude larger than the Hall voltage measured
across thp probés' (l'of w é 40 um) Thc analytical model [11] prodicts 215 inV/AT as opposcd to

the measurcd value of 20 mV/AT obtamed from Fig 5 18 Wc notc that the dlscrcpancncs

e bctwecn the prcdlcnons of the analyncal model and mcasured rcsults broaden, for. M'I‘

structures of higher sensiu'vity. laI-11-1>>0.10

= ‘5.5 'Numencal and Experimental Results for MT in Common- Emmer Diode
S Configuratlon .
Numerical simulations and experimental data of Hall voltogc,in the base ré'gior:: for the
| varioos I\I'IT samples are compéfod for.dlffcront basc ér\rlitior voltages. ﬁc MT is operated in the :
common-emitter configuration but with Lho collectors left to float. This csscntiolly .rcducl:cd
de!vicc operation to th'ga‘l of a forward biased diode. 'l'hc magnetio ﬁcld. as before is applich

parallel to the chip surfa{_cc.-

: ',.' 551 Discussion of Numerical Results
" The two-dimcnsiorlal simulation domain is shown in Fig. 5. 21 The oxldc rogion (which

’ completcly encloses the devxce domain) is mlroduccd for reasons dlscusscd in Section 3.4. The

kness is 1 m on the device surface (consxstcm with the ﬁcld oxide spccnﬁcauons of
t

& ¥ lbgy) while on the device side and botlom walls an "aniﬁcial” ‘oxidéof.S'w'n thickness
{ab¢ base collector P-N junction [39] - : “»';‘F.s

. :;.\ “Y’J
Thc lmpunty dnstnbugon used in the simulations is as follows (sec'Fig. 5.15). In the .

-

base region, the peak acceptor concentration is 5 x 1()17 cm' and f_ollows a Gaussian.
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‘wall is 1.6 x 1016 cm'3 At the emitter region, the peak donor concentration is 6 x 1019 cm” andA ,

the drstnbutron is based on an exponentral function whrch is calculated by ﬁtung the proﬁle
obtamed from the measurement sample (see Sectron 5 4)

The Hall voltage was computed for vanous base emitter voltages and is shown in Figs
| 5.22 and 5.23. The abscrssa, W’ denotes the drstance between an arbrtrary pomt on the devxce —
- surface and the correspondmg pomt symmetrrc about x= O We note that as the level of .

- -injection increases, there isa shift in the Hall voltage peak away from the Juncuon The

locatron of the peak is a functron of gie minority carrier concentratron, Vy= I/n The

| conccntrauon ol' the holes (although larger than that of the electmns) is reduced close to the

, JUDCUOH vrcmrty and increases exponenually with i mcreasmg W’ At large we however, the-

reductibn in 'VH is due 10 the shunting effeets‘ imposed by the presence’of the base electrodes.

At the vrcrnrty of the junction, in partrcular the depleuon zone. thene isa reductron in the Hall

coefﬁcrent, Ry and consequently the Hall voltage is smaller in magmtude (p 2n).In the N+ °

emitter region. -Since nis large (and hence R H very sm'all) and ﬁrrthennor'e being in clpse

i

- proxumty to the ,emrtter electnode. the Hall voltage is practrcally unobservable These
consrderatrons arg in line wrth the predictions of minimal Hall field near the N-P junction of

the diode structure presented in [42]. Since the magmtudes of the Carrier. drstnbutrons are

‘ 'functions of the applied bias.“ the peak Vjvaries with w for the 'var'ious injection_ levels. We
also observe that the magnitude of the peak‘is directly pmportional t,o; the. total\ deviee current. ..
“For the ope'ratin'g points.shown, the maximum Hall 'voltag'e'per unit of input eurrent remains |
appmxrmately constant (as in Hal\l plates). Frgures 522 and 5. 23, clearly rllu:trate the mtncate ‘
combmatton of brpolar acuqn and magnetm field, vr; the action of the Lorentz force on'the -
tnjected mmonty and majority carriers. The results presented on ihe Hall voltage com:spond
toa direction of the Hall ﬁeld that pertains to that of the majonty carriers. For tli‘e device.
srmulated p >> n'in most paris‘of the.base regron * -

} Computatrons made for various operating voltages and magneti'e field strengths show

42 -
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o that the' Hall v_oltage isa liaea_'r function of magne_tic field. In Fig. 5.23, we sc¢ the distribution

£l

~of Hall voltage for B,-—‘ + 500 mT and Vee =0.85 V.’To illustrate the e_l'feets of magnetic ﬁeld ncar -

."the Juncuon vntnmty. equ1gotenual lines for the reglon amund the emltter of the devnce are
‘ishown :n Fig. 5 24, The dashed lmes mdtcate the mterface between the semlconductor and the

oxide at the surface and the Bold line denotes the emitter electrode 'I‘he devnce is operated at
VBE = 0 85 V wnth a magnetic ﬁeld of B= 2 Tesla parallel to the chxp surfacc Thc current

through the devnce is 0.6 mA. The eqmpotenual lmes appear to bc symmctnc around the -

emltter base junction mdlcatmg that there are no Hall ﬁelds in that v1cm1ty ‘The dxsplayed -

‘ area 1s approxunately 29 pm in the x-dnrecuon and is symmetric about x = 0 and 5 .5 um from ' ’
the oxxde edge at the surface The dlstnbutlon of- flow lmes for mmonty carners (electmns) is B
1llustrated in, Fig 5.25 for opcratmg conditions.identical to those in Fig 524, Unhke the
v:‘dxstnbunon of potent1al the effect of the magnetlc ﬁeld clearly mamfests nself inthe .

-

distribution of current densnty The arrow mdtcates the duecuon of charge ﬂow The dlsplayed

_area is approximatcly 21.5 pm x 4.5 pm of the device centre. There is no indication of

asymhtet:y in the injected emitter current at the metallurgical emltter base junction. -

' 5.5.2 Discussion of Measﬂement Rwults

The Hall voltage in the base reglon of the vanous M’I’ samples were momtored as a
: ¥
‘ funcuon of the base emmer voltage fora 500 mT magnetxc ﬁeld The results are |llustrated in

 Fig. 5. 26 The Hall voltages shown have been nulled by the correspondtng zero ﬁeld offset

voltages.

v

K At low m_]ecuon levels VBE 0.7 V the Hall voltages although small in magmtude are
‘ ]

- larger in areas of base region that are closer to the junction (say at the v'lcinity of W= 40 pm)[
} " As the level of injel:ﬁon increases; the Hall voltage peak shifts away from the junction, and is

' located at the vicinity of W' 60 um At hxgh m_)ecuon levels VBE = 0 85 v, thc Hall: voltages as.
.o i\.,?;.xa



we see from Fig. 5.26 appcar tobe largcst aw 2 80 um., Wc note fmm thc valucs of Hall voltagc.

- lhat the dlrccuon of the Hall field in: 1hc base region (Fig. 5. 26) 1s opposnc to that obtamed

s
/

whcn the dcvncc was opcratcd in lhc common-base conﬁgurauon (ans 5. 18 and 5. 19)
: A ‘

553 Comparison of Numerical and Measurement Rwults
The current voltagc charactcnsues resulung from the mcasuremems and s1mulanons

- are lllustratcd in Flg 5.27. Apart from the general consnderauons gwcn m [18] there _
g b -
" canbe many spccnﬁc causes that contnbutc to the dlscmpancy between thc mcasurcd and

’
-

snmulatcd cum:nt-voltage charactcnspcs shown in Flg/ 5.27. The most likely reasons are thc

©

followmg

(i) the smphﬁcatwn of thc dcvncc gcomctry that was. madc for purposes of an ccc}nomlc N
snmulauon At thc dcvxcc s bottom and 51de cdgcs. ano- ﬂow condmon on the current
dcnsmcs has bccn 1mposcd Thns is not consnstent wnh the realistic structure because of

thc prcsznce of a nonethbnum P-N Juncuon sunoundmg thc base region (sec Figs.

rt

5 21 and 5 14) Funhcrmorc. there may be possnblc lcakagc currents pameularly at thc |
| uppcr s:dcwalls of the emmer basc Juncuon (m the vncmlty of lhc JUDCUOD/Odec
mtcrfacc) Wthh can comnbutc sxgmﬁcantly 10 the discrepancy at low mjccuon levels. |
In addmon. we are dcalmg with. a two-dxmcnsnonal numerical sxmulaﬂon, and
conscqucmly. the line current densmcs (A/cm) are assumcd uniform in thc z-duccuon

‘In thc fabncatcd dcvncc. howcvcr. thc em)ncr and base electrodes are of uncqual length.

-1 R

Intcglﬁnng the lmc current densmes ovcr the electrodc Icngths leads to a mnsmatch in_
B

the conscrvauon of total dev:cc cumnt To mamtam the conservation of currents in the

. " g .
- numcncal pmccdurc, wc havc Cassumcd that the clcctrodc lengths, B = LE = 40 um. Also,
')

‘,thcm could be possx’blc con;act potentlals at thc electrodes which havc been neglccted in .

'&.

' the snmulauons w&

».

'(n) 7i‘hc models emplgf’ed Tor the carrier moblhues and generauon-recombmanon terms in

thc equauonsamight not bc provxdmg atrue descnptmn of thc physu:al processes takmg

u*k& 2
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place in the fabncatcd dcvnce In pamcular, cffccts due to lugh dopmg havc not been

S A
- (ut) Dlscrepancws in the dxstnbuuon of tmpunty concentrauon Knowledgc of the true

f .
dxstnbutwn of i 1mpunUes can only be acqutred if a two-dtmcnsxonal mcasurcmcnt is

, accountcd for. -

pcrformed In parucular. the dlstnbutton of acceptor conccntratlon ln thc basc rcglon
- playsa cmcnal role in the Gummcl number as wcll as thc emitter mjectlon éfﬁcncncy. g

Thcsc paraméters have a dtrcct mﬂuencc on tho.ltotal dcvnce currcnt v

In gcncrﬂ the various assumpuons made i m Lhc ec{uatlons and physncal modcls could g

* 3

lead to crmrs that may. cancel or add ytcldmg dlscrepanc1cs that may be large or small

< Companson of the measurcd Hall voltagcs wnth thc numcncally mmulatcd (1dcal) Hall

voltagcs are shown in Figs. 5. 2810 5.30' for VBE = 0 7 v, 0 75V, and 0. 8 \' respcctwcly The

numcncal results seem 10 tdequately pmd:ct the gencral dnstnbutxon of thc mcasumd Hall

e i g

" voltagc for thc various levels of' mjccuon The Hall voltagc dlstnbuuon asa funcuon of thc
» basc cnuttcr voltagc is dlSCUSSCd in Scctlons 5. 5 1 and 5 52.

Thc ﬂtscrepancxcs between: the cxpcnmental and snmulatpd results can again be

attnbuted to4 vancty of re,asons An obvious cauSc of dtscrcpancy stems from thc fact that thc i

' mcasumd and snmulatcd devncc currcnts dtffer con51dcrably (sce Fig. 5 27). Smcc the Hnll

) :‘ 2
voltagc in the devxce is propomonal fo the total devncc current (as dIScusscd in Sccuon 5 5.1),it

isan cxponcnual functton of the appllcd voltage [VH ~ exp (VBE)] Conscqucntly. the cqors in

lw'.};

o VH becomc progrcssnvcly largcr wnh mcrcasmg appl,led voltagc Funhcrmorc. m thc

fabncated device, the Hall prof)cs are of a ﬁmtc lcngth as Opposcd to thc mﬁmtcsnmally small |

“(i.e., ideal) probes that are. used in thc snmulauon Also, offscts (voltagc across probes at zero. -

" magncttc ﬁeld) could re'sult from gcomctncal unpcrfccuhns in thc probc clectrodes (crrors in
‘ mask altgnment) or fabncauon errors (overetchmg or undcr etchmg of contacts) Offscts :
'could also result from the thcnnal and mechamcal stresses arising frOm the packagmg |

. matcnal of the die. Thc rcsulung ptezoreswtancc effects could possxbly producc potcnual

. gradients that cancel the Hall field: Offscts in thc‘ device are unfortunatcly a function of the g

B



asymmetric emitter injection. _ . o //

operating point as wcll as the magncuc ﬁcld _ Ce E |
chcnhclcss. xmmatcnal of thc dlscrcpancncs mvolvcd the magmtudes of the Hall

voltage obtained through cnthcr measurcmcnt or snmulauon are too minute to ci any '
g e
¢ /
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Fig. 5.4  The distribution-ef (a) clectrons and (b) holes in the domain as shown -
"~ inFig. 5.2. The distributions have been clipped off at 10!% cm™3 at the
- respective N+ and P+ regions. In the oxide region, electron and hole
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£ Fig.5.10 (a).Equipotential lines. Current density flow lines of (b) holes
oo igjcctcd from basc (c) ¢lectrons injected from emitter. Vg =
Veg=09V,andB=0T. - ‘
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Fig.5.11  Asin Fig. 5.10, but for B=2 Tesla.
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6. 1f NOISE IN MAGNETOTRANSISTORS
Most high sensmvnty magnetotransnstors xeponed hltheno {5] tequue large power.

a ’I‘hxs makes the circuit desngnct’s _]Ob parucularly dlfﬁcult because of the ne to}tdvide

; J}:m:mtry to compensate for the effects (extnnsnc noise) caused by Joulc h
temperature mduced effects the offset ih thc output signal (mtroduced gy geometnc ertors tn
fabrication, thermal and mechanical stresses)_ isone .major component of extrinsic noise and
.in pam'cular, can be temberature dependé?}tt.' It is therefore desirable to operatc the device at
low current although this may comprormse the magnetic sensitivity, i.c., the signal power But
- there may be no sxgmﬁcant detenoratnon of sngnal-to-noxsc ratio since the level of noise

| intrinsic-to the device (such as 1/f er white no‘f% conespondmgly redueed at low device

currents [6]. Whlle extrinsic noise can be reduced by careful sclecuon of deS| gn, fabncatlon.

and operatmg condmons, mtnnsxc noise is a/fundamental physncal effcct (mdetenmmsue in

'. nature) that ultxmately limits the ﬁeld resolutlon. Bmz n In pamcular. at low frequency

operation, 1/f noise can ilnpose major restrietions on the apphcauon range of MTs.

6.1 P’revious Noise Studies in Magnetotransistors /

Noxse in umpolar devices (e g lhe Hall plate) has recclv?/(much more attention (see
[43] and references thenem) than nonse in bnpolar magneuc SENsors, Results have been
presentcd for thm ﬁlm Hall plates [43] heterostmctme Hall clements [44], and magnetic ficld -
sensm\'e field effect transnstors (MAGFE’I"s) [41]
_ In btpolar magnetm de)nces, noise studnes have only becn carried out for the
magnefodnode [45] and the magnetotransxstor (46,47]. Powcr spectral densnty measuremems of

voltage ﬂuctuanons in sxlxcon.on-sapphlre (SOS) and germanium magnetodlodes were

' presented in [45] for various device geomelnes and operatmg condmons Calculattons based ori

¢ .~ measurements ylelded B"u p 0 mw 0.1 p.T«NHz at 1 kHz for a senstuvnty of 10 V/T a;

v 1 mA of dev1ce current. Smce magnetodlodes rely on the magnetoconcentrauon effect

(magneuc ﬁeld modulatton of bgge conductancc) thc 1/f nonse was found to be a funeuon of
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thc magnnudc and dmcctxon of the magncuc field The sourcc of lb' noise in such devices was
conscqucmfy atmbuted to fluctuauons in thc basc conductancc For dual-collector

magnctotransnstors [46], thc measured dxffercnual sngnal -to-noise ratio (SNR) was in the ordcr
of 2 x IQ4 [Tfora bandwidth of 1 MHz, yielding B,m-’i of 50 uTN_HL Hchvcr, there were no

reports on the bchaviour of the individual collcctdr noise 'voltages or on their Stat'istica]' : : : S

mlcrdcpcndencc Calculauons as well as mcasuremcnt results of SNR for various smglc

' collector Tateral MT eructurcs were' prcscnted in [47] The calculanons cons1dcrcd _]USt the shot -

’-

nousc ln lhc collector and measurements ylcldcd B of 04 uTé‘JHz at 10 Hz for asensmvxty of

. . . . e ) :“" 2 oo 4. u‘.,’ oy [ :
1.5/1‘and600quT‘currem.' ' ST Ry iy
: : £ IR ¢ PR o, A
5 - ‘%: x::'_ kS “* ;&_. & ’ u"
a i B L . ' 3
. o o ‘ D e A P
6. 2 Device Description - e : s E R ul,."g ot ,'\ A

A vancty of dual collcctor blpolar and CMOS MT stmctures, scnsmve to n‘]agnem ﬁelds

. ! e R ? L’Yi
para]lcl to the chlp surface were uscd for the no:sc mcasurcmcms The CMOS MT was fabncated

K4

: kd

e usmg the Nonhem Tclccom s standard 5um proccss (sec Fig 6 1). Thc Juncuon depths for thc 'f B
N+ and P+ diffusions are 1 um d 0. 9 um mspecuvely, and that forthc F:}’wt’-ll it is ‘. sor

atcly 10 um The im ty conccntrauon is approxlmatcly 1016 cm'3 in the P«well

I‘D

and 2 x 1015 cm -3 m the N-substratc 'I‘he dcvxcc has predommantly verucal cmmer mjccuon |

_smce latcral injection is sngmﬁcamly suppressed by the placemem of a pa1r of planar P+
stripes along cmmer s1dcwalls as in the SSIMT structure presentcd in [1] In the prcsence of a-

vmagncuc ﬁcld parallcl 10 the chip surfacc. the mmonty carriers injected from the bottom wall

- of the emitter expcncnce a dcﬂccuon’bccause of the Lorentz force and con;oqucntly gnl/o nse
’to an nmbalancc in collector cun‘cn{ The collcctors, C1 and C2 serve as output termmals for thc
| slgnal Smcc the collcctors are in the N-substratc, the devncc is somcwhat shxclded from any

o ncnghbounng actJvc componcnts by a P-nng (R) wuh reverse bias rmg-substratc volta%e ‘ .

When operatcd in common emmcr conﬁgurauon thc devnce yxelds a maxnnum sensitivity, S

~
o of s, 6 %/I‘ for device currents lcss than 1 mA The scnsmvxty. of the dcvncc 1o lhe ﬁcld is-

v
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-
a

deﬁncd by cxpressnon . 1) Thc relative nonlmcanty inAl-~ (— ’Cl =l is lcss Lhan 1 % for
ﬁelds up to 1 Tesla, '
The &)umerpan of the CMOS magnetotransxstor is fabncatcd in bnpolar technolOgy (sec

Fig. 5. 14) Due to the nature of the dopmg dlstnbuLIon in the P-m rcglon of thc bipolar

structure, the device opcrauon is somewhat similar to that of lhc CMOS MT:. The dclaxls of dcwcc

opcrauon and fabncauon condmons are disciissed in Sccuon 5. 4 It is assumed that thc effect

of the pair of 8 um x 8 pm Hall probes (which were left unactivatcd in the course of our noise .

.

' measurements), on the collector noise voltage_powcr spéétrél densities (PSD)-is nc‘gligiblc. The

, MT's of the two technologies (Figs. 6.1 and 5.14) differ in magnc;is characteristics (such as

~output sensitivity to B), but the zero magnetic field electrical characteristics are almost

" identical, C o ,

e

i

| 63 Measurement Procedure

_ Denoting thc discretely sarnpled noise voltage at time ¢ by v () and its Eouricr

: ".L_,transfonn (angular fréquency, @ = 27 f) by the complex function, V, (), viz.,

e Thc singlc-cnded noise vOlia'gcs-of 'colvlcctors C1 and C2 and their rcspcctivc Fourier transforms

a7

g arc'dcnotéd by .";ﬂ(‘)'."nz(’j énd l(w) 2(w) rcspccUVcly Usmg a spectrum analyser, lhc

' single-ended PSD's S, (@) and Sypl@) are mcasuréd, eg

o S”(a;)=<v1(m)v‘l(m)>, o o (6.2)

\

, whcrc <> dcnotcs the ensemblc averagc and the asterisk the complcx con Jugalc The

L ‘!‘dlfferenual PSD betwccn Lhe two collcctors, viz,,

. et ,,' S
o 'wfr .

FERI W : r~ . N -

' _vn(m)=fme-fa' V(0. o A 6.1)

sD(w) L l(w) 2(w>1[ ,(w) V@l > 6y

A

0
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<

is also measured. From (6.2) and (6.3), the real pagt, Re [S) y(w)}-of the crossspectral density

™oy o . 0 o
 Sp@=<Vy@) Vi@> , T 64
can be dél‘i\i,cd. bccausg o ' 7 .
Sp(@) = 81,(@) + Spp(@) -2 Re[Sp(@). - Cesy
. L N “ ‘ . p /v‘.l ""4
Since it ig found that S (@) = S3,(e), ihc" SN . L
Cne E / ' " ! . P “ ’ ‘l"f - “,‘
@ & Re [su(w)l su(w)' sD(w)/z T es
-or thc rclauvc Cross spectral densny \ | ST |
Re [512(w)] /su(@ =1- st)/zs1 l(w) T 6
can be cvaluated. L o S ’_-f' o
Rccallmg dcﬁmﬁon (6. l) thc smgle-cnded P§D is thc Founer transfoxm of the
“ - ; . 2
-rcspcctlvc time autocom:lauon,e g _ SR : ‘ .
511(“’)%1 dr e/ Cy (9 Yioow o (6.8)
with 7 ‘ e
i Cy(D =<y () an‘("'* 0> o ST T (6.9)
on the assumption that v,() is an ergodic process. Similariy; the cross-spestral density S1(e)
© and the mutual time correlation - B
B} ; q " e S0 . : : '
o SO =<V Oyt > ‘ - (6.10)

- form-a Fouric,i transform pair, Ur_:fdnﬁhatc{y‘,vx‘ne‘asur;mem of. $11(@) = 522(»“-)) and S (@) allows
only the real part of §5(@):10 be obtained; thus € 5(7) canndt be retrieved by Fourier

 inversion of §,(@). However, the correlation coefficient * . *
YRS vy > (Vg 2 <V > @D
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_can be evaluated from the oscilloscope observation of <v2n1>. <vznz>. and //\' ~

Dy =< o (6.12)

r=1-<Vy>/2<7 > . (613)

’ ,
To reduce the coupl Bl _ween the LNA and DUT each have a sepamte powcr supply (sealed
. 4\*.4 e

lead acxd battencs) Low frequency current block.mg is achleved with high pass RC ﬁlters

(HPF) which have a comer frequency of 0 03 Hz. The load and filter resistors are of the low
_noise metal film type Also low noise mctahzed polycster ﬁlm capacitors are used in the ﬁltcrs :
’I‘he LNA isa Bmokdeal 5006 dxfferenual amphﬁer. which can also be used in single input

3

mode It has a ﬁxed galn of 60 dB t 0.3 dB while-its bandwndth is 0 1 Hzto 1 MHz. Noise voltagc

PSD'§ for the LNA are shown in Fig. 6.3 for the smgle ended and dxfferenual measurcment

modes with 221 kQ resistors placed between the amplifier i mputs and ground. The amphﬁer
output is COnnected'to an HP 3.561A dynamic signal analyser (DSA)'."fhe DSA employs a fast
. Fourier transform algorithm to caleulate spectra fmm‘d.c.‘ 1o 100 kHz. To ensure relatively -

narrow band tneasurements the PSD's are construc'ted from measurements pcrformed on

smaller. frcquency spans [41]. In the PSD plots 0.0dB corresponds to 1.0V RMS

To obtain an approxlmate rms value, <v >1/2 of the noise vollage in the time domam.

the L'NA,"outpul can be connected to an osdilioscopc.- It'is assnmcd that v, follows a Gaussian

,

-

probability distribution and the, technique outlined in [48] is used for obtaining <v2,>1/2 from

- oscilloscope inspection. In this way, <v2nl>_lp = <v2”2>j1/2 and <v2nd>‘/2 arc determined. These
“tms noise voltages axje'subsequ’emly used to investigate the degree to which the output noisc in

the MT collectors are correlated by retrieving the coefficient yusing eqn. (6.13). .



6.4 Correlation in Collector Noise Voltages ‘
Mcasuremcms of nonsc spcctra obtained for the smgle cndcd and differential collcctors

‘of MT's fabncatcd in both CMOS and bipolar wchnologles are illustrated in Figs 6.4 and 6 5

rcsnecuvcly Measurements performcd for |B S 0.5 Tesla, mdlcate that the noise in the MTis
‘not cxphcnly a function of magneuc*ﬁcld (asvm magnctodxodes [45]), but rather is dlrcctly
related to the magﬁitu,dc of the output chmém. It is noied that this is énly true for MT's which

» fcly on carﬁer deflection to p&vide the signal. Carricr deflection is cf:aractcfiscd by an

output rcsponsc which is linear with the magncuc field.

-

From Figs. 6. 4 and 6. 5, the differential collector noise voltage is obscrved to bc at least

O

two orders of magnitude smaller Lhan the single cnded collector noise fQ!st‘pan of the
frcqucncy spcctrﬁm. ‘The MT fa_br,icﬁtcd ‘inv CMOS tcch_rxolcgy is ,biased,

Ig=20 pA,
C - ’C2 - 975 HA, Veg= 4 V, and R;=3.3 kQ. The PSD's for the two measurement modes are
lllusu'ﬁed in an 6.4. Thc MT fabncated in bxpolar tcchnology is blascd wnh the same base
bcurrcnt but with Icy = Icy =760 pA VCE 7.7V, and RL— 6.75 k2 The single ended and »,
differential collcctor noise voltage PSD's are shown in Fig. 6.5. Thc mdmdual collcctors of the
rcspcct»ivc‘.llvr‘r's hachidcr‘nical spcétra, S11(@) = Sy(@) and they ?xll‘follo'w an approximate uf
3'\ type spectrum. For freqvuenci_cs less th_ah 10 kHz, 'thve diffcreptiél collector nois'c' voltage PSD, RN

~ oy

Sp(@) is about 50 dB ldwer than its single ended count_erp_an in the CMOS device. In.the case of |

- the blpolar MT, the dlfference appears to be 40 dB

From mspccuon of Fxgs 6. 4 and 6. 5 we leamn that for frequencies, 1 Hz < f< 100 kHz

. fand for both fabncauon tcchnologles thc dnffcrenUal PSD is much smaller than the smglc
[N t

ended PSD, v;z., . o ' . _ S .
o Sp@s10tS @) (619

- Using eqn. (6.7), one can conclude a stmng. positive correlation between the collector noise

voltages, viz.,



N
Ry

Re [S1p@)]/Spy(@) ~10. o (6.15)
Similarly, it was found that <v2,, > £ 0.1 <v2, > from oscilloscope measurements, and hénce

0.95 < 7< 1.00, by using eqn. (6.13).

These results are in siriking contrast to the case of the dual-dfain MAGEFET, where the . ‘

+

" differential spectral densities are larger than the single c.hdcd“dncs anda riegdtivé
correlation, Re [S(@)}/ S| (@) of about — 0.9 is found {41]. -

‘Based on the measured results of hoise voltage PSD's shown, the signal-to-noise ratio

for the CMOS MT for both differential and single cndéd measurem_eht modes was cvaluated.
-~

With eqn. (2!1), épd an external load R connéc_tcd to the collectors, the diff;rcmial collcﬁtor .
voltagé AVe ?an bc expfcsscd as,
| }A;A:‘_/C»‘(B)'/B'_'SIJCRA‘L o (6.16)
: | ;&whcre AVC(B)/B tumns out lo be 0.4 V/T for 1C = ~l 95 mA z;ndRL = 5.3 k.Q». Hence, Lhc diffcnfcnﬁal
| si gnal-to-noi‘sevratio (NHz/T) reads -
- _SNR=$1¢RL/<v2nd>1/2. | | (6.17)
The field resolution, B, is then deténhiped by taking SNR = 1.& 1kHz, th;' rms differential
collector n;)isc. voltage is épprda;:llrnéieiy 10 nVAHz, which yields a SNR of 4 xs109 VHz/T. The

field resolution, B,,;, for unity bandwidth for the given SNR is in the order of 25 nT. In the

5 .

“case of the single ended colléctor, the signal, (AVC/Z) is 0.2 V/T, and the rms collector noise -
'v_ol;age is about 4 WV/NHz ,which'yields a signal-to-noise ratio that is four orders of magnitude
2 S >
" lower than the diffcrential opc‘ral'ion. For uhity band}'vidth, B, ;, tums out to be 14 uT.

' “To iflus;ratc the uniqueness of the noise propérty in such structures, the performance

3 .

of the CMOS MT operated in the differemial mode is comparéd'to"two previous MT's that have
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bccn rcportcd [46 /47]. The CMOS MT has a scnsitivity of 0.06 /T (ihfcn'or to that studied in [47]

bya factor of 300) but the field ncsoluuon is supenor by a factor of2at 10 Hz, viz., 0.25 uTNHz

compared wnh 04 uTNHz [47] The ﬁeld resoluuon at hxgher frcquenc:es (away from the 1/f

‘rcglmc) is cven more supcnor Overa bandwndth of 5 MHz. thc s:gnal-to-nonsc ratio is

4 5 X. 104 /I‘ yie)ding B of 22 uT comparcd with the SNR of2 X 104 /I‘ (B pyin =50 |.LT) fora

| “device wuh a scnsmvny of 30 V/T [46].
’fhc dlffcrcnccs in com:lauon of output voltage ﬂuctuauons in the dual—collcctdr MT
' aad the dual—dram'MAGFET [41] may be mtumvcly mtvcrprctgdas follows. In the case of the
dual-col]cator MT thc 'dc‘vicé noise current ia govcrhé({imby cvcnfs localised at the emitter ba:se
' Juncuon vicinity. This mamfcsts nsclf as ﬂuctuanons in lhc emitter injected current, equally
. felt by bolh lhc collectors. For the dual-drain MAGFET ﬂuctuanons in the dram current are
due to no:sc sources dxstnbuwd thmughout the conducung channel wlulc cffects of the noise

. mccharﬁsms at ﬂwwumc cnd are mininjal. The carriers at the wcxmty of the channel

' }pmch-off unger Qp'amtnon cffcct . they'land on one drain or 1hc other. Conscquemly,

* the fluctu ion at orie dram is com-plcm nted by a ﬂuctuauon in the opposxte sense at the other
&

/\ﬁ

 dnain.
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CONCLUSIONS AND OUTLOOK
The analysns of camer transport in magnetotmnsnstors. up to this point in time, has
been in terrns of_ sunple_mtumve physrcal models. While some of (hese models can be venﬁed
. | : m .favourable cases'hy ‘thesolution of the full cam'er transport cquations, and thus remain as
| valuable heun’stic‘ tools, lnconsistencies arise when an explan"a'llon of the magnetic sensitivity
o for general geometnes and fabrication as well as operatmg conditions i is attempted The
, complex combmauon of galvanomagnettc and brpolar effects reqmrcs solutmns of the
transport equa.itohs in at least two-drmensnons for accurate MT analysrs
In l.hlS regard, the work presented here describes the analysis of magnetouansistor

-

operation using a tWO-dimensional numen'cal model. Results based on high prccision |

»

computauons 0.5 uV stoppmg cntenon) show 1o trace of asymmetnc mtnonty carrier - ':‘ *
~tnjectron at the emttter The Hall fields that were computed at %emmer base: Junctmn
' vicinity, are too weak m magmtude to substantlate the vahdlty of the mtumvely denvcd

emitter ll’leCthl’l modulatron model. Measured data obtamed using novel Hall pnobes

v 1

. procedures arc in suppon of the preghcuons denved from the numencal analysns If one likes -
i »

0 mterpret the modelmg results in terms of- sunple mturtwe models. then camer deﬂecuon

X ‘ should be chosen in the case of linear MT response. while magnetoconcentratton seems 10 be

ks

v

' adequate to describe possrble nonlmeantIes 'y ‘ v

e Measurements of I/f noise obtamed for dual-collector MT's fabncated in CMOS and

A‘

»

‘ bxpolar technologtes show a strong posmve con'elauon (close to” 100 %) between the noise’

' voltages of the collectors ThlS umque correlatJon in the nonse voltages seems 10 mdncale that a:

, ﬁeld resoluuon of 22 uT overa 5 MHz bandwrdth is possxble, wrth an MT of a mere 6 %/I‘

\

' sensmvrty operaung in the dlfferenttal rn'odc and with less than l mA of total cuirent. 'l'hese

. low nonse/features togcther with thelr hlgh resoluuon low power reqdrrements and casc of | ‘

-

f'abncatron usmg stand;rd ic technology, 'makes the magnetotrans:stor atiractive for pracuc,al
: S : ! . >
o -sensmg apphcatrons R . e e

PP ;oo K ry
o’ -

- Havmg gamed adequatc knowledge ol‘ the MT's Operaur}g pnncnplcs}; wcll asits” < i

‘ umque norse propemes. one'can’ now proceed o opumtse the signal- -to-noise ratio of the MT

'S



wrth respcct to tts structure and geomctry for gtven fabncauon and bias condtuons The

optumsauon of the devrce sensitivity can be perfon'ned using erther numencal or

cxpenmental techmqucs Numencal modeling is desuable since it reduces by a consrderable

-

.- margin the manpower costs that are mvolved in the trial and error steps of expenmental

devrce development Furtherrftore. the costs of computatronal hardware are steadtly decltmng

Systems on silicon i is. the current trend i in the demands 1mposed by the market The

appltcattons communities have keen interests on low cost high perf:7ance and hn ghly

rchable integrated system which also fcatures sensmg. srgnal processing, and transmission

“ capabrlttres on the same chlp With the fast emergmg ASIC (Applrcatton Specific Integrated

Clrcurt) technology, and in parttcular wrth bipolag analog ASIC‘s that is currently in-

'.h"-. ¢ o :
* 'development the realtsat,ton of such an mtegrated system on silicon seems feaStble in the near

future, There are however several steps tnvolved and key technologtcal problems that have to

be solved

Standard structures of sensmg elements have to be mcorporated as an mtegral part of

_the master‘sltce gate array or pneferably in the standard cell hbrary For the case of magnetic -

i

‘ sensors. thts can be achteved wrthout any addluonal mask charges wh11e other sensors may

| reqmre addmonal post processmg Steps Itis desrrable to condmon the output signal of the N

- sensor and convert rt mto a computer compauble form or into any other. form dependmg on
_the naturc of the applrcauon envxmnment. Hence. appropnate cells such as analog to drgttal |

’ convcrters (and vtee versa), operattonal amplrﬁers, COmparators buffer ampltﬁers, ﬁlters,

-0

. etc have to be made avatlable Analog cells whtch are performance optrmtsed can be achreved

by mcorl)oraung addruonal steps. in the fabncatron process although this may result in an

increase in manufactunng costs. Fmally. an expedtent Cll‘Cllll sunulator has to be devcloped

) that harfdles the combtnatton of thc analog and drgrtal crrcurts as well as the output response

of the sensmg element w1thout an unacceptable loss of accuracy nor demandmg a desrgn

l envnronment whrch fmm the computauonal perspeétwe. is unacceptably m&ensrve Wlth

s i

LI '
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' :’respect to the sén/—; cletnent its output response can generally be represented in the form e

< of curren7 voltage, res:stance, or capacrtance. vrz AI AV. AR, and AC respectrvely To name a,




K . . . - ! . Lt .: . .; . v . . ‘ . ‘\ \ N
few examples, magnetic field sensors typically provide an output signal of the form AFstv.

.
, e 73

"

A

: im:ssum scn’sorﬁyicld cither AR or AC, hugﬁdity séhsOrs‘lypically provide AC, and lighi- SCNsors

provide Al or AV. The dependence of the various fojms of the-output on the extemnal signal

(such as magnetic field, pressure, etc.;), can be characterised as variablé circuit elements of -

&
.

the type: current sources, voltage sources, resistors, or capacitors. Consequently, the sensor
can be replaced by an equivalent circuit that contains the variable circuit element and a
sensless device configured in a suitable form, thus making it compatible’to analog circuit

simulators.
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APPENDIX 1. PARTIAL LINEARISATION OF CONTINUITY EQUATIONS

In the presence of heavy recombmauon. the solutions to the contmuny cquanons

usmg the decoupled scheme ‘may yield nonphysxcal valucs of the camer conccntrauons It has / S
e
been shown in [37] that a parual lmeansauon of thc rccombmauon term ynclds successful 4 ¥
- N

solutions to thc contmunty cquauons. even undcr high i lll_]CCllOﬂ conditions using the , ;"ﬁ‘
decouplcd scheme. Furthermore, the i increase in computatmnal efforl from that required Ey

‘the usual decouplcd approach is only margmal In the followmg sectnon an outlmc of the
procedure apphed to the magnctm field dcpcndcnmranspon cquauons is pmscm.cd : ’w

For convemcnce. the clectnon and holc conunmty cquauons can be cxgrcsscd in 1crrm

H s (. X

P

of the varia_b_lcs u =‘n exp(_—WV,).and_ v=p cxp(ud»V,);'

td S . .
div J, g = divigD, p,, exp(y1V, grad ] = - qtuy - n‘z)/D ALy
~ ) ] s "' o -
: divjp = div[-gD pp'1 expl-wV) grad v]—-q(uv n,z)/D Ay

‘ ‘where D= [r P+p)+1 (n. +n,)) and the rest of the nota‘tion' asin Socti’orl 4.1. Lincarising

_ eqns (Al. 1) and (A1.2) around u° and v" respcchcly. mSuIts in

9

div (gD, B, exp(w"/ ) grad u] u (qv"/Do) —qn‘2/D" O (A13)
| di& [;'qo 'ﬂp" exp(—vﬂ/V,)'gr}!ﬂ vl + y(un/DO) - qniZ/D" T (Ald)
L whcre v and D" carry thc most recent updatcs The box schcmc is apphcd to eqns. (A1.3) and .

R v

(Al 4). and Tor nodc i thc rcspccuvc clcctron and hole communy cquauohs in lcrms of n and P -

read e
F T[U I]T[ﬁ I]TUTD I n(qp"/D")dA zJ‘ qn“Z',DodA = ; y (AIS) /
F TIU llrlﬂ ‘}TUTDh{ p(qn"/D")dA J[ qn“2/D°dA S e

‘whcmmc various symbols cany the samé mcanmsasm 5°€"°ﬂ4 1 L T RN



APPENDIX 2. PROCEDURE F OR PREDICTING TRIAL VALUES OF
o POTENT TIALS ' )
As. dtscussed in Section 4.2, the solutlons to the vanablcs for a desued opefjting point is

e
> -

obtained by mcrementtng the apphed voltage in steps usmg knowledge of prev1ous solugons '
‘1o dcvelop trial values for the subsequent bias pomt At medmm to htgh mjectlon levels t{%
howcver, due to the mcreased couphng of the vanables. the pmcedures presently uSed seem to%

. genetrate unsatxsfactory trial values, unless thc step sme employed is-very small Small step

Sl
3
-4
. N4

sizes lead to mcrcased computauona] demands ’ _
"An altemate procedurc whlch could possxbly yleld more accurate tnal values (for
largcr bias increments) is outlmed below. The procedure is somewhat sxmxlar to the technique
used in [49] to evaluate the sensitivity of the device's outputcharactens_ttcs to variations in the
deVi'ce's' bhysieal or geometrical parameters. | | ) -

) Poisson's equation and the carrier continuity equations can be conveniently written in

. the form; .
' o R | \
div (e,grad ¥ -_ql_l exp(w/Vt) + q_v_exp(—wvt) +qgN=0 o (A2.1)
, divieD, p 'lcxp(w/ Vpgradul -qawv -n2D =0 (A2.2)
div(-gD pp'l exp-y1V )gradv]+q(uv n2)/D 0 (A2.3)

“where u= nexp(;w ) =n exp(—cp,l ) and v=p cxp(w/Vl) n exp(cpp/ ) The rest of thc
' vsymbols in usual notation (sec Sectton 4, 1 and Appendtx 1) ‘On incrementing thc bias voltage
the new values of y.uand v at the contact becgme . .
_,"Fp=$/’~4'-“5w._ Ca=wes, V_='¥»°'+;$\}‘,A | R ‘(_Az.4)
’ Whete W" . uo,. andlﬁ“"de;tbte"the bout\dary _valﬁeé COncsportding 10 the'pr'ev'ious bias point and |

L 8v. &4 and o carry thei mcn:mcnt in apphed voltagc at the contact The terms &4 and év tumn out,

o 10 be zc10 since n and p at thc cpntact are mdependcnt of the apphcd vohagc (&x 8p 0).

L meansmg Pomons oquauon (A2 1) amund w" and thc conunu:ty equanons (A22), (A2 3)



81 -
around w0 aﬁd v° mspecuvcly (usmg the proccdurc shown in Appcndxx 1), leads to the
following systcm’ |
div (e grad ) = qu® 8y V, + 1] expl¥PIVy) + g [BwV, - 1] exp(—21Y) ~aN
. 5 S . ~N

div (48, B, expWIV) grad ul = g -0 N

div [- gD, B, e)'tp(—_-w"/V‘)grad)"]é—q(uov‘? —,"gz.)/’?b; o | (A2S)

‘ thr; yP, u°, and V° are solutions obtained previously under boundary conditions §#; 1°, And

. System (A2.5) is comprised of three ﬁn;gr equations and'a_rc to be solved succcssivciy undcf

boundary conditions ¥, 4, and ¥. The resulting solulions serve as tria]‘valucs for the solution of
“the subsequent blas pomt Smce thc numencal valucs of most coefficients i in system (A2 5) are - -
known aprzon the overall c@mputatwna] rcqulrcmcms with thxs appro#ch are cxpectcd tobe

less L'%’l that of the guessmg procedure that is currently cmployed



