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ABSTRACT

This research presents a magnetotransistor for 3-axis magnetic field
measurement based on CMOS technology. The device was developed to be
consuming low energy while being able to detect magnetic field in 3 directions in a
single device. The mechanism of this device is based on carrier recombination-deflection
effect causing the difference in base and collector currents (Alqg). The structure of this
device consists of one emitter, four collectors and four bases. Both emitter and collector
are p-type semiconductor, whereas base and substrate are n-type semiconductor. The
operating principle of the magnetotransistor is based on the force acting upon carriers
traveling from emitter to collector and base terminals as a result of magnetic field
induction. The changing current of the device during detect magnetic field in 3
directions can be described in single and merge mode. The device was designed and
fabricated using CMOS technology to have small emitter width, 4 separate carrier
injection current sides and possible integration with integrated circuits. The experiments
were performed in single and merge modes, at emitter bias 10mA in By, By, B, directions.
The result shows the sensitivity of device in range of 1-3%/T in single and merge mode.
The magnetotransistor can be applied within a system which incorporate proximity

sensors and magnetic field encoding scheme in order to achieve higher level of security.
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Jagiudaseivgansiesinuninsideimunieyssgnaldanuluiiusiieegaseliies
U gUnsalnTI9TULEs aUnsalnsTUAUINWIWEN Y18 nsiunlATIasaLaznIsingy
= o @ '3 [y} 1 < =2 I3 = a a 14 & o o
etudugunsalnsiaduauuwimanindudnunuimvesdslsefivgansnaini
a a 6 ~ o o a o [ ~3 6 (Y] 1 < 1
faUseRvgansnaiihndnyssenaldlugunsainTiaduauiuwivan wu lales,
NIUTANes, weawn 189 lagaunsalmaitienfunannisusngnisalgeadiunisesuie
ANUANTUETEMI U TERmELaz AU IIWwEn Tulwasvsiudawmesiduy
dasgRvgansneinhiiunumuasgnihinldednininwnadesaniilassadsvundn,

3

doyausuniueminniian, anunsaltnuiviesnulawagaiusauszendldanusiggla
“annangy [1-3]
Tulwainsudawmesiiiiunyssgnddugunsainsrsduauaudinanondnwuuin
wunlans1uTames aunsanvaladu 2 wis Ao wundlansudamesanvseaa Uty
WUIRAY (Vertical - magnetotransistor)  kagkunillansudaimesiniveiaasunluuuiueu
(lateral ~magnetotransistor) = lagunAuailassaswesuniilansiudanes Usenauie
ADALARLABDTADIV, DUMMDINTIVILALTAUAADIUT AIIVTUAUNLLUNANINLDIFELTIAD
sudnspiiunve Mlvmvsilsauuiaanulidaunaveinssuanoataninoivisans A
WANFNTEAINNTELAA D ALA AL DS TNABI NI AL LS A UA LML U UEUILWIA N LAY
NsELaN1sNUaNawes nalnlumsiinAnuunndsseninIzLaneaaAmesavIuegiv

a ) = aa & P a ~
N9 0L ULYDININE WAL IR SINISAAN Ve dlmmes  [1-8] 1Asas19undved wunille -
NITUTALNDSNTIVTUAUNLLULAAALUIAI LA DIFEAIINLANAIITENINNTELAADALARALN DTN
409 (Alo) nalnlunsfinAnuuanA1TEnINnsELanaamAnasvaaustiun1sesuy
UYRINYE (carrier  deflection) LLazﬂizLLamsﬁmmﬂmsmam@La‘m (modulation current
.. . i 1% a = a I3 (% 1 [ Y a
injection) [1-8] wAlasea31e Undves uuniilansiudamesasiaduauinudivanlaliie siie
wwIRs, Nstuludangsenuazivunaiilue [1-3]
FusuinerdnusatulilevinnisAnewariaunlaseas19aawundlansudamasuin

A ~ = P = a s A vy a a

PIULLPRDUTNNULUIUDY  ANEIATIEST 9vaswunTlansudawmes wWislidussansainwnig
aduawwimanluaudienis By, By, B, lewaunsalilfigawuaninsensiadu

1 < v Y & v a = J L4 [y 1 3 Y P =
ﬁU’]QJLLNL‘Viaﬂ‘l@@’JHQ‘UﬂimLWEJ\W]’JLﬂEJ’J"lNLLG]ﬂG]'NQ‘UﬂiEUG]TH‘UUﬁU’]@JLLiJL‘ViaﬂVI’JbLﬂ‘VIﬂWEJGLUN



gUnsalausalumsasatuausuivinauiions Snisgunsaiuunilansudamesild

waruidesas winilansudawesldmaluladfuealunsesnuuuiasnssuiunsadis

dmsunseesintunsesiudellle Tassaaszneudie nilsisinnes, daneaannes
Lazddaiua nalnnisvihauendenisanveluafismedmunisasiaduaunausiudniiold
ARAULANANNTENINNTLLAABALAALADS WaTLUE (Alcg) NAlNIUNISIAAMLLANAITENIN
ﬂizLLaﬂaaLamma%LLazwaSﬁuagﬁumnﬁmwumaawmz ( carrier deflection) waznalnnve
fism (recombination) lulua asnsansraduaunuudvanly Tuanufiemng, Svwndn,
nslusaiivngauiumsUszgndldnunazannsaUszgndldauldvainvats ased 1.1

nsilSeuiisunuauifgunsainsasduauuuimvanilasiasnanige

M19199 1.1 nswlSeuiisunuaudfvesgunsalnsiaduauiuutimianyinmag

Magnetic sensors HALL Diode Transistor  Squid GMR
Sensitivity [Til] 1V/AT 1-5 1-10 100 5%
Magnetic field range (gauss) 10-10° - 10-10° ~ 1010’ 10°-10° = 107-10°
Supply current or voltage 1mA 1-5V 1-10mA 5v 1-5mA
Hysteresis (%FS ) 1 1 1 1 -
Operating Temperature (°C) -20-120 0-120  -20-120  >100 -
Linearity (%FS) 1 1 1 - -
Paper reference (1, 3] [1,3] (113 [1,3] [1,3]

wnawe %FS Ao Ainswisuulasiainagsaalumsinfadudasivud

dwsunuidelusfaifinsiawigUnsalpsadvaunanimanatanunile
NUTaeENaIn  waeulul a.a. 1986 w99 RS, Popovic uay Rolf Widmer [7]
o = a o ~ a 5w aa a ¢ °
Mnsfinwieaiy  wnilansudamesmemaluladfuea Insigrnalnn1svinauves
gunsaimsilesunmamve ( Carrier Deflection) waznalnnsvuanis@amvediinmes
(Modulation Current Injection) w@as1ulut a.A. 1990 Lj. Ristic, M.T. Done Waz M.
Paranjape dausuwunilansudamesmemalulagfues 3 luasouanunsonsiadu
awnuudmdnlalufienununaziunaiuilmihvesgunsel a1150a7970 AN
AULLUWANAIE 0-300 mT fA1NSROUAUDS dUWIwan 45%/T [4] wanulul a.a.
1997 w83 Agnes Nagy Waz Hector Trujillo Chiang tiausuunilansiudanesnaiunse
o 1 <3 a ygj s = o
asrvdvanuianlaluaufianiy By, By, B, lngldtiroalanmesuaziuadiendenis
Wesuwresnvy laarnulilunisnsaduauuidvan  2.5%/T [5] waulud a.f. 2005
983 RD. Tikonov duaue uunilansu@amesnidivagnasndduts  well #9135y

awuwiwanlunilafienwuuiuiandvesgunsal gunsalgnassludeinnulilunis



AsvduawINwimangadiA1 2000 %/T [9] naawlul a.A. 2009 vos R.D. Tikonov kazAn
thiausuunillansudamesfifimsnsaduaususimdnvilsfions feransllunsmsedu
auuwdnguasiiiusstusemeniishdationndn  1mv [10] doldumsnd wesulud
A.A. 2010 84 R.D. Tikonov uagansy Wiawewunillansudamessiadu -#-8u laenaln
N3MUYeIgUNTIlaNNNTaAUNUYSINGNITAIAILLANANNURINT ST I L

(Magnetoconcentration effect) yiligunsaifirnanulifiasy [11] wag naa3delul

A
saa v

A.fA. 2013 999 V.V. Amelichev wazAue YaUslASIa@s19hunilans 1usainasnag?

=

AeaaAmasaINYd Tauagnasidlute well vilidiananulilunisnsasduauiuudvangad

Y

A1 100%/T aunsauszyndldnulaegramainrae

1.2 ANIUNILAE TNQUITEHIAVDINIUTY

1. Anwwannisusingmsalseadlunisesuieanuduiusseninasegunvsiasaiy
VUL AU LILNEN

2. ANWILaresnLUUTURBUNSEUILNISES 1LUNTIANS U dIm o SemAluladTuaa

3. @nwinisinasddaseasiawarnalnnisyinaeunilans1udanaslun1sn s uauny
- -
WaLAAN

4. AnwlASIES19aENISYINIIUaUn TN LT MO SANLYT I UNNTATIDTUANLLY-
AN lua I uNNANI

5. Awserauaudinnuduiussevinanssualnihuazussiuliihvesunillonsuda-
&
LABS

6.  ANWIPINFURUSURINTELANITINUBEAW DS, AUNUILUUALN LU AANKAZ AN
WHNAIVRINTEWA LN

7. Anwiaanyhlunisasndvaniuudivanvesuundlansiudamneas

1.3 #uyAgIun1sAnen

1. wunillansudawmesansansaduauiuuiivanuwinwaziuiueulalagefoa
WANAITENINNTLLAADALAAMDILALLUE (Alcg) ﬂﬁlﬂ‘lumnﬁmmmmemasﬁuasﬁu

madosunvosmve (Carrier deflection) uaznszuaiiiosnnnissausalvsiaemmey
(Carrier recombination)

2. wunilavsudawesauviasnsanmuiiieldnunisnsatuauuwivanluaudie-

N9AD By, By 1% B, lag@1AuANuLaNA19sEnINensEaualasaoaannes (Aleg)

3. wnilansudamesdmsunisnTaduaudilana U RANIENNNTNBNLUULAY



as1alameawmalulad@uea nalnn1syueIAANNEURUSYBIAIIUNUILUUEUNLLL -

WianAUANULANASYBINTERalin SyinanvETisInda (Carrier recombination) Tu
wadunszuaasazmmsidosuudunszuanoaannes (Aleg) nalnlunisiinaiy
LLmnﬁwqﬁuagﬁUﬂWiLﬁaqLuusuaqwmz (Carrier deflection)

4. anubhlunisesiaduauuudvdnveswunilansudamesdanudusiusfuaumn-
wHUFNLMANLAaLATELENN T OUBRnneS

5. winiflamsudamesdmiunismseduauimdnaufians awnse  Waunileuszgnd

Tdlunussuueulaendeioutuenaniugnsida  -Uavesgunsalsinele

1.4 vngeusauwulnufanldlunuidy

o

Tulwarsnsudamesidudsuseivgansnainhniiunuiminnigawazgninuldanu

& &

Aalevannuany nsldussleriannlassasnslulnaisnnudamesiieUssendluaunsal

]
[

asrsvanuulmdniadudnniiunumvemsudanes dduinerdnusatudfnwuund
TansuBawes fanusassaduauiuuivan 1aluasfianisie By, B, uaz B, Ingende
WS9ABLTUTN TN UNINLI T INAAINULA NG9 TEI NN TLLE LUALAYNTELE ADALAALADS NS
PoNkUUKAENITUIUNSHanR NSl AumaluladTuea nalnnsvihuendenisdanvely
aRamafiaianisindeuilidusuusasmssansanisemangiiielfanunsansiadu
aunuudwanlaluauiirmaaslidnnsldnssualusadinmesiitesamsaduiuamai

saa 1

Lvesgunsalndiangedu

1.5 UaULAVBINITANLEUIIUIRY

1. Anwlassadwunilavsudamesdmsunisnsaduauinuilwdnluaufiams

Anwauinugiunalansinusessnilaniuianes
AnwinszuIunsinasmsinuvswndlansdanes

nseaniuukazasensEInAukuuaUnsalkunillanuianes
yhmsfnwuazeenuuUTuneunsTUIUNMIaUnsaidemeluladTuon
ihnsiananuaudisessouaznseia-usaiulnihvesgunsal

ynsiaranisnevaussauuwivanluaufienie By, By Wy B,

©® N o kRN

nsnwantianesueng 9 vesgunsaliunillansudanes



1.6 IUNDUVBINITANY

1. ausewawuundlanudamesianunsansiaivaununndnldaufioni

2. @WNI00RNkUUNIEUILNMINARLaEKAnaUNTalkInTlans1uTan s

3. AUNAATIEIAUAURUSAMUMUILUUALNLLULAN, AULANAISENINNTLA
walaznsruanealanwasuarannuhlunsnsiaduauuusivan

4. aunsaieseranTianuduldsdunasamasstavasunidlansudamasie

Tnaffonliineninusudafuunsneg museasdondiil

unil 1 unth iunsnanfeseiiurestiym dngusvasd auufgiu Fumeuntsine
vadingninusatuil iovhaudlanwsnitmunveineiing

undl 2 Mquikagvdnms  nami ndnnsiugusIngnisisead uazeinves
gunsalngTuAUINLIWAN W aunsalgead, wunille3Tawmes, wunilalaloauwaziunile
nsn@awed  swvnalnmsiowresniianswBamesie nalnnnidesuuves
nszualnihuaznalnvauasnsEanIsanmnme davneussenefnuaniRfuguresgunal
ATIIVAUILUNLAEN

Uil 3 NSPBNKULRAZNITLINANTAS | na1adls nMsesnuuuLLnilansLTanes
dmSun1snIaduatulvanluaufang Uiia1aﬁaﬁaiﬂﬁaa%’wwaaqﬂmaﬂmmﬁgﬂﬁifumau
N1909NLUUNIZINAULUY a%ma%umaumawému,mﬂﬁimmm%ama%ama%aaugsaﬁ

il 4 maneaeaarilATIgine nanil AuauTRsessevey nilavsuianed
LARINANNTVIAADILUUREY (Single mode) wagmsvaaBwUUT (Merge mode) Tunis
ATIRduaLLlWanfian1e By, B, way B, msneasuUisuliisuaimulilunisnsiadu
AUNLLILEN TN 19979

unfl 5 agunanIdeuazdeiausuuy 1unsagunanisneaesdildannund 4 Taeth
mamsmaaqﬁwmmaqﬂLﬁaiﬁmaﬂ']'ﬁnﬂaaqﬁlﬁtﬁmﬂam%’ﬂLauﬁusmwﬁﬁalﬁuauuz

WenUANetnusaTuilaae
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NOYALALNANNT

2.1 Usmngmsalgead (HALL Effect)

Tuns@inwgunsalnsanduawuwivansialassaineunsalseadtuaiunsoesue

N3YNUIINNsAN¥IUTINgNIsalgaaddsainsaiiatsanannszualniiluaniuurisansis

v o

i wagliawuwimdniyusainiuiienianisinaveanseua ililiusmelsudiiavulu
favinsRniuiianvenszia  wasfirnaveautmman Usingnisalilgnisendt Using

nsalgeas

& &

¢ N o a A& v A v a
nsnaaesUsIngnsalseaadunstudusufandulUldineiusiiavenmvedsey

A a

(charge carrier) Nt@oetin A Binaseu wavlaa Ndegastluansiaiil naann1snaaes
l

1599UYI IEIU15079 kaEANUINAINISTWBS Na1AIe9a5NEL e edsdn luA UM

o

a

a ¢ 14 ! % o o a A o ) 1 (Y 1 ' o aa
WITNULADT DU ‘lﬂ LNEISNIMIUITUAN A9UN 2.1 UWIUW’JH‘ULL%@Q’%]’]EJLLi\?ﬂUV]Nﬂ']ﬂ’J’]JJ

U

Aefng V- Taavl virlimAeaurusyunszea (current density) J Ivaluiid +x  uagl

auudmanAfiaauuuiy (flux density) B. dianugnsneiaitluiia +z

Bz

}

o'\

Vi ¢ |
77

1

A
\ 4

/

Ix

UM 2.1 MaveaesUsingnisalgeaatuansisinuiwliai (3]

lagudunvednunnuaziiaussglniiduuindieladsudvsnaanaunlniily

Aenng +x Aeflusensyyhselaa vlileaimdeufisnenudininy (drift velocity) v, lu



enne +x tagdiefawuwivan B, dndulufidfwainiunssiaaziiniinssasisudnszii
Alaanig MNENNTT

F, =evxB (2.1)

loedl F, o ussasisudiivuniu

X z

|F|=F, =ev,.B (2.2)

lnafl efo AUszguasBianasau, v, A AuLSINsIIveIN e was B, Ao AIUWUILLY

| < a
FUNHLUNRAANANI Z

wazdnenisluuny -y aswilsanfoulidetuuniuny —y uagayauagNuI e U

U o ¥ 1% =

YDILVNEITAIAIUT AIURTIVIY  (AIUNRIVDILIIETN

v o

faith ) Aaiuszglvlihaufiedu
= % Y oo v v Ao 2y I o g va
\Wesnnlganesnumihiidiuauning luvasisunadidiuuvedleatesnivhliiin
awulihagly £, Tue +y - awnuliihlassumunisiedeunvesleatagnnseyinaig
wstaaLsudlunnvauna dleaannsamdeunasiilluiin  +y louansdusseesud  (F)

wazusannawulniiniely (eB, ) dawidusanslalag

ek, =dr=cv B, (2.3)
1N EN=7R . Bf (2.4)
J. =pev,
» J,
NI v, =—"
pe

wnuen v, asluaunis (2.4) azla

fatiuazle



=—=R, (2.5)

Ing R, Ao duUsz@vduesgead (Hall coefficient)

.
= 9 a £ ¢

SUN 2.2 wassANuaunUsSseiedulsyanseeaanuusununisieuluansnesiun

Y

& =% o o a

FanpurlindunsudadulasuLlasarsnaitadaiduaisnediiivdoeu G9ainnsn

£ s 1

wansliiiualunstiussausiaunsalirduusednsoeadniiingsls unlpadiuunnudiay
Lidenldlunslavszaumdmiugunsalnsaduauuwiviniiewinnisiiuauees

9 a £ 13 I3 v o saly va ) a £ 3 44 v
duuszandoeadazilunaliusiuseadiladranas Ineadulssdnsaeadanunsaidonlle

J = al LY A a 23 = o o
"\]’]ﬂﬂ’]iﬂ’]‘LDZL!SZN?\]83Jﬂ'3'11lﬁllWL!ﬁﬂ“U‘Uill'mJﬂWﬁiﬂﬂiuaﬁiﬂﬂ(ﬂ?u’T [3]

Ry L H.oxI0®
p-type 1 n-type
‘/\ AP
o L T
0.04 al l 1300 n,
n—=
F-0.5x10%

=500 em?/Voll sec
G cm?/ Voit sec

- -1.0xI08 et (52 3

n, =1.6x10® cm™

F-1.5x108

N/

J‘—E.Oxlo’

5UN 2.2 enuduiussyindudseavaseadiuusinunisiavluansisinibunsuga [3]

INFUN 2.1 HeyNITIARTIRUTENINATUNEN LagAUnEIraeiea SNt deliseeening

winu w agla
Vy=E,w (2.6)

Tag V, AB LSIAUTDARA LIIAUTIRNATONIEMINAIUT 19U ILIIIEITNEFI1N

: I V v
Tagnsunua J, = — wag E, =L asluaunis (2.5) azla
w.d w



VH
= wd
. w.l.B,
130 R, = av, 1 2.7)
I.B. pe
I.B
v, =—02 (2.8)
ped
ANMURULUUYDILEE A
po 1B 29
el / /edVy
wazan weunulnd A
Rt/ Bl (2.10)
/ /&)
1 1
N e\
o ep.u,
satiuazla
1 1
ﬂp = = — H (21 1)
epp p

NEUNT (2.9), (2.10) uaz. (2.11) Wwinsneassusngnisalvesgeaayilianisam
AW NEAYUeIYINaITAstile AoAUrUIRLIBINIYY anwsunulni
J Y 1 a [ = [y aa = o o a @ [ (3
wazan naaesvesw vz laidusgien Tunussseafunsdifansneiusdndu Lsiiugead
(V) fiawnsstuiunsdlvesansisiiaiei As danduau uazldaduusydndvesooaa

R, uangnall

R, =—— (2.12)
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fatiulpenIsianseusead vlraunsavenviiauesasnditininduansyiandu
WUNANLA Hanauauawwenuly (Sensitivity) Ao LiIAUgDaaREUTIMIIINTELE LAY

auni1saaubianusananslaseaunisn (2.13)

g Vu _RyG_ G, (2.13)
1.B d p-e.

g7l G Ao W191dWaslATEs, d A ANRUITRIEISAIRIN e p AsUSIIUAIM

PUILUUDLHDUATTIAD

& 1 Qj' a ' N o s Yy
L‘VimWmmmhmgﬂ%umm%mLLuu%aQUizgumm LA NaNATADINATIU

wulutosq Beluninty WeRasanaunliniians Tuwisansisdau@sdunavesnissy

LNwesves £, uaz E Fsldlaiiammsslunmuuny +x usviygn @ duunu +x feguds

yu 6, Mineduilizunin “yusoaa” (Hall angle) Ing

9

i

tan6,, = ?’j
. ~ = v
Tasniswnum E, =% way J, =0.E, azla
p.e
2.8 eIl oB,
tand,, = —862
pe J. pe
%30 tanf, =—==pep,——=u B
p.e pe
i
pe H
azgle U, =0.Ry,

AFUUTZEYSV09908A LUNTANNNTUINITFUAUTDIN NS AULANTG R, 8I01TOLARAS

AuN1sANNFURUSLALAE

3
R, :?ERH =1.18R,, (2.14)
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oy tand = 3—7[;11,.32 = u,.B, 30 1, = tan 6, =3_ﬂﬂp
8 B, 8
Mg = gy =118, (2.15)

e u, Ao anmAuAaediigead (Hall mobility) uay u,, AeanmAuAaedfIgeadly
nsaRAITanMsTUiUTsIN Iz AULaniy  TunsalfRasuInIssuiuTeIN e iuaz Ao
&13130 (ionized impurity scattering) @snsamArdnUszavdseaslunsaiiansannisyuiu

fluresmvzivaznonasile R, Wanslansaunisi (2.16)

3157%
R,.=——R, =193R (2.16)
Hi 512 H H
315
LAY A :Tzﬂ,up =1.93u, (2.17)

108 11, ADANINAINARDIRITOARIUNTARINTUINISFUAUYDIN U AUOZADUATLAD

2.2 qﬂnsaﬁmw%’uauﬂmmmﬁn (Magnetic sensors)
2.2.1 gUnsaigaaa (HALL device)

aunsalseadlugunsalniadvauwivanipeedonguioead (Hall  Effect)
TnssaiagUnsalaeaduansdsgudl 2.3 Tneaanlassarauanigusisgunsalsoadiisusis
Auwdenfiudnuasdiiumuniion Tassadaszneude 4 daldnuie CC1, CC2, SC1 uaz
SC2 [3] Fausedusead (7,) Qﬂi@ﬁ%ﬁa SC1 way SC2 Insdimslusanszualihiida cct

way CC2 hsirugnaaaunsamlassaunisi (2.18)

—

UM 2.3 udnrnslassainsgunsalaead [3]
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R

G ,2.0,).B..1 (2.18)

[ s
v, = L
ww [
lagfl R, fio dudsedvagead, G Aemsfiweslaseaing, ¢ Aie AUvIvesUnsalsead,

B. Ao AnuvulUuauILimvan lufiAneiuafs, s Ao ANNINUItL UL SABULVIA

(SO), w fim AunevesaUnIaiuae [ AeAinuenivasgunsnlsead

s
a a

\HeannduuszavseeadlugUnsalansiwihinnsamginssuvesnnmedianaseu
warlea JslunsdlaunsnigeadnBianaseuannninlea (n>>p) ANUNTONAAIANNITHSITUTDRS

[

Tanatl

b

V,=—"GB.I (2.19)

qnt

Ine? 7, Ao W15EWaFN13A92LA4 (Scattering parameter)

NAUNTTN ( 2.18) uaz (2.19) wanslmiuimnsiweslasiasne. G azdianudunus

AULSIPUTOAA MENNISITMO5EASIASIN G A11150USZUNURIANNISA (2.20)

G:[l—exp(—Ei O )}.{l—g.i. Ou } (2.20)
V4

2 w tané, w tand,

lngluniseanuuugunsalseadazimunlian G =1 Fwisiweslassasnswindunisla
f109nuUUM [/w = 3188 s/w <1 LAginUauaIt I ulgesAULNALBRNWUUNSE Y

/2 [1]

Tutagdugunsalseadanunsanusla Ae gunsalseaduwinuazwuIueu [1-3] laggun
2.4 uayguN 2.5 uanwinuuularAnusuasgUnIaiseaduwifwwilndy  Tngadisuugiuses
wiafl waradeenszuIunassiiugIuvetlulnals nszud waoui seningadianingn 1

cl' LY L3 LY ! S a I a s
wag 2 YziusiugeadgninseninetiBianinge 3 uaz 4 anumuliuBianaseuYTELIN
15 18 -3 = Y aa y = aa

10710 cm’ wagdAnurududinidea 5 - 10 um lngieanuuudfiveunanyssuiu
200 x 200 um anmanudumulninvesiudianunsaanaslalagld 35nsdelsuseq (ion

implantation) Fawnedailinlivuinvedirugunsalgeasinuadiaueld (3]
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B

(2777777277777 o
3 4
] %

2
Sy

UM 2.4 Iassaanuuuvesgunsalseaduuifa [3]

Hall contacts

W i Lo | P
‘ n-epilayer \

(110) p-substrate

sUN 2.5 Inseainernuinvinswesaunsalgaaduuing [3]

aunsalsoadildinnsraduaunuudmanuusmusaunsaUssgndldiiensiadu

A Y a i ¢ ¢ Y] = PN =1
ﬁu’]llLLﬂJLﬁaﬂLLu’gu@uvLéﬂmﬁlLiﬂﬂ?qa‘UﬂimaaaaLLu’Ju@u LLa@Q@QEUW 2.6 Iﬂﬁmiﬁi@aﬁqﬂu@ﬂ

Y

o

nnldioduiugruizasedufisuiman lneiuiivesdidninsneonuuuludmasuina
2 . Y} ' = )
A 100 x 100 pm” Areabilunsesiaduauinwivinussana 41 V/AT Tnefisziu
@ -5 i
dyeIusuniu 1x10° T/VAZ N 40 Hz [3]
gunInlgoadvliaunAasiuILeuaNNTaasNlAlaensEUIUNNTATIe CMOS 19U
¢ 3 aa < a ! < ¥ = [y LY
gunsalsoadaudfvuulniAwiwanaialaly  welulad sedu 2 um  @nsansiadu
1 < PR, a @ [ = =
awnuudwanlevsauiiania 8, B, B,) lngnisinerdunisiesuuveanmeluyuideiuy
Angqanunsadinansluruduanwivanly defvesgunsalseadifelituaiees
funamnUsgana 100 A ilisiananullunisasaduaunuuimvinasdszanas 500 - 1,000

V/AT wailvawde Ao JANENTNANUAGRINAN [3]
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-
L

n' buried layer

p-isolation

(n)

R ]

p p A p p n’ emitter diffusion

n" buried layer

p-substrate

(@)

JUN 2.6 Tnseasvgunsalaeadiuinau (n) MuLU Uag (1) MARATIN [3]

AudulRvesgUnsalsaadvesrimulhlunisnsraduauiuuiwan ( Sensitivity) 10y
WdmesndAgievsuanyseaninmvesgunsalseadaunsamialaeaanuliduysal
(Absolute * sensitivity) waz AAI1lIENINS ( Relative sensitivity) ArAuladuysalves

gunsalgeadansamilalagaunisn 2.21

Vi
B

VA

S, =|-2.C (2.21)

1989V, Aausesusead, B Ao Auvruikiuauuwilvian wag C A Woulunisyiau wu

gaunnd, ANNA way nszualuda

dmsugunsniseadmanulindanuduiusiunssuanazainnulininnudunusiu
wssnulvidudsiaulunsfine Tneaanulindanuduiusiunszua (currentrelated

sensitivity) YvasgUnsalanunsanilalag
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. V,=S,IB (2.22)

P ) ¢ s i N -1_-1
I@EJ‘VI | AR ﬂsgLLaanasUaQQﬂﬂimaaaa nuUvN S A VA T aqmqiﬂLLa@QaNﬂqﬁlmﬂﬂ
S, =G, |R,|/t (2.23)

Tunsainsusaadudnnsudned19uin aunsarANduRussnIeAIaulnas

<3

duUsezanslalae

i =Gy (2.24)
gnt

Tae?l G, Ao M9 dmaslasasg, 7, ADUNAWTEOAAURIWINEEIUNIN, 1 D AN
WuTuraIdianasaulugoadinan way Ao ANUNUIVDINEY

= =

ApUlndiaudmusiunseualiTuiuTanva L Nan A ry = 1 Uumplinfleds
1Y ! ' = QLMY - 11 =
an Al S 5erdne 50 89 500 VA T dreubigsdgn S A S, = 3100 VA T &9
v [y 1 11 -2 1 1 1 Ao ] @
donpaesiuAn Ny = 2x10  cm’ eguuANEiIkILIEIUsE g e liadTlutuudaii
¢ 13 1l 1 < a & a
vosgunsnlgeanvsliiinamnzinnuudusimeluvesdszanmeiog Uuiuilasnavas

auulniAsesmeranulhndamuduRus fuwsas Ul wanalalaeaunish (2.25)

(%)

S, =24 =‘ V., =8, V.B, (2.25)

7

a

A 1 d‘ ] i ot 1y o w 2 o o aa | £
Tne9l nigueg Sy AR AoOLNFaNs WT =T) dnsuasnesndanuliusansas lneay

9 Y

@@ (2.26)

G, (2.26)

w
SV = ,LlH7

087 py, Aedn1nAuAaesiigaaduasn ngadIuinn w/l iWudnsidruanuninauasaing

Y1IVDUNANFUNASUNURT LAy Gy ADNISIIMDINVUNUIATIFS 198 9uS 9P UgDaE
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] A v v sw 9 2 1 o o =% o o aa
ﬂ'WJ’eNﬂ'J’]ﬁJ‘l'JWNﬂ'NiJﬁNWUSﬂULLi\‘Iﬂu‘lWﬂ']ﬂ@ Sy = 0.07T @M uaIsnNIeIUILanDY, Sy =
-1 o o d‘ s (3 -1 o U a d‘ s & 1 é’
02T dwmsunnadeuaisiolun Lay Sy=3T dmsudunenesivlua mm’mbgmumu

nsanasluALeIvesgUnsal

2.2.2 wunilln3@anas (Magnetoresistor)

gunsalnseduauuuimanlassairsvesausunulwihdadonuunidlsidanes
afeUTIngN1saluuniile3Taunud (magnetoresistance effect) lunsnsiaduawiuusivén
Fuduusngmssifienuiumuyesanssiauhazivdsundauiieldsudvinasn
aumusiivan dadunaunainussasisudnssiiunmesidadug o vilvinnziedeudily
sropmafifintuusalinudumunniu sunsedeuiidenuunldlngaunsi (2.27)

wagAMaUaguLUaspuduuiinnyudetuy 6 mladaaunisi (2.28)

0=tan"'(u.B.) (2.27)
R(@)=R,(1+tan* ) - R(B.)=R,(1+ K, .1°.B) (2.28)

lagn K, dufiudnsdingosuuininandsluaauafinaniiniiuninewnnnionauena

Tngunfnasuunillnsgawmesauisanvalauansvilnfe seadnanwuuruny

(parallel Hall plates) waglhuunau (caibino disc) é’fﬂLLamgﬂﬁ 2.7 [3] I@aﬁgﬂﬁ 2.7 (n)
wanslassassuunilnsfamosooadinaniuuruuddilnsiad1ass nouseauE unud
Sesroiuduwnurun. Insnsinulunisassduaunuuimanusnaniuaunsalseadfe
Tugunsaiuunilsidamesliodunninturoussiuseadusorfunssaoisudnssshiy
Uszammeshlianmsivasuuaseseusumulilih suil 2.7 (1) uanslassaiisuundle
Wamouuunavdaiulassaiifiussiuseadliiannsafatulalneauiusdmananunsad
szwignhliiAansasnuuenseudlnivinliifansdsuulaswesmud il

o wenantauiumuniUasuwlasastuivaninaungoiiveiandnmelaggunsal

'
o =

a9 nddnsuazianmanuadedseaun Fdasuniuaigunsaluunileigawmesaziden

a1sUszneuniiAaninauadesingalunisase
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JUN 2.7 Tnseainveannille3ganes (n) wuuawin uag (v) wuuenay [3]

2.2.3 uuniilalalan (Magnetodiode)

~ & I3 Aao gy & v % Y 1 ¢
wunTdlnlalonfegeaamannialldnuasstinasiassastsnarenululnans lalen
[y 1 @ [ d' wa [ =
ATRdvaLuwimanlaefenisiUdsuUasnaantinssua -usenuliii anunsasen

£

Usingmiaiilunsiidndda Magnetodiode effect Uingnsaifignéumulng Stafeev 1ud
1958 [1] Magnetodiode effect 1fulsngnisaifiantuneugfufeusingmsniseaduay
Usingnsaifiintiufisessereslalonanunsouisléifudonsdiie
uunillalalondudsunanissaudaluld (Magnetodiode with volume recombination)
Dunsdidulassads pin diode fmuemives quasi intrinsic Tesninszeznsunsves
Wy Li<Ln %39 Li<Lp Tnet Li AoAuenuestuduniudn, Ln #o Sv88nSunsuemve
Bidnnseu uaz Lp e szznsunsvemivislea luvaeilalonldsunswiuludaludramii
szgﬂamlﬂﬁ%’ju intrinsic wazn1ssausluiiity intrinsic [1] U7 2.8 wansALvLILLY
vosnszualniilulalon Tuvasdilsifaumusivaniiemavenszualnindudunssisgud
2.8 (n) LLazgﬂﬁ 2.8 (3) uansmsdinrnuvesaumulmandunalibidnaseunasleatndoud

dl a 1 s
L°UENLU‘UVL‘UUiL’JmﬂWUEZJ@UU‘U‘UE)\TQ‘Uﬂim
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Li

1Tt

&

—~
-
N

(%)

JUN 2.8 fiemanszualiihveswunillalalenfuusunanissusialu (n) ldfiawuwsivén

= 1 @ LY} 1
LAy (V) dauUULLvanaaNIu 1]

NaRnauIuklmaNITaleufsunasainlalenssazdu (Short diede) Julaloniis
szezIensond (longer diode) awmwimanyiilinszualiivesgunsalanas Uil 2.9
wansnaaNURnszua -wssru v iwaziflawuuivansdaniu nszuavetalonana

I~ 1 @ e = 1Y = ~ 1 £% A & Ao
VNI AUINUIMANANH LD INTEAUNM IRAN VETTRAAIAZAANAUN NG R UNTY

a a a A 1 < v a = 1 o 1%
DUNIULN LLﬁ]ﬁLuﬂim%ﬁu’]iﬂLLNmaﬂﬂﬁ‘U‘Wﬂ‘V]’NLL@Jﬂiﬂﬁ]lfﬂi’e]ﬂlﬂﬁ']ﬂ’15@1@]3’3@0’3911@ [1]

| A

JUN 2.9 AavaudinTsua-ussiulnihveswunillalalenduusinanisyiudilng [1]

wuniflalalonfunssauslusidiiuio (Magnetodiode with surface recombination)
ofelaseEdns pin diode AiflAusmdudursudntesninszasmsunsvesnme lneiinng
Fidh S1 ey 52 lesestumnuuansnswessandalusifinuisluiunseiusnunwes
sevsiuansssgURl 2.10 () warguel 2.10 (1) uansaaianliAnszu a-ussiulvihvesuuniln

lolanmmeedeunidosuulusiudilmiiiuinseduas 52 nssualnihanas usdwve

v [
= L2 I

wdeudsauulusudlvaninuiiseaum S1 nszualnihgudsiuwunillalalonanunse

A9V AULLUNAN U AN 9NN TIT LAY [1]
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Li
: » A
S1 . B=0
V p’ P N 51 ®
| 1
52 / B@®
B >
& Y

(n) ()

Y
1

5U# 2.10 nalnveawunillalaleafumssiumilmaininuis (n) lasai1eves pin diode

waz(v) AnANURNTTwaE-wseulni [1]

JUN 2.11 (1) wandlassaseuunilalalen SOS (Silicon-On-Sapphire) fewnalulad
299557 NM3AS1eseEsa - Silicon-Sapphire. 1umsasisnalnnissiumlmiszavaus deudy
¥4 SOS wunillalalen 1wy N15a519 SFALO, aindulaenluusSInR, Aaulalunig

[y 1 < 1 (N~ a ¥ e‘dy [ a & o v &
n3dvawuimanAaslidudadunaveUnsalvuivgamgiidudidsy. [3] Aug1ureenis
Tdlassadnunnilalalonaunsaas 9lalaenszuIun1sas 19NUgILNITTI 1Y CMOS hand
[y a o a’l’ P [ 16 a saM Yo v v v A 1A =3
Aagu 2.11 (v) lassastmilouiululnarsmiu@amesnlasuludadeundunsossie -1au

[ [ o aAa 2 = 1 =3 a o t%
natetlugnsnisnudnimiives - SOS  wunillalalen auiuwivaniuifinlinssua
Wesuulvanaeataanes aslunsziansaanmesivasullanialssnunsesmnalua -

dmwesinnTu [3]

[Pl N-si

[N

ALOs (SAPPHIRE) (n)

v/ \P ]

® LN

l ‘ Depletion layer
c

(@)

Ui 2.11 Tassadrsvesuuniilalalenassviin (n) SOS wag (W) CMOS [3]
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2.2.4 Jawnsiakendasu (MAGFET)

lassassueanlawentinsuAsgUnsalteamlnulATIas 190 NUUUTTIATUADY
VEoEUTMARIAIUT 2,12 nalnnisasinduauiuiinane densisunlamenssud

& P .1 J [y 1 ® v =
WATUYNADILUDIINNLIIADLTUY [1-3] mmml’ﬂumimw%aumLmeaﬂmammsw (2.29)

sUN 2.12 lassairveweanviauendansuy [1]

(2.29)

loef 1, Aenseudnsusauiaun, I, =1, +1,, way Al, Aensidsuuniasnszuainsu

A 1 [
WBNFUNULULREN B

JUN 213 (n) uanslaezunsulassaaeamnyiauontansudlvuanisianume
nszualuda JUn 2.13 (v) uansgunsnigeaanillyuanisvitnunisuseiuluda lassasaes

wnlauwenvamsuiianutineuwaaiiouliaUnsalaetsinniinanusiuiu s vasiudyy o

9 Y

¢ s Wyl v = o ¢ A 1 %
LOMUNURIRUNTUIUN. 2.13 (V) IMNUAIIVRSARIMgUATaIgUN  2.13 (n) Al :7H1®
AN (2.30)
I, 1 w

~Ha 7 Gl B L (2.30)

A[:—H:
boo2

87 w1, ARENINANUAADIIITINIETUTRIMILAUNIZLE, G ADNITIHNOINNLATIASNY

Y83gUNI0l
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\ s Vgray

.
() v @ @)

JUN 2.13 (n) laseasueauinvdauendauasulunisludanseualiih uay (1) gunsallunis

Mauiisinauuanaisesssuliinsead [1]

Waunsi (2.30) wnuluaunisin (2.29) launmsaanulwesgunsaluaninfe

1 L
SI :E‘UC}' WGH (231)

AatuAaubigegavesgUnsaluuninasaun1si (2.32)

L
Sl(mwc) v, 037luch (W '_)OC) (232)

2.3 wunidlansudamas (Magnetotransistor)

winilemsudanosilugunsainmsfvauuwiméniiendelassaiswadulngs
nsudames uaznalnnsviny lumsnsaduaumusimdn Tasefonisivasundases
nszuanealanne Muifetisusafiesunenalnmsiuiundlevnsudamesgnieslae
Suhl waz Shockley 1ud 1949 qunsedislud 1950 Brown Mivhmsasmadnsvenensewa

o A

YOINTIUTALNDIAITANNALMULEULLIEN  Melngailis  way Rediker  vn15ideiive
I3 v a ¢ & ¢ Y | < by, ' & Aaa ¢

aUsranAnIslinsudamesilugunsalnsaduaunuudivdn (1] dawsituayneaunsafiun

Tulassasrandimnuvainvaievadlulnarsnsudamaslunisnsiaduaunukiivan

(MagBJTs) Armnulalunisasiaduauiuiimviananusamlalagaunisi (2.33)

(2.33)

laedl 1. Aonszuanoalannas kag Al Aon1sUasullauainszianaalannosuneil

1 < % 1
AUULILLANAANIY B
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Al =1.(B)~1.(0) (2.34)

mmmlﬂumsmné’uamuLL;J'mé‘ﬂsuaqLLmﬁImmm%mma%Qﬂﬁmmmauﬁqﬂm}ﬁ’u

.q' I 72 = 1 -1 1 'y} I <@
enunsamseumqueglug 107 fwnnnd1 10 T arpnulalumsnsaaduawiuusivingn
YyNYDDNANUNA bNNITVNTUNTLATIFS9NANN VA8V IMUNTIANTUTALH BSNTUNUNAVDS
ANULANAN LABLyasanaIUTINgNIsalseadtiunuImunsniunanisvinsuedlulnens
NINUTALNDI ALY IANANAVDIAULANANE NALNNITVNUNT IAAANATDIAULANAG]
3 NalnAEiuA

LY

1. wansidosuuveinsyualiin (The current deflection effect) ﬁdawé’ﬂmsﬁmﬁy
yhlrAnnamiieutugUnsalfifisnnnuenaouuyaien

2. #aveINITUAN1AAWINE (The injection modulation) LLiqﬁuaaaéQﬂﬁﬂﬁﬁﬁﬂu
ehuwavesunilamsudamesiivinisuonquandeusiiuss i B3innosuay
LU ﬁﬂﬁ/’uﬂaiﬂﬂéj’lﬁlﬁu carrier injection

3, WavesrILLARAIieseInsesRe (The magnetodiode effect) nalnifinduitlalen
fifisesredlinmesuazivavemsudanesifuduvilweunilalalon

Unngnrsaliithlugananuhivesnssuansaianings

wunfilvsudanes  annsoudeliiiu 2 e fe wundlansuBamesivnrzindouily
LIRS (vertical magnetotransistor) wazwunilansudamesinveindouiiluwnuou-
(lateral magnetotransistor) n1aduawNwivanlngeIfendnn1sUTINGNI1Sals0ad wstas
isugnsEyfuNvEy T ARA LN ANSTERIINS T uARDalaAWMesEes NalnlunnsiAn
mmLmﬂ@miw*hqmmaﬂaaLamma%ﬁgﬂam (ale) Gﬁuagﬁumﬂﬁaawmmwwz (carrier

deflection) Wy ﬂizLLamiaﬂmﬂmiuam@La% (modulation current injection) [1-8]

2.3.1 wunUlaNs U0 vianseua aLulIng

SU 214 wandassanauunilamsndanesimmeindouiinnuuuifs  (Vertical
magnetotransistor) lagadsannszuiunsassiugiuvesiulngns Tassadasenouse

yswdamesyin npn aesfrtetudiedinmesiiuuaziuadon f5uils ( buried layer) agld
druiua eoalammessAeIa s NerRNaTderin n' WelilienwasAnTatmualiid

9977938119 TUEle (buried layer) isaas [1-3]
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n E n
==l

oo n-epilayer Cln—

P-substrate

UM 2.14 madnvndasiadivesunillaniudawesyianseualvawuins [1]

wmya'aumﬂgﬂfmmﬂ@ﬁmma%&hudauLualﬂﬁq%’juﬁﬁsuamaaLamma% NILUABUYN
Huassdrulnousagaiuarludeduils ( Buried layer) vides sniediliflaunuusvdndaniu
ﬂizLLﬁﬂ@ﬁLﬁﬁL@@%ﬂg\iﬁ@ﬂL‘I/i’]ﬁuaﬁﬁuﬁﬂﬂzaM@a I =1.,=1,12 loef I, fouasiu
nsvudnoalamAD Iy RlTauILmaNdarY widlaRauuwivdndariulufiama
Fannfunsruareatamnes ustaaisudnsshiunmeluuar inseuansalanmeseiie@ns
iu'au@aLﬁmmmLmn@i'mzwmmzLLaﬂaaLamma%ﬂy’qam Al =1, =1, ANULANAN

SEMINNTLLAADALAAMDINIEDIV A LAEUN1SN (2.35)

Al =G.p (LIW,)I.,.B (2.35)

1 a

lne?l L Aoszuzszninddameinuasaanaas, W, Ao Auniedinees wey G Ao

S=|AI.11.,B| (2.36)

WLEUNST (2.36) adluaunis (2.37) avla

S=Gu (LIW,) (2.37)

Tuanzunfvaziliiauuuimdndmaiuaiuisanianuh lun1sn vauILLIman e s

AN (2.38) wag (2.39)
S,= |0V./0B|s,=R:'0l./0B|,, (2.38)

S=V'|0V./0B|, =10l /0B, (2.39)
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ArmuhlunisnsieduawuwimianvesgUnsalilfidnUszana 0.03/T - 0.05/T Feazilen

Indifsaiugunsalnmaduawinwiviniassasisueawln (MAGFET)

2.3.2 wUNUIANSUTanasvansehalManIuLuIUDU

Tassadlaeiiluveasnilamsudamesuinnszudlanauuiuey (Lateral
magnetotransistor) uanafaguil - 2.15 lnsmsvhaumnzaziedeuiinnndinmosluis
AoalaAmeiTLENAUsgaDseg saINAslnBaITan TR SUAULILIMARTUTIAYaLAY
ofEAILANASTTIINSLARDaEAmesTRdeY  (AL)  nalilunmisiinAiuuaneis
iesanmsidsuuvesng  (carrier  deflection) wag Aszuan1sanaInnsuengan
(modulation current injection) gunsainsaaduawinuivaniassasisuunillansudanes
WUU pnp innszudlianuluIneuUsEnoume dllawmes E, dosmsalanmes C1, C2 uag

@997 udnaULYA B1, B2 [1-8]

5UN 2.15 lassasiswannillansuiamesyianssualvanunuiusy (3]

wunilamsudamesiieddnmesuazivaludaludrm wmediunn (majority
carriers) 91n8dinmaignandilvluvatualudsneamanes audlnihluvathisnmegly
maidoufinniudludsreaamaeiilinszuaneaeanosifutudlelifauuuimdng
sy LTI IETiRealaAme STvAR UMY nSzuanoaLanmeTTIAes
winfu ( AL =0 ) fufeeglunzaugauansisgud 2.16 (n) uiiledlauuusimansinriuly
fiensaaniunszualily sl Aaussaoisudensevhiutszgnve vildwmedutosly
wadsnuuaILuTessTn e finoaanme faesliviniy Ranuuansig
sgrhanszuaReaaAaTeans (AL, = 0) fufonsudsunUasnamzaunaduliauna

LARIFagUT 2.16 (1)
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(n) (¥)

5UN 2.16 Havastssmalsudiinsgyiiunve (lga ) (n) B, = Ouag (v) B, >0

AUUANANITNINNITUAADAEANDT Lo, A [, saunns 2.39 wzaziy
NATIUVDY [y WA IC2ﬁaﬂizLLaﬂaaLaﬂL@@%ﬁiﬂﬁium’azﬂﬂﬁﬁmm Fraunsi (2.41) d
aun1sfl (2.42) wanaferuduiussening AT, fumuvuuiuauuwingn §9 A7 uUs
AuAIUAMNTLIWEUINWIMANLazATEuaBinmes anulilunisnsiaduauuwimvaniuy

duivsuagiuvanysallanslanaaunisn (2.43) - (2.44)

Al =1 -1, (2.40)
PR\ L (2.41)
Al =K, (u, +u,).B, 1y, (2.42)

F9 4 Ay AoA1AuAaaIf (Mobility) Uesdldnnsaulasleaa
H, M, Y

K, \Jueasinfianuduiusiuguisinsasvesiigunsel

A (2.43)
1,AB,

A (2.40)
ABZ

= A ' ! A A c{' ' [
%9 1, ADURANRIENTELERIILAE AB, ABN1SIUABULUAURIFUNLLLILAGAN

2.3.3 naknNISUgUUVDINTERE TN

Usngnisadnisildsundasnszualiinduisnsdmsuunngnisalsead n1s
WaguwUastinalnnsilssuuvesnszualniih (Current Deflection Mechanism) Usingiu

munsintuvesauuinigead UN 217 wandlassaiawunillansudawmesves Flynn
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Wulpssadsnuuenmeatanmed (split-collector magnetotrnsistor) aunuwsiranfnniuly
fememaaniuguiuinenadunalinszuangndaandlnmesiinnsiudsuias vili

AnAuliaunaseninenssianaaannasvae [1-3]

N" emitter
P base a
B®
depleted n substrate
|1
N collectorl N’ collector?

JUN 2.17 laseasnnadnvinswedunillansu@anasivukenaoaianines [1]

sUil 218 Hulasaimsidameiiuuusneoaaamestiabu -8y vuiug
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JUT 4.11 maneuauesaunuulmianiianig B, lunsiauuuduies (Single mode) vos

wunilansudamesiinszuadinmes (n) 1 mA, () 5mA, (A) 10mA wa (3) 40mA
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=

JUN 4.12 LLamUsmgmaaﬂmnﬁmwuwmz( carrier  deflection) Tun1sms393U
AuULmAniAng B, %qmim?‘%auﬁﬁmLuusuaawmzﬁmauauaﬂmqﬂs]%u'ﬂ%’mu Imag‘dﬁ

4.12(n) AAl¥9u E-B1-C1 wviadeuiifienis x dadufiemaieifunszualuiin 1y, was
ey fiirmadeanniu aunuwivan firmng B, vihlMiinussastsugnseinunvelufianig y
JunaliAanisindeuiifssuuvesmugylifnnuuanmesswinenssuaud Bl uaz
nszuamalannas Cl (Al # 0) gﬂ‘ﬁ 4.12(%) MAl¥u E-B2-C2 winzindoudilufiemns —y
Faduiieamaiensunsaualnlii o, uas |, Sfamdsannfuauuudmdn B, vildiAnusae
wugnseyhtunvelufianig x Quxali Alg = 0 gﬂﬁ 4.12() #1491y E-B3-C3 vy
waouiluianie —x Fadufiamafionfunsendlifia o way s, NsEaRILvesEuIILLnEn
Fdsandienns B, slmAnussaoisudnseyvnfunmeludiavte -y usald Al 2 0
WULRY gﬂﬁ 4.12(3) fidhlden E-Ba-Ca wmwpdeudluiiane y daduiimmadeatu
nszudliil s, wae le, AEvadsanniu aususivenfiemng B, yliinusweoisudnszsiniu
wmglufians x Wunalmdensedouiidonuuvesmivesilmanauunnaneszning

NITWALUE B4 Laznsvudnoaiantnas C4 (Al 2 0)

\ . Q@ B3 | 1

|- 3

(@) ! (1)

UM 4.12 maedeunideauuvasnve (ga) lunismavauesauiuudivdniiania B,

(n) E-B1-C1, (v) E-B2-C2 () E-B3-C23 uaz (3) E-B4-C4



67

4.3.6 aanullun1sasiaduaunustivianiianig B,
A15197 4.3 wansenanuhlunsnsiaduaunuudwdn  Aanie B, vewuniile
NIIUTANDSTNNTEUANITYINIUBNAADS ¢ = 1, 5, 10 Az 40 mA lpetUSeuiieunvlldauy
vouunillansudawes lnef nszuadinwmes tmA awnsavinlyiaiauls gauluyneiald

NUAD 2.6, 1.93, 3 uag 2.13 %/T ﬁ%’s E-B1-C1, E-B2-C2, E-B3-C4, E-B4-C4 puasu

A15199 4.3 MsiSeuiisuaanulilunisnevaussaunulsiwianAidnig B,

maublunsasaduauuuavan %/T
NIzUadlAAes (MA) Hrvosunilansulanes
E-B1-C1 E-B2-C2 E-B3-C3 E-B4-C4
1 2.6 1.93 3 2.13
5 1.04 0.84 1.2 0.69
10 2.36 1.2 1.4 1.8
40 1.15 0.95 0.85 1

4.4 NIARUAUBIAUNISIMANIUUIN  (Merge Mode)

4.4.1 NMsARUAUBIEUINULIANTIANIS By WAz By NINseuadinnasaAnfngs

JUT 4.13 UanInan 13MnaeINIInauAUBIaUINLIANTUAAYNG By U8IN1SVIAABILUY
53(Merge Mode) Tunismaassivnuildnuresunillansudamesvinsdesisuniun
Dldnuiedmiunsiaunieauiu imseasiutidinwesgnlusalutminvediu
Tnglusfismeslea)inisimdeuntiuaiamanadunseualiirludfanaduiendu n1s
1 a [ U d' A el' 1 1 1 3 3 1

YAADIIULAEINULUUALASIADLUR UL UAIANAINU AU UUALULIAENAILA  0-300 mT
YINNSLUBANNTLWEDRMMDS 5, 10 kAT 40MABAL IAAIIULANAIISENINENTELALUANUNTE WA
ABALAALMDS (Alcg) TULAALTIVBILUNTIANTIUTALN DT AIAIUNIULAEAITABNTIAVBITILUE
wazaeaaawesndildnulunalinasiuvenszuauawanszuanoaaanasluwnas 1aly

a0 :{" 1 a" v aa 6 d‘ 1 @ a"
NuilAmildEveInTEualudadtawes JUN 4.13 LanmaN1InauANRIaUNILIWANT
NTeALUDADNMMBS 5 mA 1a8lutINITIANIELAAINULANANTEMININTLLALUALAZ NS LA
ADALAALABS LY ULAEINUNNTIALUUAAAYD ABIALNUTUAIUNITHNNTUYDIANUNUIUU

AUNULILMANTINTZUALDWINY  Alcg, TUNTIANT B2 uay €2 wwdeaiunszuiaionsing
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Al luN13307I97 B4 way C4 d@dun1sionsewaomng Aleg, 4oy Aleg 103530 B1-C1

uay B3-C3 nszuaevinmlifinisiuasuuiaanunsiiuduuesmnuiuiuaunuwivin

T T =7 T T T

T T Lo T
-300 -200 -100 0 100 200 300

Magnetic field density (mT)

JUN 4.13 N3nEUALOIANTNWIMENTIANI By Tun133nkuUTI (Merge mode) a1

LUNTLHNIIUTELNDINNTZWEDTALADS 5 MA

NUANTVNGBITUT 4.13 UAAINANITNBUALBIALNLLIWAN TEN19 By Uay B veduunile
NIUTARDT UM IVINTULUUTI (Merge mode) uagnaapalsguliieura1vinmi 13ldau
| av 1 1 CEIRATL]T o a Yo [ v v
a9 Tunnzuadlutiauuudivandanuiunilanudaneslasunisluda Tugeni

(Forward Bias) #11195am 03 wivizamun (1ea) 1naoun luadien11anddswas iuudlua

¥
Y

TIpeaaAwes C waztllud B Aauansgu 4.13 lnanseuadlnnesgnuuaduddiuniunis
dll d‘ g’l 6 g."/ Vo a 1 U o 1%

WasuNvRIIY Tinealanmes C Lay 9a1Ud B lAsuUSunamvgving i vinlunse e
ADALAALIDS |c WAYASTLALE |g Wiy liAnAnuuANANTENINeNsTLdABALaANES LAY
NITUALUANIADY (Aleg = 0) NITha@MNMvatNlansu@awesiinnuwiiuluananig
= N ¢ d' ¢ ~

\eeanniseeniuufianinsvasgunsal - JUN 4.15  uansusingnisainisiesuunive
(carrier deflection) anunsaiasizilaannginssuvedlea (hole) TFadunmzdiuuiniuy
dllsmasinunneUunfndeudly 89An19Ae x, -x, y Way -y 9nsdnnesil inoaianines
wazdawvavaany Wellauuuswanuulsinaiu luirne By vinliiaussasisudlufirnig z

o‘agll o o d‘ 4:1' 4:1' U a = LY
way —z lmeussasisudilnsgsiiulea  vinlilgawmaeuinilosuulidiiianafeiiuisee -

sud TunisneasawuuTIINsReUaUasELuLianAnTunSau g Mulunntaldanu
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B2 c2 2
m » X
lcs ‘i S ls1
I
— E =
lgs T ley
3 = | e
ALl
ca | gg|
[
IC4 |Bll

JUN 4.14 fiamansimdeunivedleavaeiifiauuudvdndan

& a [ al « e a ‘:ig o L4 a z-s'
L39ARLIUENANI —2 nIgviiunvendounlufiavie —y 193 E-B2-C2 vinlymvigindioud
N < v a U ' a
Jesvuldlugiuses Wunalinmelsananissaudnunveaiuanlugiuses Biannsow)
NS RAATIANEUNINAIINTELAADALAALADST LARAIINWANANTENTNNSTIALUATY
NIELERDAAALAGS Alcg # 0 WWUREIRUN ElARounluiane y 9197 E-B4-C4 duu-

! ® o 1 a o [ a a 2 a a
wiwandnsuluiemensniunseualiifoussastsudluiianie z wmvsiedounilesuy
B4 A3

avauUsnRmivesgUnsaldunalinuuAN AU IN ST N wag Ca

aa v

Lﬂ§SULLUaQﬁGLLa@ﬂ1ugUﬁ 4.15(%) Tunsdifith E-B1-C1 uay E-B3-C3  fisvnevosnszuad
Aanafeiuemevesaunuwilindn nsenaakagnseLansatanmasiaviniull
AOUAUBIFUNLLUMEAN é’fﬂLLam‘Luguﬁ 4.15(n) gﬂﬁ 4.16 MSHAKIUEUNILLIWANTFNIS By
LERINSAOUAUBNTIN F-B2-C2 uay F-84-C4 Tnefinisindouiluiirmansedny fidaldau £
B2-C2 yzipdewudinianis -y iunaliiAamsiedeuiidosuiluiitnmivesgunsal Samss
Frfuiialdny E-Ba-Ca finvetndeudinema y W'rvwLﬁmmim?iauﬁ'Lﬁ'mmuiuﬁgmaq

C1 .1 F
[

—
% 1

M

Ficz)

N-Substrate |

(n)

—— e 0\
L(]

nH'rmrlYumn ———

seufunseuniua

Tovavaiiie umwmm\lu

MsLaRBOIAAPADT

N-Substrate

(@)

JUN 4.15 nsiedeunivesnivglunsneuauesaunLulvianianig By (n) awuuwsivin

Aamadeaiunseualnin (1) auidisiwanfianig By
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ca E c2
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c4 .;_@ B Eao— |2
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TF 4 ) 5 iﬁm

Lz)
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nMsuARBRaPIRE Tmeruudneeulug
B, seaflunszusiua N-Substrate

Tonaensipoasmeoiidu

JUN 4.16 nMsindeuiveanvzlunIsnouauDIEUNWIWENTIAN1Y By

gﬂﬁ 4.17(n)<(1)  LaRINANIINAABINIRBVALBIEULLMWAN UMY By uag By
WUV (Merge mode) FnsvnassdasulasmnnunuutuEunaulmandos  0-300
mT ¥nsludadinszuadinees 10 uaz 40mA N5 InRILLANASENINTELAUARY
nszidnealanmes (Aleg) Tuirazirvenilansudame Hnsmeasaguientuns

7NAADILUULRE

0.06

-A

0.04 4 {-a_

0.02

(mA)

(mA)

0.00 < IR ——
0 ——a—8—8—8

8

Q 3 o]
0.010 T T T T T T -0.06 T T T T T T
300 =200 100 0 100 200 300 300 200 100 0 100 200 300
Magnetic field density (mT) Magnetic field density.(mT)
(n) ()
§ y . a o
5UT 4.17 n1smauauasauINulnanfianig By uay By lun1siauuusiu (Merge mode)

YosLuNTlAnIIUTameIINsZuadlatnesAInIeg (1) 10 MmA uaz (1) 40 mA
4.4.2 A1a41 N39S UEUINLHVANTAANIS By AT By

a15197 4.4 wansrmullunmsnTaduauuwivan fidvng By waz By veuunile
NIUTANSTINTTUAN S NUBTMADS I = 5MA, 10 mA waz 40 mA Tasfinssuadiinmes
aomA anansavilsianenabgslunnadaldonie 1 way 0.8 %/T fith E-B2-C2 Tufiemns B,
WA By AWEeU nldeu E-BA-Ca Ay 1.2 way 1.4 %/T wuieadu finsvua
Tudadfimmes 10mA fmanuliivesluyis 0.9-1.2 %/T nMsndudirnisvesauiuusivant
finasemaullunseseduauuwivan uweziinavesnsdsunlaiuesnuunnsg

FEMINNTTUALDINNLNEIDE 1R
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A15199 4.4 msiSeuiisuaanulilunisnevauesauNLsianAEnIg By Lag By

ArAullunsnTIaduaLLLIWAN %/T (Sy, Sy
NIzLaddnmas (MA) Frwowunilansudanes
E-B1-C1 E-B2-C2 E-B3-C3 E-B4-C4
5 - 1.31,1.21 - 1.16, 1.37
10 - 0.77, 0.96 - 0.8, 1.12
40 - 1, 0.8 - 1.2,1.4

4.4.3 nsnevaUBsduINutvianiiAnig By uaz B,y AinszuadiininasAniee

P 1 < a o
JUN 4.18  uanaRanITVnaaInIsnavauasdullvdntuiienie By wag By N3
N2V UMUAIAIAMUMUILUNAUNULIANGLA  0-300 mT  vhnsludannszua
2mmas 5, 10 WAy 40 mMA WAYIAAINNLANANNTENINGNTERALUANUNTLLEABALAALMDS

(Al Tuwdazdnvaaiandlansudawes
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S -2,
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J-wA ;

A‘,— (mA)

0.02 o

0.04 o4

-0.06

“ Magr"vet\( field density (mT) :
(A)
UM 4.18 N1snauaUDIALINLIAANTIANIY By uaz By Tun153nwuusin (Merge mode)

YaUNElANIIUTANDINNTTLaERRAMBS (1) 5 MA, (1) 10mA kag (A) 40mA
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g‘dﬁ 4.19 wanausINgNITRINIg \wdouTsauumve (carrier deflection) Tagn1iz
Unfdoudiludiiamnsde x, x, y lay -y ndlamesiu Frnvalanmesias aatdsy
auumdnuusnenulufienia B, vlfAnusaeisudlufienis z uay -z lnouseaeLsudil
nsgyinulea Iuﬂ'ﬁmamLstaumsmauaumammmmﬁmﬁ@%um%@uG]ﬁ’uimqﬂ%”"ﬂ%’mu
LstaeLsURAne —z nssvAunmeTiedeuiluiienne x 92 E-BL-C1 vhilknnzindeud
Deauullugiuses Wunalinmelaaiansnusdumngdmannlugiuses Giinasew)
yhliinszuaaisngaiuinnninszuaneaanmes ARALANASTETNsELAUATY
NSTuARRALAnMBS Al % 0 Wuiefunmeiedouilufienie x An E-B3-C3 aunu-
wimdndarulufirmadsannfunseudliiiuiauseesudluiinms z wimsindouiitsuuy
avauudnafnihvesguasaidunaliauuaniswesnssuaiita B4 war C4 fianns
WasuuUasiauanduguil 4.19() lunsdifids E-B2-C2 way E-BA-C4 fiamsvesnseuad]
A aiefufirmeuesauudivan nssuauakagnseLansaanmasiaviniulal
MOUALBIAULLIEN ﬁﬂLLamﬂugUﬁ 4.19(n) MIARENUYBIERINLIIAN TUTFN1anT e
a1 By unaldnn s aeuinvefitaldny E-B1-C1 iAamsiadouidsauulufiermn savas
fiinihuosgunsaiilsinszuaneniannaigsiunssiuiunssuauaiionas dmsuns
Aeuimmeiitaldy E-83-C3 leawndouiidsnvulunudiudidnasenlugiusowilv

ﬂﬁ%LLﬂLUﬁ’sﬂﬂﬂ’hﬂi%LLaﬂaaLﬂﬂm@%

- = 3 E Gl
4 E c2 L3
. * [ b (i - d
B, | | | | Lot L,
L 2 | | . § Thrasr ~ W' — - 4 — — A
% I (o] =" v ) o [
‘ ke 63 —0 ¢ ELT e o | X | C3\ O h—E E g Y- )]
1 F LSS K ‘ Fis
z) i
'y v
Torseninatorwoiidu n
iy Inave iy idarseulig v
+ MR AAPSIOMPTT B
\ ((‘ ) Bv ToaunTsusiva
f-sibstiate’| haatd N-Substrate
() ()
E C1
[ ] L 4
| |
| s | | [
T
TF »
- @
ToavasiuBidnesenlug
sonfuns e BV
pa N-Substrate

(m)
UM 4.19 nsiedauiivesnmvglunisneuauasauuulnaniianig By uaz By
(n) aunukaludnimmanedtunsesaliin () auunsludniidnig By way

(M) @UNLLUANARNNS By
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4.4.4 AraulilunisnsiaduauinutimvaniiAnig By waz B,y

#5199 4.5 wansAnandhlun1sasaduauundindn fiemng By way B, vaauwuniile
NIIUTANDSTNNTEUANITYINIUBNAADS | = 5 MA, 10 mA Uaz 40 mA lnefinszuadinnes
40mA anansavilirmanubigslunnauildanufe 1.84 uay 1.8 %/T 197 E-B1-C1 TuiiAnia

By W% By ANUAIRU 197 E-B3-C3 fAiniuly 1.8 uay 2 %/T Wwudeanu

A15199 4.5 nsiUSeuisuaandhlunisneuauasEuNLwaNTANIg By wag By

Arpuhlunsnsiafuauuawan %/T (Sy, Sy)

NTeWEDNRALMBS (MA) YIVDILUNRLANTUTELH DT

EE1¢1 E-B2-C2 E-B3-C3 E-B4-C4
5 1.45, 1.29 1.26, 1.49 -
10 98.70. /8 1.2,0.96 -
40 1.84, 1.62 18,2 -

4.4.5 ANSABUAUDIEUNNLIMANTANIS B, uag B, inseuadinnasansnge

SUT 4.20-4.21 LanIKaNISNAaBINIsRoUALasauLLduanlufiFAnIe B, uay B 9

U

N1997a L UASULUAIATAIUNUILUUALINLUAANAIWE . 0-300 mT Manshusannszua

Bllemas 5, 10 Lay 40 mALALIAAINNLANANNTERINNTTLALLAN UNSELdRBalaAnes ( Alg)

Tunsaztavesundlansiudanas

/== A

-0.004 o

0.006 -
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Magnetic field density (mT)

(n)

T T
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- A
=

| A
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_(mA)

Al

T T
300

T
200

T v T T ™
100 0 100

Magnetic field density (mT)

)

T T T
200 300

3U7 4.20 NIMBUALBIAUINLLIMANTANS B, Lay B lunmsiauuusid (Merge mode)

YDIUNTLANI LT AN DTNN T WEDLMMDST (N) 5 MA kag (1) 10mA
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008 J —.—f\\‘_l

0.06 - J-* 4,
0.04 J +A\“
002 J-w A,

0.00

o -0.02 4

Al (mA)

0.04 4

0.06 4

0.08 4

T T T T T T
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Magnetic field density (mT)

JUT 4.21 NMInaUALDIEUINWIWANTIANG B, uaz B, Tunsianuusin (Merge mode)
YDIUNTLANIUTANDITNN T WEDNRLNDT 40 MA

=

gﬂ‘vi 4.22(n) LLamUﬂﬂgmifﬁmilﬁmwuwmz ( carrier deflection) @u1503ATIEN
Ifannnginssuvedleathole) dufunmedminnludfinweslnenieUnfndouiily afiamng
f9 x, %, y way -y Mnddnmesiuinreaannesiaziavaisdf uiidefauuulmdnuun
Fasiuluiirmg B, Mliianussaaisudluiiams x, x, v uay -y Inoussaeisudinssyiniu
Toa vilileardeuiidesuuludeiiemaieatuusaeisud lunngildnu nsmeassiuy
sumInovauesauiiaiviniatundonfulundildon nalnnisedeuiifoanuumes
wgitllsaavaufinoaanmesinnnidavahlinszuansvuansaianasgininnssua
roalamwaintldon laefltn E81-C1 nssudliiufntufionis  x vilvinweiedeud
Doauuluiienie y alden £-82-C2 aszudliinindufians —y vhldnisiedsuiidesuy
Antuluiienng x daldfen £-83-C3 nszudlsiinAntufients - shldmsedeudidoauy
Aatufiams -y wadaldanu E-84-Ca nssudlnitiisdudienis y vinldmsindeuiidoauy
AnTudimms  —x gﬂﬁ 4.22) wame Usingnisainmideauuwive - lunsevaues

auumaniene By mvnfoudiide sunlufiranssinudeanisasauvesnvie Adaua

gantareaanwastungUaldiu Wunalinszuavalinngainiinszuaneaiannes

B2 c2 2 B2 2

F I_‘EQE'-Zﬁ § E glE 3— F F = % E §\ 755:5@ F
I 2OC 000
83 a " B3 c1
| G0
7 {1
‘ 8.“" 4448
ca” | e c | s
.
(n ()

JUN 4.22 fievnenisiedeuiivesnmvglunisneuaussauuuilngn (n) B, uaz (v) B
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4.4.6 Araullun1snsIuaRINLIWANAANIS B, wag B,

mM3197 4.6 wansiranullunsnsaduanuwivgn fievna B, uay B, veausnille
NUBAResTInsELaNYUBinmes I = 5 mA, 10 mA 4z 40 mA Areulaase
Sunalldlunndildnuessnlansudanes finszuanisvieudiomes  doma g
arailafigdlutg 2-2.83%/T it E-B1-C1 Tnefinszua 5 uag 10 mA Seanulilndifsatu

Tuta9 1.4-2.3 %/T

A15199 4.6 nsiUSeuisuatandlIlunisneualesEUINLLBAN AN B, Way B,

Areuhlunisesiasuauuwlingn %/T (S, S.)

N5eWaEDRAWBS (MA) YIVDIMUNTLANIUTALHDT

EH0. 18-, E-B2-C2 E-B3-C3 E-B4-C4
5 Dl 29 2. 16m22 | 2.43,2.32 2.32, 2.05
10 RNV 2,24 2.26, 2 1.46, 1.86
40 2,223 2.5,2.46 Y IEn Y ) 2.6,2.76

g‘d‘ﬁ 4.23 LLammamii’amizLLa%mﬂ‘]Gg'ﬁ%mu TnsidunaroinuunnmnesEning
mas’mnmmﬂaaLaﬂmaﬂmzmzLLﬁLuasuamﬂ%y’ﬂ%’mu wansnIsnovauadluiAnIs By, By
uay B, nan1snaassuanstigunsaluunilansndanesausoldauldinmsinunioudy
YoVl BN UL INNYTRIRUNIARAD . Alcgior) = ltiotm) - laitotal FIANINOUAUDY

voansmansatiteyaluussgndldnuuunilansudanaslusiusmsla

0.014 4

0012 |—@—g 4

0.010 o

0.008 o

3 0.006 o |

Al (mA)

0.004 o

0.002 o

0.000 = . .
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T T
200 250 300

Magnetic field density (mT)

UM 4.23 N1sneuaUDIEUNLILAANTIAN1A By By uay B, veauunilansiudawnes
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4.5 anududadu  (Linearity) vasuunilansnudainas

JUT 424 uansraandRenududaduresaunsaluundlansud@anaslunig

1 [ o a 1 1 1 1 ] 1
AOUAUBIEUINLILAAN YINNITHATIZAIUTIAINMUAUILUUAUILLIUANGIWA  0-300 mT
AY,

a

a3150ANIULGPNANNTT  Linearity = x100 (%FS) B391ANTMNTNATIZNFUT

MAX MIN Y
4.26 '1§A0 AY1=7.56x10", Yyux = 3.62x10° A% Yy = 2.66x10° msizaztulaaiaiiy

WWudsdurewunilansiudamasien 2.09 %FS

—.—3
|

0.003

Linear Fit of B .

AY1

0.001 4

0.000

T T T T T T T T T T
0 50 100 150 200 250 300

Magnetic field density (mT)

JUN 4.24 paandfrnududadulunsnevauesauiuuivin

4.6  nsuszgnaldusnilansudainas

aUNInINgIadY awnudmansiauundlansudamesannsaussendlda Tungu
Magnetic Safety Proximity Sensor Isﬁumuﬁ"lumimu@ummﬂa@mﬁameﬁﬁgﬂﬁ' 4.26
Imwﬁwﬁ%aﬂ Magnetic Safety Proximity Sensor AonTIvERUTEYZNISUA —?Jﬂﬁﬁmm
azldungaszAuiadums tnsslmswauniisdsludunsdhstausiman Magnetic
Encryption) naneilu Magnetic Encryption Proximity Sensor (MEPS) @15y MEPS fisyuu
anuvasafoiisnAndimnanauaniRdufamsansaseuszernsalnldifivsons

a U A o aa LY LY o ' =3
Wen Humensiumalulagntesiunissuniuainnieuen Jesiunisuiudinanann

1%
a o o

AYUBNUITUNIUNTATIFABUANULTIUTIAT Al MEPS imnginasaiugunsaliifesnis

[y Y

sruuAmNUaoniugs gty awnsainluldnulussuusnwanudasndielusening

a ! 1

ANSYUASAUANILAAT LTULNYT 199 1A3D9USEAU  AB Anee MEPS Tunssidnfisnawively

Y

dmsunisuudsduiiiiyan aunsalnsaduanuwimininuandfinsaduauniuwivan 3
S I

fevnanszaviuandunuaniivesgUnsallunsuszgndiduwugesinszezniafianunse

linuantfnensviatasidnsials lnewuwesinsseznslulagiulifinuaudinisaesini

9



77

Tngluszuudidunsaulmdnanududidfams x, v, z waslinunuiuiuauunddnunnaig
fusinnuigUnsal Faanansarvunswald 1wy (1000x, -500y, 1000z), (500x, 1000y,
500z) LJUAU FLAaYAURTNAILUSHARIAIANUNUILULALLILIENIUAANIS X, YWaY z
dyananewinnvesgunsaifidvunauandnetuluniazsiagnaensiaseszuudidnmsetind

waglusunsuisaaly inszaziusyuuvesgUnsainsinduauy wiwinfidnuau TRiignais -

¥ = L
ﬂiii\l‘lﬂfﬂﬂLLﬁSNﬂ’JWQJUﬂBﬂﬂﬁJQQ

(%)

JUN 4.25 dunuuuesinsseynsdmsunTiaaeuanuznsiUn-Unlaedsnisidnsia

wiiwidin (MEPS) (n) wunillensudamesiuussyiue @) windlansudanesluaneisns

wag (A) unnilansudawmeslunisussendldauinszeyng

JUN 4.27 wandlaazinsunisvinaurassEuunIasuananunMsaiUauaylnlnuendy
nsasuwUasdyniamed uunfilansudawes  sEUUUTENoUMBIEULR SAUNLLIIAGN,
lulasmoulnsames, GSM Module uagdruUssaana dedaaalugluuures SMS Ui

InsAnviiadeuiivesiinede

| 2
Sensor — Microcontroller | o

I

GSM Module

dnuilszinana

JUN 4.26 lpezunsumsieuvesaIssuananuensiUauazln



78

) I

JUN 4.28 uanansesuananiunisalilaiarUanusyglagyiiausiuiu gunsainsiadu

Y
[3

AWLIWAN dures gUnsalngiadu awuwivinUsznaumedesdiundne  wunille -
nuTamed wavaiuiiduwingnanis TuaneUawuwesddyaimezindsn 0 V uae
anmzivsegUneuwoidsdya i 15 Vv Tngldlwidoasueed 3V mswdsuuvas
Fyanamonsuensd 0 vie 5V Whludnwes A/D sesuasalilasoulnsamesaniud
lﬂﬁjdauﬂizmamaﬁmé’umi& GSM  Module Tunside ndsdyanas SMS  1luf
Imsé’wﬁmﬁauﬁmaqﬁﬁmwﬁa syuuldluides 220 Ve Insvdsannidaaindiaiosudiannga
faaumned KEY PAD vousdadld 5 vineiay Ul 4.28 wans SMS anlnsdwiiiadoudive

vanan UM siUauarUavesdsey

(n)

5UN 4.27 in3evenanusiUauaylnvesdseg (n) nsAnduaTesuananug uay

'
L0 a

(v) annurasdyINnLIelnIAnm



unil 5

A3UNANITIVLUATUBLEUBLUE

Tuuniinandsnmsastaidegunsainmatuanuusindnlasaiuunls
NIUTANDSIUNTATIVTUALNULUWEN aufidnisdie By, By wag B, %QL{JumsaqUwa naln
MsTULATRANIAEUALDsEuLLimEnvenilansuBawmes  Titldnusne naves
n3zuan1svudinmes navesnisiSeuiisumaulilunisnsaduauuudngn aguua
mi@]aUﬁanEU’]ﬂJLLliLMEdiﬂiu;J‘ULLUUﬂ’]i‘I/?’NWULLUUﬁ%LaEJ’JLLﬁ%LL‘U‘Ui’JlI NANISNAADY
AUENTUS ST IMINLANANBIN ST ARDaLaAN B SN STRALUATITIA LR LS TR
AU LAUILWLEN

1. wunilansudamesanuisaasmivaniuwindnldlaeondenalnnsdenuuiay
N5 ALV INIRETITAAAAIILLANAINT NI NNNTLRALUELAZ N L LEABALAAMDS (Alcg)

2. wunillansi@amesaiunsoosnwuusarasaldmemalulagnisndnduea dyauau
vaanaluladausnesnuuuAun N NnmasTUIAAALaYENTRE519T N U9RT T
solUls

3. wunilansudawesanuinsansiaduaunuudingn Tluaiuianisie By, B, wag B,

IS oA

fyaaufie ausanTradvawwivanaiamslaiisssiadenaslindsiulunisine
gunsaifitios

4. nyvaduuSsEnIanssud -ussuladihisesdaseinaud -aeaanmesiay
wa-Bdnmoseasuiidi fufswansfinnuainasvesgunsaiunflamnudanes

5. NIABUAUDIAUINLLLNANTIANIG By Lﬁﬂm‘iLUgﬁlmLUaﬂﬂﬁzLLﬁL@WﬁWV}ﬁ%’ﬂ%\ﬁu E-
B2-C2 uaw E-B4-C4 Tpwnisidosuuvemmveiifirnansstnudulufianie Z msnevauss
AUNULUMENTAANIS By LﬁﬁﬂﬂiLUﬁﬂULLﬂadﬂizLLaLaﬂﬁwmﬁ%aI%qﬁu E-B1-C1 way E-B3-C3
Tnensidsauuvesmve ifemssiusulufianie Z wuieastu

]
3 =

6. NSADUAUBIAUINLILUANTAANIS B, 1AAnsasuwUasnseuaeinmida gy E-

9

¥
v a v a

B1-Cl, E-B2-C2, E-B3-C3 waw E-B4-C4 lnonaloauutesnsifntuiadsuvenisd
Wngdliameslufianunuiuivtvesgunsal

7. sfisdurenssuansvnaudinmes le LansAIUSINaINSEnm Nz N Tinne s
datudunalinamveiidsavunntutufonnuuanisseinnssuanoaiaanes
wazua fieasiunay mafiuturesranumu A ukindnTnadeyunndesuues

W dunalin1AuLANAYINTT LA VINNAT T ULAE T



80

8. fiamsvesaumusimaniifiansnsaduiu Wukalirnssuauaagnzua
ADALAALIBSHANNUANAL LN TITY NTINANUFURUSYRIRNUUANFNNTEIELRINN Y
amnuvuauLvdniaududadunesanatRsanesdanatosnin 3%FS

9. maulilunmsnsaduauuuivdnuuuduing liuAsuuamunafisiuses
nszuadinmes Aaulifigainszuadinwed 1 uay 10mA lunsvaassuuudaLien uaz
Tumsvmasauuusiimasllumsmsedvauuusivingaiinszuadinmes  5mA uuni-
Tmsndawed annsavszandlilussuunmudasadeifiovsvonaniugsmada  Uauas

[

Uesiunisuaeuuasdyaineslseavisenaosussaiunniduayanigs



81

1ONE15919D9

R S Popovic. HALL Effect Devices. London: Institute of Physics Publishing.2004.
C.S. Roumenin. Solid State Magnetic Sensors: Elsevier. 1994.

J. W. Gardner. Microsensors. New York: John Wiley & Sons. 1994.

Ristic Lj., Doan M T. and Paranjape M. “2-D integrated magnetic field sensor in
CMOS technology,” Circuit Syst., 1989. pp. 701-704.

Nagy A. and Trujillo H. “3D magnetic-field sensor using only a pair of
terminals,” Sensors and Actuators., A58, 1997. pp. 137-140.

Smy T. and Ristic Lj. “Optimization of Magnetotransistor Structure in CMOS
Technology,” IEEE Trans. Magnetic. Dev., vol 28, no. 5, 1992. pp. 2024-2030.
Radivoje S., Popovic R S. and Widmer R., “Magnetotransistor in CMOS
Technology,” IEEE Trans. Electron. Dev., ED-33, no. 9, 1986. pp. 1334-1340.
Ristic Lj., Smy T. and Baltes H P., “A lateral magnetotransistor structure with
linear response to the magnetic field,” IEEE Trans. Electron. Dev., ED-36, 1989.
pp. 1076-1989.

Tikhonov R D., “Sensor on Bipolar Magnetotransistor with the Base in the well,”
Solid-State Electronic., vol 49, 2005. pp. 1302-1308.

Tikhonov R.D., Kozlov AV., Chernova, Yu.A. and Polomoshnov S.A.,“ Increase
sensitivity of the sensor based on bipolar magnetotransistor by minimization
initial output offset,” International Siberian Conference ., 2009. pp. 216-221
Tikhonov R.D., Kozlov A.V., Krasukov A.Yu., Polomoshnov, S.A. and Balashov
A.G.,“ Bipolar magnetotransistor sensitivity dependence on temperature , ”

Micro/Nanotechnologies and Electron Devices., 2009. pp. 151-153.

[12] Phetchakul T., Pengchan W. and Leepattarapongpan C., “Three Terminals

Magnetotransistor Sensing by Difference of Base and Collector Current,”
International Conference on Materials for Advance Technologies, 2005.
Leepattarapongpan C., Phetchakul T., Penpondee N., Pengpad P., Srihapat A.,
Jeamsaksiri W., Chaowicharat E., Hruanun C. and Poyai A., “The Low Power
Magnetotransistor Based on CMOS Technology.” IEEE Sensors Conference.,

2011. pp. 1-4.


https://secure-vpn.nectec.or.th/search/,DanaInfo=.aifgh1urvznJtqrsO48y+searchresult.jsp?searchWithin=p_Authors:.QT.Tikhonov,%20R.D..QT.&searchWithin=p_Author_Ids:37321404200&newsearch=true
https://secure-vpn.nectec.or.th/search/,DanaInfo=.aifgh1urvznJtqrsO48y+searchresult.jsp?searchWithin=p_Authors:.QT.Kozlov,%20A.V..QT.&searchWithin=p_Author_Ids:37304912000&newsearch=true
https://secure-vpn.nectec.or.th/search/,DanaInfo=.aifgh1urvznJtqrsO48y+searchresult.jsp?searchWithin=p_Authors:.QT.Chernova,%20Yu.A..QT.&searchWithin=p_Author_Ids:37321405200&newsearch=true
https://secure-vpn.nectec.or.th/search/,DanaInfo=.aifgh1urvznJtqrsO48y+searchresult.jsp?searchWithin=p_Authors:.QT.Polomoshnov,%20S.A..QT.&searchWithin=p_Author_Ids:37320629400&newsearch=true
https://secure-vpn.nectec.or.th/xpl/,DanaInfo=.aifgh1urvznJtqrsO48y+mostRecentIssue.jsp?punumber=4976856
https://secure-vpn.nectec.or.th/search/,DanaInfo=.aifgh1urvznJtqrsO48y+searchresult.jsp?searchWithin=p_Authors:.QT.Tikhonov,%20R.D..QT.&searchWithin=p_Author_Ids:37321404200&newsearch=true
https://secure-vpn.nectec.or.th/search/,DanaInfo=.aifgh1urvznJtqrsO48y+searchresult.jsp?searchWithin=p_Authors:.QT.Kozlov,%20A.V..QT.&searchWithin=p_Author_Ids:37304912000&newsearch=true
https://secure-vpn.nectec.or.th/search/,DanaInfo=.aifgh1urvznJtqrsO48y+searchresult.jsp?searchWithin=p_Authors:.QT.Krasukov,%20A.Yu..QT.&searchWithin=p_Author_Ids:37991685000&newsearch=true
https://secure-vpn.nectec.or.th/search/,DanaInfo=.aifgh1urvznJtqrsO48y+searchresult.jsp?searchWithin=p_Authors:.QT.Polomoshnov,%20S.A..QT.&searchWithin=p_Author_Ids:37320629400&newsearch=true
https://secure-vpn.nectec.or.th/xpl/,DanaInfo=.aifgh1urvznJtqrsO48y+articleDetails.jsp?tp=&arnumber=5257117&contentType=Journals+%26+Magazines&searchField%3DSearch_All%26queryText%3Dhall+magnetic+sensors
https://secure-vpn.nectec.or.th/xpl/,DanaInfo=.aifgh1urvznJtqrsO48y+articleDetails.jsp?tp=&arnumber=5257117&contentType=Journals+%26+Magazines&searchField%3DSearch_All%26queryText%3Dhall+magnetic+sensors

[25]

82

Leepattarapongpan C., Phetchakul T., Penpondee N., Pengpad P., Srihapat A.,
Jeamsaksiri W., Chaowicharat E., Hruanun C. and Poyai A., “The Magne-
totransistor for 2-axis Magnetic Field measurement Based on CMOS
Technology.” Proceeding of International Symposium on Integrated Circuit.,
2014. pp. 1-4.

Popovic R S., “The Vertical Hall-Effect Device,” IEEE Electron Devices Lett,,
EDL-5, 1984. pp.357-358.

Henry P. Baltes, “Integrated Semiconductor Magnetic Field Sensor,” IEEE Trans.
Electron Device., vol. 74, no. 8, 1986. pp. 315-317.

Trujillo H., Nagy A. and Cruz J.C., “Influence of topology on the response of
lateral magnetotransistor,” Sensors and Actuators., Ad5, 1994. pp. 179-182.
Nakamura T. and Maenaka K., “Integrated Magnetic Sensor,” Sensors and
Actuators A., vol.35, 1990. pp.21-23.

Nagy A. and Trujillo H., “Highly sensitive magnetotransistor with new topology,”
Sensors and Actuators., A65, 1998. pp. 97-100.

Ristic Lj., Baltes H P., Smy T. and Filanovsky I., “Suppressed Sidewall Injection
Magnetotransistor with focus Emitter Injection and Carrier Double Deflection,”
IEEE Electron Devices Lett., EDL-8, no. 9, 1987. pp.395-397.

Kordic S., “Integrated 3-D Magnetic Sensor Based on an n-p-n Transistor,” |IEEE
Electron Devices Lett., EDL-7, no. 3, 1986. pp. 196-198.

Jungmin Kim, Jinyi Lee, Jongwoo Jun, Minhhuy Le and Changhyun Cho,
“Integration of Hall and Giant Magnetoresistive Sensor Arrays for Real-Time 2-D
Visualization of Magnetic Field Vectors, ” IEEE Transactions on Magnetics.,
vol.48, issue.11, 2012. pp. 3708-3711.

Ripka P. and Janosek M.,“ Advances in Magnetic Field Sensors, ” IEEE Sensors

Journal,, vol.10, issue.6, 2010. pp. 1108-1116.

Young Jae Min, Chan Keun Kwon, Hoon-Ki Kim, Chulwoo Kim, Soo Won Kim,“ A
CMOS Magnetic Hall Sensor Using a Switched Biasing Amplifier , 7 IEEE Sensors
Journal, vol.12, issue.5, 2012. pp. 1195-1196.

Leepattarapongpan C., Phetchakul T., Penpondee N., Pengpad P., Chaowicharat
E., Hruanun C. and Poyai A., “Magnetotransistor Based on the Carrier
Recombination — Deflection Effect,” IEEE Sensors Journal., vol.10, no.2, 2010.

pp. 294-299.


https://secure-vpn.nectec.or.th/search/,DanaInfo=.aifgh1urvznJtqrsO48y+searchresult.jsp?searchWithin=p_Authors:.QT.Jungmin%20Kim.QT.&searchWithin=p_Author_Ids:37859679400&newsearch=true
https://secure-vpn.nectec.or.th/search/,DanaInfo=.aifgh1urvznJtqrsO48y+searchresult.jsp?searchWithin=p_Authors:.QT.Jinyi%20Lee.QT.&searchWithin=p_Author_Ids:37406253900&newsearch=true
https://secure-vpn.nectec.or.th/search/,DanaInfo=.aifgh1urvznJtqrsO48y+searchresult.jsp?searchWithin=p_Authors:.QT.Jongwoo%20Jun.QT.&searchWithin=p_Author_Ids:37392508300&newsearch=true
https://secure-vpn.nectec.or.th/search/,DanaInfo=.aifgh1urvznJtqrsO48y+searchresult.jsp?searchWithin=p_Authors:.QT.Minhhuy%20Le.QT.&searchWithin=p_Author_Ids:38488885600&newsearch=true
https://secure-vpn.nectec.or.th/search/,DanaInfo=.aifgh1urvznJtqrsO48y+searchresult.jsp?searchWithin=p_Authors:.QT.Changhyun%20Cho.QT.&searchWithin=p_Author_Ids:38488808900&newsearch=true
https://secure-vpn.nectec.or.th/xpl/,DanaInfo=.aifgh1urvznJtqrsO48y+articleDetails.jsp?tp=&arnumber=5257117&contentType=Journals+%26+Magazines&searchField%3DSearch_All%26queryText%3Dhall+magnetic+sensors
https://secure-vpn.nectec.or.th/xpl/,DanaInfo=.aifgh1urvznJtqrsO48y+articleDetails.jsp?tp=&arnumber=5257117&contentType=Journals+%26+Magazines&searchField%3DSearch_All%26queryText%3Dhall+magnetic+sensors
https://secure-vpn.nectec.or.th/search/,DanaInfo=.aifgh1urvznJtqrsO48y+searchresult.jsp?searchWithin=p_Authors:.QT.Ripka,%20P..QT.&searchWithin=p_Author_Ids:37295903600&newsearch=true
https://secure-vpn.nectec.or.th/search/,DanaInfo=.aifgh1urvznJtqrsO48y+searchresult.jsp?searchWithin=p_Authors:.QT.Janosek,%20M..QT.&searchWithin=p_Author_Ids:37396301100&newsearch=true
https://secure-vpn.nectec.or.th/xpl/,DanaInfo=.aifgh1urvznJtqrsO48y+articleDetails.jsp?tp=&arnumber=5257117&contentType=Journals+%26+Magazines&searchField%3DSearch_All%26queryText%3Dhall+magnetic+sensors
https://secure-vpn.nectec.or.th/search/,DanaInfo=.aifgh1urvznJtqrsO48y+searchresult.jsp?searchWithin=p_Authors:.QT.Young-Jae%20Min.QT.&searchWithin=p_Author_Ids:37536100700&newsearch=true
https://secure-vpn.nectec.or.th/search/,DanaInfo=.aifgh1urvznJtqrsO48y+searchresult.jsp?searchWithin=p_Authors:.QT.Chan-Keun%20Kwon.QT.&searchWithin=p_Author_Ids:38239390200&newsearch=true
https://secure-vpn.nectec.or.th/search/,DanaInfo=.aifgh1urvznJtqrsO48y+searchresult.jsp?searchWithin=p_Authors:.QT.Hoon-Ki%20Kim.QT.&searchWithin=p_Author_Ids:37656577600&newsearch=true
https://secure-vpn.nectec.or.th/search/,DanaInfo=.aifgh1urvznJtqrsO48y+searchresult.jsp?searchWithin=p_Authors:.QT.Chulwoo%20Kim.QT.&searchWithin=p_Author_Ids:37292328500&newsearch=true
https://secure-vpn.nectec.or.th/search/,DanaInfo=.aifgh1urvznJtqrsO48y+searchresult.jsp?searchWithin=p_Authors:.QT.Soo-Won%20Kim.QT.&searchWithin=p_Author_Ids:37279270700&newsearch=true
https://secure-vpn.nectec.or.th/xpl/,DanaInfo=.aifgh1urvznJtqrsO48y+articleDetails.jsp?tp=&arnumber=5257117&contentType=Journals+%26+Magazines&searchField%3DSearch_All%26queryText%3Dhall+magnetic+sensors
https://secure-vpn.nectec.or.th/xpl/,DanaInfo=.aifgh1urvznJtqrsO48y+articleDetails.jsp?tp=&arnumber=5257117&contentType=Journals+%26+Magazines&searchField%3DSearch_All%26queryText%3Dhall+magnetic+sensors
https://secure-vpn.nectec.or.th/xpl/,DanaInfo=.aifgh1urvznJtqrsO48y+articleDetails.jsp?tp=&arnumber=5257117&contentType=Journals+%26+Magazines&searchField%3DSearch_All%26queryText%3Dhall+magnetic+sensors
https://secure-vpn.nectec.or.th/xpl/,DanaInfo=.aifgh1urvznJtqrsO48y+articleDetails.jsp?tp=&arnumber=5257117&contentType=Journals+%26+Magazines&searchField%3DSearch_All%26queryText%3Dhall+magnetic+sensors

[32]

&3

Leepattarapongpan C., Phetchakul T., Penpondee N., Pengpad P., Srihapat A.,
Jeamsaksiri W., Chaowicharat E., Hruanun C. and Poyai A., “ A Merge
Magnetotransistor for 3-axis magnetic field measurement Based on Carrier
Recombination — Deflection Effect.” Microelectronics Journal., vol.45, 2014.
pp. 565-573.

Kozlov A.V., Tikhonov, R.D. and Polomoshnov, S.A.,“Development of planar
magnetotransistor design by three-dimensional device-technological modeling,”
Micro/Nanotechnologies and Electron Devices., 2010. pp. 208-212.

Guo-Ming S. and Chih-Ping Y.,“Two-Dimensional Differential Folded Vertical Hall
Device Fabricated on P-type Substrate Using CMOS Technology ,” IEEE Sensors
Journal,, issue.99, 2013. pp. 1.

Edelstein A.S., Petrie J.R., Sreenivasulu G., Srinivasan G., Viehland D. and Jie
Fang, “Magnetoelectric sensors: Sensitive and potentially low-cost magnetic
sensors, ” IEEE Sensor Conference., 2012. pp. 1-3.

Yy Adnsnednug, Tana wsnude, Bunes wiasga. “lulnasvsu@anesnsiadu
AULLIENIIRY, mMalszradvinmsgisanssulviedd 26, ey
waeAneu U 2546, ¥t 1419-1424

Wy AANTNIANUS, Isiieduns, Wund wivsga. “uunillansn@aweiluunnis
yhamuauta” mstszauivinianidaanssulniegedi 27, ngeineu 2547, wih
273-276

Yy AANTNIARLS, T3z 1hedums, Baumed Wiasga. “lulnarsvsudanasngiadu
AUNLLTEN YR 1FEA TLLANANTEMIWNATELAUALAY N SEUERDALAANADS ” A5

Uszgairaniamsdeanssalluiinesedl 28, ganau 2548 wih 1225-1228


https://secure-vpn.nectec.or.th/search/,DanaInfo=.aifgh1urvznJtqrsO48y+searchresult.jsp?searchWithin=p_Authors:.QT.Kozlov,%20A.V..QT.&searchWithin=p_Author_Ids:37304912000&newsearch=true
https://secure-vpn.nectec.or.th/search/,DanaInfo=.aifgh1urvznJtqrsO48y+searchresult.jsp?searchWithin=p_Authors:.QT.Tikhonov,%20R.D..QT.&searchWithin=p_Author_Ids:37321404200&newsearch=true
https://secure-vpn.nectec.or.th/search/,DanaInfo=.aifgh1urvznJtqrsO48y+searchresult.jsp?searchWithin=p_Authors:.QT.Yu,%20Chih-Ping.QT.&newsearch=true
https://secure-vpn.nectec.or.th/search/,DanaInfo=.aifgh1urvznJtqrsO48y+searchresult.jsp?searchWithin=p_Authors:.QT.Sreenivasulu,%20G..QT.&newsearch=true
https://secure-vpn.nectec.or.th/search/,DanaInfo=.aifgh1urvznJtqrsO48y+searchresult.jsp?searchWithin=p_Authors:.QT.Srinivasan,%20G..QT.&newsearch=true
https://secure-vpn.nectec.or.th/search/,DanaInfo=.aifgh1urvznJtqrsO48y+searchresult.jsp?searchWithin=p_Authors:.QT.Viehland,%20D..QT.&newsearch=true
https://secure-vpn.nectec.or.th/xpl/,DanaInfo=.aifgh1urvznJtqrsO48y+articleDetails.jsp?tp=&arnumber=6411081&contentType=Conference+Publications&searchField%3DSearch_All%26queryText%3Dmagnetic+sensors
https://secure-vpn.nectec.or.th/xpl/,DanaInfo=.aifgh1urvznJtqrsO48y+articleDetails.jsp?tp=&arnumber=6411081&contentType=Conference+Publications&searchField%3DSearch_All%26queryText%3Dmagnetic+sensors
https://secure-vpn.nectec.or.th/xpl/,DanaInfo=.aifgh1urvznJtqrsO48y+articleDetails.jsp?tp=&arnumber=5257117&contentType=Journals+%26+Magazines&searchField%3DSearch_All%26queryText%3Dhall+magnetic+sensors
https://secure-vpn.nectec.or.th/xpl/,DanaInfo=.aifgh1urvznJtqrsO48y+articleDetails.jsp?tp=&arnumber=5257117&contentType=Journals+%26+Magazines&searchField%3DSearch_All%26queryText%3Dhall+magnetic+sensors
https://secure-vpn.nectec.or.th/xpl/,DanaInfo=.aifgh1urvznJtqrsO48y+articleDetails.jsp?tp=&arnumber=5257117&contentType=Journals+%26+Magazines&searchField%3DSearch_All%26queryText%3Dhall+magnetic+sensors

84
NAITUIYNLASUNITANUW LN LN

C. Leepattarapongpan, T. Phetchakul, N. Penpondee, P. Pengpad, A.
Srihapat, W. Jeamsaksiri, E. Chaowicharat, C. Hruann and A. Poyai “A
merged magnetotransistor for 3-axis magnetic field measurement based
on carrier recombination-deflection effect”, Microelectronics journal (45)
2014 pp 565-573.

C. Leepattarapongpan, T. Phetchakul, N. Penpondee, P. Pengpad, A.
Srihapat, W. Jeamsaksiri, E. Chaowicharat, C. Hruann and A. Poyai “The
Increase Sensitivity of PNP-Magnetotransistor in CMOS Technology”,
International Symposium on Integrated 2014 pp 420-423.

C. Leepattarapongpan, T. Phetchakul, N. Penpondee, P. Pengpad, A.
Srihapat, W. Jeamsaksiri, E. Chaowicharat, C. Hruann and A. Poyai “The
Magnetotransistor for 2-Axis Magnetic Field Measurement in CMOS
Technology”, ECTI-CON 2015 pp 1-4.

C. Leepattarapongpan, T. Phetchakul, N. Penpondee, P. Pengpad, A.
Srihapat, W. Jeamsaksiri, E. Chaowicharat, C. Hruann and A. Poyai “The
Effect Injection Width and Temperature-Offset Compensation = of
Magnetotransistor”, Procedia Eurosensors XXV 2011 pp 1-4.

C. Leepattarapongpan, T. Phetchakul, N. Penpondee, P. Pengpad, A.
Srihapat, E. Chaowicharat, C. Hruann and A. Poyai “The Low Power 3D-
Magnetotransistor Based on CMOS Technology”, IEEE Sensors 2011 pp 1-4.



85

Volume 45, Issue 6, June 2014 ISSN 0026-2692

&

FLSEVIER

MICROELECTRONICS

JOURNAL

httpiwesw, elsoviencomifocatelmajo

EDITOR-IN-CHIEF
Eby G. Friedman

Avaiable onling a0 wiww SenCedirect oo

ScienceDirect



Microelectronics journal 45 (2014) 565-573

Contents lists available at ScienceDirect

Microelectronics Journal

journal homepage: www.elsevier.com/locate/mejo

A merged magnetotransistor for 3-axis magnetic field measurement
based on carrier recombination—deflection effect

@ CrossMark

Chana Leepattarapongpan *°, Toempong Phetchakul ®, Naritchaphan Penpondee?,
Puttapon Pengpad®, Arckom Srihapat®, Wutthinan Jeamsaksiri , Ekalak Chaowicharat®,

Charndet Hruanun ®, Amporn Poyai?®

2 Thai Microelectronics Center (TMEC), National Hlectronics and Computer Technology Center, Chachoengsao, Thadland
" Department of Electronics, Faculty of Enginesring. King Mongkurs Instinute of Technology ladkrabang, Bangkok, Thailand

ARTICLE INFO ABSTRACT

Artide history:

Received 1 August 2013
Received in revised form

24 March 2014

Accepted 31 March 2014
Available online 4 May 2014

Keywords:

Merged magnetotransistor
Carrier recombination
Carrier deflection

Lorentz fora:

This article presents a novel magnetotransistor based on camier recombination-deflection effect for
detecting magnetic field in three dimensions (By, By, and B;) by relying on the difference between base
and collector currents {Al). This device used low biasing current. It was designed and fabricated using
OMOS fabrication technology. The device structure consisted of one emitter. 4 collectors and 4 bases. All
four collector terminals were connected with each other. The same was true for the four base terminals,
LOCOS axide was grown to surround the emitter area to limit lateral carrier loss, and therefore reducing
the overall biasing current. The experiment showed that, at 0.2 mA of biasing current, the By, By and B_;
direction sensitivity to magnetic field within the range of 0-400 mT are 2, 5 and 145%(T respectively.
This research on the merged magnetotransistor produced magnetic sensors with small size, high
performance with wide range of applications.

© 2014 Elsevier Lid. All rights reserved

1. Introduction

Typically, magnetic sensors based on Hall sensors, magnetodiode,
magnetotransistor, and MAGFET structures can only sense magnetic
field in one direction which can either be parallel or perpendicular to
the chip surface. As a result, there is a need for magnetic sensors that
can sense magnetic field in two or three directions with high
sensitivity and low biasing current or voltage [1-5].

Normally, a magnetotransistor can detect magnetic field in one
direation perpendicular to the surface of the device. It relies on
2 mec namely, dulation current injection mechanism
and carrier deflection mechanism. This particular structure consists
of 2 bases, 1 emitter, and 2 collectors. Its operation is based on the
relationship between the change in collector current and the magnetic
field density [4-14), A novel design that can detect ic field

2. The movement of majority earriers in the emitter have to be in
a single direction. Furthermore, the deflection has to also be in
a single direction. In this research, the sensitivity of magneto-
transistors in relation with emitter current and magnetic field
density can be expressed as in [11].

Al
R TEAB;

(1)

where, Alqg is the difference between base and collector currents,
¢ is the biasing current of the emitter and B is magnetic field
density.

This article presents a merged magnetotransistor withability to
sense magnetic field in By, By, and Bz axises by relying on the

in multiple directions is the main purpose of this artide. This new
magnetotransistor structure is called merged magnetotransistor. It
relies on carrier recombination—deflection mechanism having base
doping to be the same type as the substrate. The main purposes are
multiple direction detection and higher sensitivity in order to increase
application range; To develop these magnetotransistors with the above
properties, the design relied on following strategies [15-25].

1. The quantty of deflected carriers by Lorentz force represent the
fact that carrier recombination rate and deflected carrier rate
are changing in opposite directions.

dsedoi.org 10101 imejo 2014.03 016
D026-2692 /o 2014 Elsevier Lid. All rights reserved.

d e by base and collector currents (Algg) between
carrier density inside the base region represented by base current
and carrier deflection collected inside the collector represented by
the collector current. By connecting the four terminals of base or
collector together, the sensitivity on the vertical axis (Bz) can be
increased by as much as 4 times of the original value. The device
can also detect the field in the lateral axises (Bx and By) by relying
on the recombination and deflection in the base region and
the imbalance between deflected carrier at opposite terminals.
The device used less than 1mA of biasing current and had
good linearity, This device is suitable as a discrete device and
can be applied in the industry operating as sensors for speed
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measurement, magnetic field density, electrical current measure-
ment, magnetic strip card readers and relative position sensors.

2. Structure and operation principle

2.1. Structure of a merged magnetotransistor

The structure of a merged magi istor is pi d in
Fig. 1. This device is a PNP structure with emitter and collectors
made from p-type doping (Boron) and the base area was made
from n-type doping (Phosphorus). The structure consists of a
single emitter, four collectors, and four bases. The four collectors
are connecting to each other to form a single terminal. The same is
true for the four bases. The whole device was fabricated on an
n-type silicon substrate. LOCOS oxide structures were thermally
grown to surround the emitter area. The four emitter width (W)
of 5pm was left to provide carrier injection paths. The space
between the emitter and collectors (base width) was 20 pm.
Each collector was designed to have one side making a 45° angle
to the carrier movement path. Full packaging of the device is
shown in Fig. 1(b). It contains a single chip that has already been
wire bonded onto an IC package which is embedded on PCB for
practical and convenient operation.

The device, fabricated by COMOS fabrication technology, is
illustrated in Fig 2. The substrate was 5-10 £2em n-type (100)
silicon wafer with thickness of 650 um. Firstly, 25 nm of silicon
dioxide was grown by thermal oxidation process. A silicon nitride
film then was deposited on the field oxide (Fig. 2a) then it was
patterned by photolithography technique for opening nitride
windows to reveal the field oxide underneath it Then LOCOS
process was performed as shown in Fig 2b. Collector and emitter
area were formed by P boron ion implantation (Fig. 2¢). The base
terminal was implanted with arsenic ata dose of 5 10" ions/cm?®
with the same doping type as the substrate after the third
application of photolithography process. After annealing, every
terminal should have junction depth (x;) of approximately 1 pm as
shown in Fig. 2d. Finally metal deposition and patterning for
contact formation were done by sputtering technique and photo-
lithography technique respectively to finish the device (Fig. 2e).

22. Operating principle

Fig. 3 shows the structure and the operating principle of the
three-terminal magnetotransistor [15). It consists of an emitter,
collector, and base contacts with capability to detect the magnetic
field in vertical and lateral directions. The operating principle of a
three-terminal magnetotransistor is based on Hall effect. In the
absence of a magnetic field, equal numbers of charge carriers
arrive at the base and collector terminal. If there is a magnetic field
perpendicular to the direction of travel of the charge carriers, they
are deflected toward the base or collector terminal, depending on
the direction of the field. The deflection of carriers (holes) due o
Lorentz force, while passing through magnetic field, creates the
difference between base and collector currents, Algg [15]. The
change in base current is from the deflected holes and recombina-
tion along the base width, whereas the change in collector current
is only from the deflected holes. The detection of vertical magnetic
field (Bz) causes Lorentz force in the y-axis. The carriers deflection
will occur at B and C terminals. The difference between the base
current and the collector current, Alcg, as a result of magnetic
induction, Bz, can cause the carrier to deviate in y-axis with By,
angle to its original path.

Under normal condition without magnetic field passing through
the device, emitter current is equal to the combination of base and
ollector atrents, e=Ic+lz and Alg=Ic—lz=0. The magneto-
transistor is similar in principle to a normal bipolar transistor but
designed to have much longer base width ( > 10 pm) to maximize
the deflection of base cumrent, and as a result, the gain (#) is low.
ideally, the recombination current (Is) should be equal to the
collector current (Ic). The biasing current at an emitter can be written
in terms of current density and can be expressed as [11]

I =]p - d:We @

where, ], is the current density along x-axis, d is the effective depth
of the current and Wg is emitter width.

Fig. 4 shows the equivalent carrier deflection area responding
to the magnetic field in vertical directions through an analytical
model of the magnetotransistor. The changing base current and
collector current due  recombination-deflection in response
o the magnetic field in vertical direction can be calculated by

Fig. 1. Merged magnetotransistor structure (a) top view and (b) photograph of device,
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N-Sub

Fig. 2. Process flow for merged magnetotransistor (a) growth of $10; and SiaN; on

Fig. 3. Carrier deflection (holes) in response to vertical magnetic field.

z

Hole recombination with electron
in base 15 base current

Fig 5. Carrier deflection (holes) in response to lateral magnetic field.

Ig=Alc+ Alg as shown in (3) [15] fy,, can be found by
tan Oy =Bz [11]

Alcyyy =] - d - AW 3
where
AWg=AY=pu-L-B; )

Using (3) and (4) we obtained for Almy,) [15]:
Alcgyy =Jpe-d-L-ji-Bz (5

where 4 is hole mobility, d is an effective depth of the current and
Bz is magnetic field density in z-axis.

Fig. 5 shows the response to magnetic field in lateral direction
(By) and holes current in x-direction. Therefore, the resulting
Lorentz foree and holes deflection will be in —z-direction. The
equivalent carrier deflection area for an analytical model of the
changing base current and collector current due to recombi-

Si surface, (b) LOCOS oxide, (c) implantation for emitter and colledor
(d)implantation for base contact and (¢) pattern of the metal pad for wire bonding.

integrating the current density J. in the lateral plane with the
area defined by AYd, The difference of collector and base current
(Alcg) during an application of magnetic field in the vertical
direction will cause charge carriers to deflect in the y-axis and
the change of £y, which can be analyzed using the first equation

nation—deflection of the lateral direction can be calculated by
integrating the current density ], in the lateral plane with the
area defined by AZ. W in (6). The movement of charge carriers in
z-axis causes the change in angle fyy,; with AZ change.

The equation shows the relationship of Alg, for detecting the
lateral magnetic field as presented in (G), and the difference in
collector and base currents [15]:

Al =Jpy- We - Ad (6)
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where 3.1. Vertical magnetic field: By
Ad=AZ=L. 7
£ Oy @ Fig. 7 shows the detection of vertical magnetic field, B( _ z), that
Ad = AZ = L{Eq/Ex} (8 causes deflection of carriers in all four terminals. The deflected

where Ey is Hall elecrric field and Ex is applied (external)
electric field.
Using (6) and (7) we obtain for Algy, [15):

Aleny =Jp - We- L+ tan dyy, (9

where L is the distance from the emitter to base and collector
terminals (base width).

From Fig. 5 the device can detect magnetic field in — y-direction
and found that base and collector current changed in the y-direction
while litudes are diffe b ratio of recombination at
surface and substrate are not equal.

3. The mechanism of merged magnetotransistor

The three-terminal magnetotransistor has an ability to detect
magnetic field in the B; and By [15). However, it cannot be
detected in the By direction since it is along the same direction
as the current of the device, The operating principle of a device
capable of detecting in three axises is shown in Fig. 6. This
structure also increases the sensitivity of magnetic field detection
by combining each group of four collectors and four bases into one
collector terminal and one base terminal, respectively. The merged
magnetotransistor in this article can inject the carrier in four
directions. Without magnetic field, the base and collector currents
will be identical (Alp=0) and therefore the total differential
current can be expressed as

Alegony = ey +lea + les +lea) = Upy #Tga + I + I5) (10)

N-substrate

Fig. 7. The directions of carrler deflection during the detection of magnetic field
in —z-direction.

carriers will increase the base current and reduce the collector
current { Alcg >0). The ratio of this change will be the same for
every collector-base pairs. The angular collector can increase the
chance of carrier recombination, and hence higher base current.

According to the Hall effect equation, tan 6= uB;, the deflec-
tion angle will depend on magnetic field strength. This would
require high level of magnetic field density in order to deflect
carrier to base area. Eq. (11) shows the sum of Al from the four
terminals. Furthermore, Eq. (12) shows the 4-time increase of the
magnetic field sensitivity relative to the x and y-axis:

Aley-n = (Al + Al + Al + Alea){( Algy + Alpz + Algs + Alga)
an

dAlpy

Sk:m (12)

32. Lateral magnetic field: By, By

The detection of lateral magnetic field, By, causes Lorentz force
in rhe z-axis. The carriers deflection will occur ar B(1)-C(1) term-
inals in the —z-direction. and B(3)-((3) terminals in z-direction.
Fig. 8 shows the carrier movement directions. Eq. (13 ) shows the
relationship for magnetic field detection in By direction:

Alegyyy = (Blcy 4 Tea +Aley 4 Teqy~ Al +1g + Al + ) (13)

The detection of lateral magnetic field, By causes deflection of
carriers to occur at B(2)-C(2) terminals in the —z-direction and B
(4)-C(4) terminals in z-direction. Eq. (14) shows the relationship
for magnetic field detection in Bx direction:

Alen = (Iey + Blea +Ies + Alea)-(Ipy + Al +Igs + Alpy) (14)

The mechanism in the lateral direction (By) of merged magneto-
transistor is the change in current oecurring at B1-C1 and B3-CG3
terminals, The hole carriers at B1-C1 will deflectin —z-direction (see
Fig. 8) and then recombine with electrons in the substrate, which is
the same type as base, to become base current Iy, and lower collector
current k. In Fig. 8, in the case of magnetic field detection com-
parison of ¥ and —y axis, identical sensing magnitude occurred due
to the structure symmetrical design. This gives {{Alq +Als)-
(Algy+ Als) hy={(Alcy + Al) (Al + Algz)} v and the result is
the same on x-axis detection as well.

Meanwhile the —x-direction carriers at B3-C3 will deflect in
z-direction causing higher base current s and lower collector
current Iz. However, the ratio of this change will not be the same

Fig. B. The directions of carrier deflection during the detection of magnetic field in
x-direction and y-direction.
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as at B1-Cl. The difference is caused by the asymmetric and
recombination-deflection effect of merged magnetotransistor hav-
ing the same doping type between base and substrate.

Fiz 9 shows the simulation result in the case of lateral
magnetic field in opposite directions (y and —y directions).
The difference in current density will be displayed as different
shading colors. The structure was generated and simulated by
TCAD Senstuarus simulation package. This program accepts mag-
netic sensor parameters such as emitter width, base width, doping
concentration, current density, magnetic field density and mag-
netic field direction. Using these parameters the module calculates
the integration of Hall theory and finally it calculates the output
density for different magnetic field directions.

For simulate magnetotransistor with specification, emitter
width (Wg)=10 um, base width (L)=30 um, magnetic field density
(B)=0.1T, doping concentration (E, C)=1e *®cm * and base-
=5¢ ™ an 7 are used. The figure shows a cross sectional image
of the merged magnetotransistor with charge carrier moving from
emitter toward collector and base electrodes. The position of
emitter covers both base and collector electrodes symmetrically.
In this simulation, the bias current of emitter was set from 0 to
6= 10 ®Acm 2 The magnetic field was varied both in positive
and negative directions. With current normally flowing in
x-direction and magnetic field density of 0.1 T, the different shades
of colors are shown at the bottom of base terminal, and hence the
difference in current density. Simulation plot indicating device's
sensitivity on -+ y-direction magnetic field influence shows high

Cugrent density will displa;
different shading colorsin ¥

Current density willdisplaye
different shadingcolorsin =Y

Fig. 9. The current density by 3-D modeling with magnetic feld: (a) y-direction
and (b) —y-direction.

current density on base terminal in Fig 9(a). On the other hand
base current showed in Fig. 9(b) are dispersed by —y-direction
magnetic field deep down into the substrate leading to low
base current density. The recombination-deflection effect of the
merged magnetotransistor is different from the conventional
magnetotransistor which is insensitive to the reversal of field
directions.

Fig. 10 shows the simulated relationship between base and
emitter current for magnetic field in y and - y-directions. The base
current in —y-direction is 7 times more than that in y-direction.
The magnetic field in the —y-direction causes the Lorenz force in
the —z-direction. Therefore, the recombination current in the base
region (substrate) will be higher than the one in the +y-direction
which caused Lorenz force in the z-direction and the deflected
carriers collected at the surface of the magnetotransistor. Fig. 11
shows the relationship between collector and emitter current.
These two figures show the difference in current flow detecting
magnetic field in opposite directions. From both simulation result
and theoretical work, it shows a merged magnetotransistor cap-
able of detecting magnetic field in 3 separate directions. Further-
more, magnetic field in positive and negative directions or
opposite charge carrier paths will result in differential output.
Combining these output signals together will produce a higher
signal level and hence higher overall sensitivity. However, further
work is still required for the device to be able to detect in every

:.:,-.u.w.xgl
o y-direet
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Fig. 10. Simulation results between base and emitter currents for magnetic field
density in y and — y-directions.
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Fig. 1. Simulation results between collector and emitter currents for magnetic
field density in y and —y-directions.
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direction simultaneously in
magnetic field.

the case of multiple axis

4. Result and discussion
4.1. Interface circuit

The interface circuit used in this experiment is shown in Fig. 12
(a). The circuit biases a merged magnetotransistor by fordng a
constant current (Vsyppy=15V) into emitter (Ig). The collector
(C) and base (B) are connected to R and Rg. The input offset can be
compensated by adjusting the resistors, Rc and Rg. Finally, the
difference between base and collector current ( Alg) can be shown
in terms of output voltage (Vo). Fig. 12(b) shows the measurement
setup for the magnetotransistor. The magnetic field was generated
by magnetic generator in the vertical direction. The magnetic field
density can be adjusted through the applied voltage and current
and measured by a Gaussmeter (Lakeshore 475 DSP G 1

electron + hole

i |

—

The merged magnetotransistor was installed inside the gap
between the two magnetic poles. The output of the magnetotran-
sistor was fed through the interface circuit and then measured as
an output voltage by a voltmeter. The magnetic field direction can
be changed by rotating the merged magnetotransistor itself to the
required orientation.

4.2. The effect of 45° collectors

Fig. 13(a) shows the original design having the carrier accepting
side perpendicular to the carrier path [15). According to the Hall
effect equation, tan (=B, the deflection angle will depend on
the magnetic field strength. This would require high level of
magnetic field strength in order to deflect the carrier to base area,
The merged magnetotransistor was designed to have a 45° degree
angle on the collector side in order to increase the probability of
collecting the deflected carriers {see Fig. 13b). Fig. 14 shows the
relationship between output voltage and magnetic field density at
collector angles 90° and 45°,

4.3. Response to magnetic field in x-direction

Fig. 15{(a) and(b) shows the response to magnetic field in
x-direction of a merged magnetotransistor by varying the mag-
netic field density from 0 to 400 mT. The output voltage was

a

AV

) Constant
Ouputvoliage © ‘Current source

b

Magnetic generator——i
Magnetotransistor

Voltmeter

Gaussmeter

Power suppl

Fig. 12. (a) Interface circuit and (b) photograph of the system for magnetic field

measurement,

electron + hole

Fg 13 Deflected carrier movement for collector angles at (a) 90° and (b) 457

35 [ #90 degree |
i BT A
B Mggree ] L=

25

Qutput Voltage (mV)

400

magnetic field density (mT)

Fig. 14 Relationship between magnetic field density and output voltage between
llector angles at 45° and 907

measured at different biasing currents of 0.2 and 0.4 mA. 5 Sam-
pling points covering all the wafer area had been used for
magnetic field density test. From the result, it shows monotonic
increase of output response as a function of field density. Further-
more, for the same field density, the output voltage increases as a
function of emitter current

d4. Response to magnetic field in y-direction

Fig. 15(a and b) shows the response to magnetic field in
y-direction of a merged magnetotransistor. The measurement
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Fig. 15. The x-direction output response of a merged magnetotransistor at different
biasing currents {a) k=02 mA and (b] l:==04 maA

was performed similarly to the previous case. The increase of
emitter current caused output voltage to rise with good linearity.
Raising the magnetic field density also caused the output voltage
to increase linearly as well.

The magnetic field in opposite directions ( —x-direction and

y-direction) can be measured with similar result to the +x and
+y directions. For example, to measure in +x-direction will result
in Eg. (14), ie. Algxy=(la+AMe+los+8lc)— (I + Alm +
Igs+ Algg) where the second magnetotransistor will collect
deflected carriers at the substrate, whereas the fourth magneto-
rransistor will collect carriers ar the surface. Conversely, for
—x-direction, the second magnetotransistor will collect carriers
at the surface, and the fourth magnetotransistor will collect
carriers at the substrate. Therefore, the current difference will
be wery similar in both cases and cannot be distinguished from
the other. As a result, the next evolution step is to develop a
magnetotransistor that can separate and muly detect magnetic
field in all 6 directions.

The result, as displayed in Figs. 15 and 16, shows a non-
zero offset voltage. This is a result from asymmetric topology
of collector and base terminals, such as shape, position, emitter
spacing, and doping eoncentration, causing small difference
between collector and base currents of merged magnetotransistor.
The simpler offset canceling technique can be performed by

0 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425
Magnetic ficld density (mT)

&0 T T T T

o =04mA

Output voltage (mv)
g
.
-

a

T T T L o e
0 25 5075 100 125 150 175 200 225 250 275 300 325 350 375 400 425
Magnetic field density (mT)

Fig. 16 The y-direction output response of 2 mer ged magnetotransistor at different
biasing currents (a) le=02mA and (b) le=04 mA.

adjusting the resistance of the interface circuit connecting to the
collector and base terminals, On the other hand, redesigning
the shape of the magnetotransistor to be symmetrical and separ-
ating terminal connections can reduce the offset voltage and also
increase the sensitvity as well.

45, Response to magnehc field in z-direction

Fig. 17(a and b) shows a relationship between —z-direction
magnetic field strength and the output veltage of a merged
magnetotransistor. The result came from a combination of carrier
injection in four directions, and as a result, the output voltage was
higher than the case of x-direction or y-direction separately.
The incarease of emitter current is a result of higher hole carrier
being injected from emitter to collector. With higher number of
holes recombined with electrons in base, hence, more significant
difference between base current and collector current, as shown in
Eq. (5). With_higher magnetic field density from 100 to 400 mT,
the relarionship between outpur voltage (Vp) and magnetic field
density showed higher slope, which meant higher output voltage.

Higher field density produced higher Lorentz force on the
charge carriers, and as a result larger deflection angle. Some of
the carriers (holes), that were normally collected by the collector,
would deflect at wider angle and be collected by the base
electrode. Therefore, the base current (Ig) increased, whereas the
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Fig. 17. The —z-direction output response of a merged magnemtransistor at
different biasing currents (a) k=02 mA and (b) fe=0.4 mA.

Table 1
The comparison of magnetic field sensitivity in Bx, By and B_z directions with
different emitter currents.

Magnetic field direction S (2T)
Ig=0.2mA l—04mA
By 2 55
By 5 13
B 145 277

collector current (Ic) decreased proportionally. Hence, the differ-
ential current (Al) would increase accordingly. Therefore, the
output voltage (Vo) would increase as a result of higher magnetic
field densiry.

Table 1 shows the comparison between sensitivity to magnetic
field strength, as calaulated using Eq. (11), at different biasing
currents of 0.2 and 0.4 mA in By, By and B_ > directions. The result
shows that the sensitivity increases as a function of emitter
current due to higher increase of the amount of injected carrier
from emitter and also that of deflected carrier. At this stage, the
sensitivity in By and By directions are not equal. Furthermore,
there is still significant non-linearity caused by the asymmetric
size of the base contact and collector with respect to the emitter in
the structure that produces a non-uniformity distribution of the

base current, collector current and of the electric field in the
device's n-region, resulting in the different carrier velocities at
the edges of the emitter. The noise inside in the device itself,
measurement error, and the error due to curvature of magnetic
field are major non-idealities in this setup. In practice, magnetic
field sensibility in z-axis is the main use for sensing application
which sensibility on x and y axis indicated as noise for the
measurement This sructure increases z-axis sensitivity up w©
4 times compared to the original designs which are more suitable
for most magnetic fields detect applications. The signal to noise
ratio is around 7.

The merged magnetotransistor can display a linear response to
the magnetic field and have relative sensitivity ranged from
2-10%/T. From previously reported work, The lateral magneto-
mansistor (LMT) can detect magnetic field in one direction and
have sensitivity vary from 1-150%(T, such as reported by Ristic [4].
The 3D magnetic field sensors with five terminal magnetotransis-
tor has sensitivity of 1-5%/T reported by Nagy [2] and the suppress
side injection magnetotransistor (SSIMT) which has sensitivity
from 1-1000%T reported by Ristic et al. [11].

5. Conclusion

A merged magnetotransistor had an ability to detect magnetic
field in x, y, and z-axises using the difference in base and collector
currents. The device used less than 0.5mA of emitter biasing
current. The current injection in four directions increased the
sensitivity while retaining good linearity. The carrier deflection in
four directions can quadruple the magnetic field sensitivity com-
pared with the three terminal magnetotransistor. The recombina-
tion-deflection effect of merged magnetotransistor can detect
lateral magnetic field by measuring the difference of carriers in
oppaosite directions. The increase of emitter current also causes
the output voltage to rise and hence enhances the sensitivity.
The merged magnetotransistor can be applied in low power elec-
tronics system, but reguires high sensitivity and ability to detect in
multiple directions.
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The Increase Sensitivity of PNP-Magnetotransistor in
CMOS Technology
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Abstract—This paper presents improve sensitivity of pnp-
magnetotransistor for detect vertical magnetic field response.
The device structure consisted of one emitter, four collectors and
four b The four collectors are separate to form four
terminals. The same is true for the four bases. The experiment
showed that, at 2 and 4mA of biasing current, magnetic field in
By direction sensiti v within the range of 0 — 400 mT are 0.045
and 0.09 mV/mT in single mode. The sensitivity of merge mode
are 0.15 and 0.3 mV/mT. The magnetic field response of merge
mode shows 4-time increase of the magnetic field sensitivity
comparative to single mode.

Index Terms—Magnetotransistor, HALL Effect, Lorentz force.

INTRODUCTION

The magnetotransistor based on CMOS  production
technology have benefited from its low power consumption,
small dimensions, design flexibility and compatibility with
integrated circuits assembly [1-18]. In improve sensitivity of
devices; a few relevant p s need to be considered, such
as, area of injection terminal and carrier mobility. During the
design of such devices. emitter area or current paths have to be
reduced and redesigned for minimizing majority carriers and
maximizing deflection current amplitude in order to yield
higher output voltage for better sensitivity. In addition,
typical silicon based semiconductor devices tend to suffer
from a large temperature coefficience which can cause an
offset drift problem. High temperature coefficience can have
many causes including asymetrical design, generation and
recombination  in  substrate  bulk, misalignment of
photolithography processes, and nonuniformity of etching
process[1-18]. These devices can then be used in various
applications, for example, speed sensors, proximity sensors,
and current sensors. The design of the magnetootransistor is
challenging since it emphasizes ease of biasing while retaining
the level of magnetic field similar to previously
reported works [9-10].

This  article  presents  improve  sensitivity  of
magnetotransistor with ability to sense magnetic field in Bz
directions by relying on the difference between base and
collector currents(Aleg). The four emitter width of 5 pm were
left to provide carrier injection paths. The device used
between 1-10mA of biasing current and had good linearity.
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The study experiment vertical magnetic field response of pnp-
magnetotransistor compare between single ang merge mode.
The sensitivity on the vertical axis (By) can be increased by as
much as 4 times of the original value. These magnetotransistor
increased the device performance and accuracy, and reduced
the cost of offset calibration.

STRUCTURE AND OPERATION PRINCIPLE

Figure 1(a) shows structure of the pnp-magnetotransistor
consisted of emitter, four base and four collector. Both emitter
and collector are p-type semiconductor, whereas base and
substrate are n-type. LOCOS was fabricated as a strip around
the emitter width a small openning lefted as the current path.
The size of the opened window was the emitter width, Wg,
which in this experiment having values of 5 pm. The base and
collector width were both 10 pm and base width (1) were 20
um. Figure 1(b) shows a single chip that has already has been
wire bonded into on IC package which embedded on PCB for
practical and convenient operation.

Y
(a) ®)

Figure 1. pnp- magnetotransistor structure () Top view and (b) photograph of
device.

Figure 2 shows mechanism of the magnetotransistor is
based on the deflection of current between two current paths,
such as emitier-base and emitter-collector or other
combinations (B-E and B-C or C-E and C-B), which depends
on the influence of magnetic induction vector. The magnitude
of the deflection current depends on the magnetic flux
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intensity similar to the principal of Hall Effect. Emitter current
is a combination of base and collector currents (I and 1¢) as
shown in Eq.1 and it can be derived in the form of current
density as shown in Eq.2 [10].

)
2

Where J,, is the current density, Wy is the emitter width and d
is the junction depth.

The difference between the base current and the collector
current, Alcp, as a result of magnetic induction, Bz, can cause
the carrier to deviate in y direction with Oy, angle to its
original path. The relationship of Aleg can be written as Eq. 3
with tan Oy, = p.Bz [10].

Aley = T AW, A3

Figure 2. Mechanism of the deflection current on the device.

where
AW =AY=pLB, (4)

Substitution of Eq.4 in Eq.3 gives us equation 5 as shown.

Alggy=Jond LB, 5)

where 1 is carrier mobility and B is magnetic induction on z
axis.

N i) (6)
R™1p.AB,

Equation 6 is a sensitivity equation where AB; is a
displacement of B,

oy AV (7)
A=

ABy
where AV is the change in base and collector current as
represented by the potential difference.

Figure 3 this structure also increase the sensitivity of
magnetic field detection by combining each output of four
collectors and four bases into output total of device. The pnp-
magnetotransistor in this article can inject carrier in four

directions. Without magnetic field, the base and collector
currents will be identical (Alcg = 0) and therefore the total
differential current can be express as

Aleggou = Ter#leatlestley) - (Tpi+lpa+lps+lag)

®
-

T

(] . =
(B . L

Figure 3. Carrier flow without magnetic field (B=0).

Figure 4 shows the detection of vertical magnetic field,
B(z), causes carriers deflection in all four terminals. The
deflected carriers will increase the base current and reduce the
collector current (Alcp>0). The ratio of this change will be the
same for every collector-base pairs. The angular collector can
increase the chance of carrier recombination, and hence higher
base current.

B

Figure 4. The directions of carrier deflection during the detection of magnetic
field in z-direction.

According to the Hall Effect equation, tan 0y = u.B. the
deflection angle will depend on magnetic field strength. This
would require high level of magnetic field density in order to
deflect carrier to base area. Equation (9) shows the sum of
Alcg from the four terminals. Furthermore, equation (10)
shows the 4-time increase of the magnetic field sensitivity.

Alcgzy = (Al +Aler+Ales+ Ales) — (Alg +HALgy+A T3 +Alg,)
9)

4. Aleg 10)
T IAB,

Sk
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FABRICATION OF PNP-MAGNETOTRANSISTOR

The fabrication of the pnp-magnetotransistor relied on
CMOS fabrication process technology. An n-type silicon
wafer with resistivity of 20 — 40 Q-cm was used as a
substrate. Then silicon dioxide and silicon nitride films were
erown and deposited as shown in figure 5(a). With
photolithography and dry etching processes helped to define
openings so that thick layer of LOCOS could be grown as in
figure 5(b). After another photolithography step. boron was
implanted to form emitter and collector electrodes as shown in
figure 5(c). Another photolithography step was required to
form a base electrode with phosphorous implantation as
shown in figure 5(d). After that, contact holes were formed
and interconnection metal was deposited with sputtering
process. After patterning the metal layer, a passivation layer
was created with PECVD silicon nitride film. The final
processing step was the pad opening ready for packaging. The
finished device is shown in figure S(e).

@
N-type substrate
N-type substrate (b),
V. ey (©
N-type substrate
(d)
(©)

N-type substrate

Figure 5. Process step of pnp-magnetotransistor

RESULT AND DISCUSSION

The interface circuit used in this experiment is shown in
figure 6(a)-(b). The circuit biases a pnp-magnetotransistor by
forcing a constant current into emitter (Ig). The collector (C)
and base (B) are connected to R¢ and Rg. The output offset
can be compensated by adjusting the resistors, Re and Rg.
Finally, the difference between base and collector current
(Alcg) can be shown in term of output voltage (Vg). Figure
6(a) shows interface circuit of pnp-magnetotransistor for

single mode and the interface circuit in merge mode is shown
in figure 6(b). The merge mode shows the sum of voltage
output (Vo) from the four directions (Vor. Voa. Vos, Vos).

Figure 6. Interface circuit (2) single mode and (b) merge mode.

1-V Characteristics of pnp-magnetotransistor

Figure 7 shows I-V characteristic of pnp-magnetotransistor.
the measured junctions of device in E-B1-C1 terminals at 1-10
mA of bias base current.

T T T T
0.025
0.020 4 '\ o
-
0.015 4 : |
<
™ oot 1
00054 2 5
L
0.000 T T T T
4 6 a8 10
Vep(V)
Figure 7. LV, istic of pnp

The collector-emitter voltage varies from 0 to 10 mV. The
pnp-magnetotransistor is similar in principle to a normal
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bipolar transistor but designed to have much longer base width
(> 10 pm) to maximize the deflection of base current, and as a
result, the gain (B) is low. Ideally, the recombination current
(Iy) should be equal to the collector current (I¢).

Verrical magneric field response

Figure 8 and figure 9 shows the response to magnetic field
in z-direction of a pnp-magnetotransistor by varying the
magnetic field density from O to 400 mT. The result came
from a combination of carrier injection in four directions,
output voltage was measured at different biasing currents of 2
and 4 mA. From the result, it shows monotonic increase of
output response as a function of field density. Furthermore, for
the same field density, the output voltage increases as a
function of emitter current.

0 T T T

—=— single mode
60 |[—®— merge mode|

Output voltage (mV)

T v T
0 100 200 300 400
Magnetic ficld density (mT)

Figure 8. The z-direction output response of a pnp-magnetotransistor  at
emitter currents Iy = 2mA

T
1204 |—=—single mode |
(—e—merge mode

100 4

ge (mV)
3
L

o
3
s

Output voltas

0 T T T
0 100 200 300 400

Magnetic field density (mT)

Figure 9. The z-direction output response of a pnp-magnetotransistor al
emitter currents l.= 4mA.
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The increase of emitter current caused output voltage to
rise with good linearity. Raising the magnetic field density
also caused the output voltage to increase linearly as well. The
magnetic field response of merge mode shows 4-time increase
of the magnetic field sensitivity comparative to single mode.
The magnetic sensitivity are 0.045 and 0.09 mV/mT in single
mode. The sensitivity of merge mode are 0.15 and 0.3
mV/mT.

CONCLUSION

A pnp-magnetotransistor had an ability to detect magnetic
field in vertical direction using the difference in base and
collector currents. The current injection in four directions
increased the sensitivity while retaining good linearity. The
carrier deflection in four directions can quadruple the magnetic
field sensitivity compared with the single mode. The increase
of emitter current also causes the output voltage to rise and
hence enhancing the sensitivity. The pnp-magnetotransistor can
be applied in low power electronics system, but requiring high
sensitivity and ability to detect in multiple directions.
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The Magnetotransistor for 2-Axis Magnetic Field
Measurement in CMOS Technology
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Absfract—This paper presents a magnetotransistor for
detecting magnetic field in vertical and lateral directions (By and
Bz) by relying on the difference between base and collector
currents (Alcg). It was designed and fabricated using CMOS
fabrication technology. The device structure consisted of ome
emitter, 4 collectors and 4 bases. The experiment showed that, at
10 mA of biasing current, the By and Bz direction sensitivity to
magnetic field within the range of 0 — 400 mT are 0.7 and 1.35
%/T, respectively. The sensitivity at emitter current 20mA are
055 and 0.7 %/T for vertical and lateral magnetic field
directions, respectively. This research on the magnetotransistor
produced magnetic sensors with small size, high performance
with wide range of applications.

Key M istor, HALL Effect, Lorentz force.
1 INTRODUCTION
The magnetotransistor based on CMOS production

technology have benefited from its low power consumption.
small dimensions. design flexibility and compatibility with
integrated circuits assembly [1-18]. To improve sensitivity of
devices, a few relevant parameters need to be considered. such
as. area of injection terminal and carrier mobility. During the
design of such devices, emitter area or current paths have to be
reduced and redesigned for minimizing majority carriers and
maximizing deflection current amplitude in order to yield
higher output voltage for better sensitivity. In addition.
typical silicon based semiconductor devices tend to suffer
from a large temperature coefficience which can cause an
offset drift problem. High temperature coefficience can have
many causes including asymetrical design. generation and
recombination  in  substrate bulk. misalignment of
photolithography processes. and nonuniformity of etching
process[1-18]. These devices can then be used in various
applications. for example. speed sensors. proximify sensors.
and current sensors. The design of the magnetotransistor is
challenging since it emphasizes ease of biasing while retaining
the level of magnetic field sensitivity similar to previously
reported works [9-10].

This article presents magnetotransistor with ability to sense
magnetic field i vertical and lateral directions by relying on
the difference between base and collector currents(Alcg). The
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four emitters width of 5 pm were left to provide carrier
injection paths. The experiment study vertical and lateral
magnetic field response of magnetotransistor between device
A and device B. The sensitivity on the vertical axis (Bz) can
be increased by as much as 2 times of the single device. These
magnetotransistors increased the device performance and
accuracy. and reduced the cost of offset calibration.

II. STRUCTURE AND OPERATION PRINCIPLE

Fig. 1(a) shows structure of the magnetotransistor
consisted of emitter. four bases and four collectors. Both
emitter and collector are p-type semiconductor. whereas base
and substrate are n-type. LOCOS was fabricated as a strip
around the emitter width a small openning lefted as the current
path. The size of the opened window was the emitter width,
We. which i this experiment having values of 5 pm. The
base and collector width were both 10 pm and base width (1)
were 20 pm. Figure 1(b) shows a single chip that has already
has been wire bonded into on IC package which embedded on
PCB for practical and convenient operation.

Figure 1. Magnetotransistor structure (a) Top view and (b) photograph of
device.

Fig. 2 shows mechanism of the magnetotransistor based on
the deflection of current between two current paths, such as
emitter-base and emitter-collector or other combiations (B-E
and B-C or C-E and C-B). which depends on the mfluence of
magnetic induction vector. The magnitude of the deflection
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current depends on the magnetic flux intensity similar to the
principal of Hall Effect. Emitter current is a combination of
base and collector currents (Ig and Ic) as shown in Eq.1 and it
can be derived in the form of current density as shown in Eq.2
[10].

=K+l &
I = I Weed @

where T is the current density, Wg is the emitter width and d
is the junction depth.

The difference between the base current and the collector
current. Alcp. as a result of magnetic induction. B. can cause
the carrier to deviate in y direction with By angle to its
original path. The relationship of Alcg can be written as Eq. 3
with tan 8gey = 1Bz [10].

Al = T d AWE 3)

Figure 2. Mechanism of the deflection current on the device.

where
AW =AY =n.LBz 4)

Substitution of Eq.4 in Eq.3 gives us equation 5 as shown.

Aleg = Jaed. LBz (5)

where [ is carrier mobility and B is magnetic induction on z
axis.

i) (6)
IE ! AB:

Equation 6 is a sensitivity equation where AB; is a
displacement of B,

. _ AV 7
sA:—ABZ (M

where AV is the change in base and collector current as
represented by the potential difference.

Fig. 3 shows the response to magnetic field in lateral
direction (By) and holes current in +x direction. Therefore, the
resulring Lorentz force and holes deflection will be in —z

direction. The equivalent carrier deflection area for an
analytical model of the changing base current and collector
current due to recombination-deflection of the lateral direction
can be calculated by integrating the current density J,, in the
lateral plane with the area defined by AZ . W i (4). The
movement of charge carriers in z-axis causes the change in
angle 6 with AZ change.

—
A2
1= A

21€ad
-~ |
? ®By

Hole recombination with electron
in base is base current

g

Figure 3. Carrier deflection (holes) in response to lateral magnetic field.

The equation shows the relationship of Alcg. for detecting
the lateral magnetic field as presented in (8). and the
difference in collector and base currents.

Al = I We. Ad ®)

where Ad=AZ=1LBy )

using (8) and (9) obtain for Alegy

Alepg = Jpx We.L1t By (10)
where L is the distance from the emitter to base and collector
terminals ( base width).

Jus RESULT AND DISCUSSION

The interface circuit used in this experiment is shown in
figure 4. The circuit biases a magnetotransistor by forcing a
constant current into emitter (Ig). The collector (C) and base
(B) are connected to Rc and Rs. The output offset can be
compensated by adjusting the resistors. R¢ and Rg. Finally. the
difference between base and collector current (Alcg) can be
measured at each terminal of device A and device B.

By
B [
9 { |
L .
Device B Device A
R W Ry
s |l B e
I [ A
4 E
i P "
=@ D C @
Ry | g =

Figure 4. Interface circuit of magnetotransistor.
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A. Vertical magnetic field response

Fig. 5 and 6 shows the vertical magnetic field response of
magnetotransistor by varying the magnetic field density from
0 to 400 mT. The result came from calculating the difference
between base and collector current in 4 terminal at device A
and B. The output current was measured at different biasing
currents of 10 mA and 20 mA. From the result. it shows
monotonic increase of output response as a function of field
density. Furthermore, for the same field density. the output
current did not increase as a function of emitter current.
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Figure 5. The vertical magnetic ficld output response of magnetotransistor. at

emitter currents Iz = 10mA
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Figure 6. The vertical magnetic ficld output response of magnetotransistor at
emitter currents Iz = 20mA

The detection of wvertical magnetic field. B(z). causes
carriers deflection in both terminals. The deflected carriers
will increase the base current and reduce the collector current
(AIcg=0). The ratio of this change will be the same for every
collector-base pairs. The angular collector can increase the
chance of carrier recombination, and hence higher base
current. The output current of device A is similar to device B.
it shows output current increasing as a funection of magnetic
field density and not as a function of emitter current.

B. Lateral magnetic field response

Fig. 7 and 8 show the lateral magnetic field response of
magnetotransistor. The measurement was performed similarly
to the previous case. Raising the magnetic field strength also
caused the output current to increase linearly as well.
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Figure 7. The lateral magnetie ficld output response of magnetotransistor at
emitter currents Iz = 10mA
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Figure 8. The lateral magnetic field output response of magnetotransistor at
emitter currents Ig = 20mA

The mechanism in the lateral direction (By) of
magnetotransistor is the change in current occurring at base
and collector terminals. The hole carriers at base-collector of
device A will deflect in Z-direction and then recombine with
electrons in the substrate, which is the same type as base, to
become base current Iz and lower collector cuirent Ie.
Meanwhile the -X-direction carriers at base-collector terminal
of device B will deflect in +Z-direction causing higher base
current Iy and lower collector current I.. However, the ratio of
this change will not be the same as device A. The difference is
caused by the asymmetric and recombination — deflection
effect of magnetotransistor having the same doping type
between base and substrate. Table I shows the comparison
between sensitivity to magnetic field density. as calculated
using equation (6). at different biasing currents of 10 and 20
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mA in By and By directions. Magnetic detection sensitivity on
device A and B are comparable and independent of emitter
biasing current.

TABLE I The Comparison of magnetic field sensitivity in By and Bz
directions with different emitter currents

S (%/T)
Magnetic field direction
Ie= 10 mA Iz =20mA
Bz (device A) 1.35 0.7
By (device B) > L1
By (device A) 07 055
By (device B) 1.2 0.6
. CONCLUSION

A magnetotransistor had an ability to detect magnetic field
in vertical and lateral directions using the difference in base
and collector currents. Output current of device A and B
increase linearly to the magnetic field. Symmetry between
device A and B gives equality in sensitivity for both devices
whereas effect of output current change has no influence on the
sensitivity. The magnetotransistor can be applied to detect in
multiple directions and high performance with wide range
applications.
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Abstract

This paper presents effect of injection witdh on Magnetotransistor. Emitter area was confined by LOCOS and the
injection window size was varied from 4. 5 to 10 microns. With bias current of 3 mA the window size 4 micron gives
best sensitivity at 10mV/T. Measument linearity is 0.1 % full scale. voltage gain of 10 was used for minimizing
temperature coefficient fo be around 7.9 mV/°C measured from 25 to 125 °C. Temperature coefficient divided by
sensitivity give us a relative temperature sensitivity of 7.9 % T/°C. Second magnetic sensor device has been used for
temperature compensation. The second device was config as magnetic field immmne then it was used as a temperature
offset voltage reference. The added module reduces overall temperature sensitivy down to 0.3 % T/°C.

© 2011 Published by Elsevier Ltd.

Eeywords: Magnetotransistor; Injection width, Hall Effect; Temperature-offset compensation

1. Introduction

Magnetotransistor based on CMOS production technology are joyfully benefits from its low power
consumption, small dimension. design flexibility and compatible with integrated circuits assemble
Considering low power device a few effect parameters need to be concerned such as area of injection
termnal and carrier mobility. In the design case emitter area or current path have to be reduced and

* Chana Leepattarapongpan. Tel: +66-038-857100-9; fax: +66-038-857173-6.

E-mail address: chana leep pongpani@nectec.or.th
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redesigned for minimizing majority carriers and maximizing deflection current amplitude to yield higher
output voltage for better sensitivity. Typically silicon based semiconductor devices are suffering from a
large temperature coefficience which can cause operation off-set drift problem. High temperature
coeffience comes from many reasons involving insimetrical design, generation and recombination in
substrate bulk, misalignment of photolithography processes and non-uniform of etching process.
Temperature compensation and calibration 1s recomended at operating temperature if one expect accuracy
from this type of sensing devices.

This paper presents low power magnetotransistor sensing both vertical and lateral magnetic field
vectors based on Hall effect principle. Detail studies on the relationship between emitter width and power
comsumption have been done and the themal offset drift compensation method has been accomphished
by the dual magnetotrnsistor compensation techque. These methods increase the device performance,
accuracy and reduce cost on offset calibration.

2. Structure and Operation principle

Figure 1(a) shows structure of the magnetotransistor consisted of emitter, base and collector. Both
emitter and collector are p type semiconductor where base and substrate are n type semiconductor.
LOCOS was fabricated as a strip around the emitter where it was lefied open as the current path. The
dimension of the opened window 1s refered as the emitter width, Wg, which is varied from 4, 5 to 10
microns. The base width and the collector width refered from their contact sizes are 10 microns and the
distance between the base and the collector 15 20 microns.

L‘IDCOS Chaide

10 um

s
N |~ P-type
£ -
H
iy
\ (]
S5um

@) Fsub

Fig. 1 (a) Structure of the magnetotransistor and (b) Micrograph of device fabricated

Mechanism of the magnetotransistor 1s based on deflection current between two current paths, such as
emitter-base and emutter-collector or other combinations (B-E and B-C or C-E and C-B). which are on
wnfluence of magnetic nduction vector. The magnitude of the deflection current depended on magnetic
flux intensity similar to the principal of Hall Effect. Emitter current 1s a combmation of base and collector
currents (Ig and I¢) as shown in equation 1 and it can be derived in form of current density as shown in
eq.2 [2-3].

s s o))
Ig =T Wed (2)

Where Jyy 15 the current density, W is the emitter width and d 1s the junction depth.

The difference between the base current and the collector current. Alcs. as a result of magnetic induction,
B;. can cause the carrier deviates v axis with 8y, angle compared to its original path. The relation of
Algg can be written as equation 3 and tan 8ggy = w.Bz[2-3].

Alepyy = Jud AWz ()
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3. Result and Discussion

3.1. The effect injection width

Figure 2 shows a relation between output voltage and magnetic mduction flux along with the ematter
width variation. The magnetic induction was varied from 0 to 0.4 mT. The slopes represent sensitivities
compared three conditions of emitter width (4, 5 and 10 microns). As can be seen from the figure smaller
size of the emitter width helps mmproving sensitivity of the device. At emitter width of 4 microns, the
sensitiviy increase by 3% compared with the condition of 10 microns width. This results confirm benefit
of LOCOS which also reduces leakage current around the emitter to gain more energy efficiency and
incrases the sensitivity of the device.

# Jum

45

B 5um

10

o 045 0. 5 2 s 03 0.35 &
mgzivetic feld dewsily (T)

Fig 2 The relation between magnetic field density and output voltage at emitter width
3.2. The Temperature-offset compensation

Magnetotransistor is a bipolar transistor with two p-n junctions as basic fundamental. The p-n junction
plays an important role on temperature dependence of the device derived as a built-in voltage (Vi) at the
junction. The temperature also effects carrier mobility so the output signal offset as shown in Eq 4.

Vqﬁ-ﬂ= me - Vh' (4)

The Graph shown relationship between temperatnre and output voltage of the sensing device at zero
magnetic mduction 1s presented mn figure 3(a). Temperature was ramp up from room temperature fo

125 °C which give the device’s temperature coefficient of 7.9mV/ °C. Figure 3(b) shows forward I-V
characteristic curves of the both diodes (B-C and B-E) at temperature of 40, 70 and 100 °C which are
temjpganne dependence as same as i reverse bias regime.

TO0ED
g A,r” 250504
= 3M 7 T
2 // ooz o
;?190 = £
E S o = mEm
LA ol
X 5 00E-15
20
AN 78 W - ah—a =7 e, Yy 7 S0

Eim Veltage (V)

™~
Teapennze °C) -
Fig 3 (a) Temperature coeﬂiciegi ﬂfnlagne?ot'ggsistor and (k) Forward bias IV curves of the p-n junctions with temperature
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This high temperature coefficient need to be compensated to improve the device’s measuring
accuracy. Therfore the double magnetotransistor configuration has been used to solve this problem by
using another magnetotransistor with canceling its ability of sensing magnetic field out but still keep its
temperature response behaviour. The diagram in figure 4(a) shows this configuration combining the
magnetotransistor configed as measurent mode(MT2) with the temperature mode(MT1). The
experimental results in figure 4(b) also confirm this method. The graph show two plots of
magnetotransistor in measurement mode vs temperature mode and compensated output signal at zero
magnetic field apphied. The compensated signal shows a good result with only 1.1% deviation from zero
magnetic field off-set voltage over the temperature range of 25-125 °C.

Temperatmre (oC)

Vo

a1

P
o / Compensated output signal
(@) ®)
242 261 182 30z
7= 0 3976n + 01781
Vo Magweto Temp. (V) R 055ED

Fiz. 4 (a) Dual magnetotransistor configuration and (b) Output signal of temperature compensated terminal and output signal
Conclusion

The experimental results inform that reduction emitter width of the magnetotransister help improving
the device sensitivity about 3% from 10 to 4 microns width. The dual magnetotransistor configuration
technique reduces temperature coefficient from 1its original value of 7.9 mV/°C to 0.3 mV/°C over the
temperature range of 25-125 °C accounted for 1.1% deviated from zero magnetic field off-set voltage.
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Abstrace—This article presents a 3D magnetotransistor for
derecring magnetic field in three dimensions (By. By, and Bz) by
relying on the difference between base and collector currents
(Al;g). This device used low biasing current. It was designed and
fabricated using CMOS fabrication technology. The device
structure consisted of one emitter, 4 collectors and 4 bases.
LOCOS oxide was grown to smiround the emitter area to limit
lateral carnier loss, and therefore reducing the overall biasing
current. The experiment showed that, at 0.2 mA of biasing
current, the By, By and By direction sensitivity to magnetic field
within the range of 0 — 400 mT are 0.05, 0.07 and 0.145 mV/mT,
respectively.

I INTRODUCTION

Typically, magnetic sensors based on Hall sensors,
Magnetodiode, Magnetotransistor, and MAGFET structures
can only sense magnetic field in one direction which can
erther be parallel or perpendicular to the chip surface. As a
result, there is a need for magnetic sensors that can sense
magnetic field i two or three directions with high sensitivity
and low biasing current or veltage[1-15]. To develop these
magnetotransistors with the above properties, the design
relied on following strategies[1-9].

1. The quantity of deflected carmers by Lorentz force
represent the fact that carrier recombination rate and
deflected carier rate are changing in opposit directions.

2. The movement of majority carriers m the emitter have to
be 1n a single direction. Furthermore, the deflection has to
also be i a smgle direction.

In this research. the sensitivity of magnetotransistors in
relation with emitter current and magnetic field strength can
be shown in equation (1),

Alcg
I, AB;

(1)

Sp =

Where. Alcg is the difference between base and collector
currents, I 1s the biasing current of enutter and B 15 magnetic
field density.

078-1-4244-0280-3/11/$26.00 22011 IEEE

Thus article presents a magnetotransistor with abality to sense
magnetic field in By, By, and Bz directions by relymg on the
difference between base and collector currents. The device
used less than 1 mA of biasing current and had good lineanity.
It can be used in many applications such as current sensors
and proximity sensors.

II. STRUCTURE AND OPERATING PRINCIPLE

A. Structure of a 3D-magnetotransistor

The stmucture of a low power 3D magnetotransistor is
presented in figure 1. This device was a PNP structure with
emitter and collectors made from boron (p-type) and the base
area was made from phosphorus (n-type). The whole device
was fabricated on an n-type substrate. The structure consisted
of one emitter, four collectors and four bases. LOCOS oxide
structures were thermally grown to surround the enutter area.
The four emitter width of 5 pm were left to provide carrier
injection paths. The space between the emutter and collectors
(base width) was 20 ym. Each collector was designed to have
one side making 45 degree angle to the carrier movement
path, as shown i fizure 1(a). Figure 1(b) shows a
magnetotransistor after packaging on a printed circuit board.

®)

Figure 1. Magnetotransistor structure (a) Top view and (b) packaged device.



B. Operating principle

The operating principle of a magnetotransistor 1s based on
Hall Effect. The deflection of carriers due to Lorentz force,
while passing through magnetic field, creates the difference
between base and collector currents, Alcg[15]. The biasing
current at an emitter can be shown in equation (2),

=T, d W 9]
where, J. 1s the current density along x-axis. d is the
effective depth of the current and We is emitter width.

The difference between base and collector current for vertical
magnetic field detection can be calculated using equation
(3)[15]. In addition, the current difference for lateral
magnetic field detection can be found using equation (4)[15].

Alcg = Jprd-LonBz (3)
where, p is hole mobility and Bz is magnetic field density in
Z-axis.

Aleng) = Jpr We Lop-By )
where, L is the length of emitter to base and collector
termunals (base width).

The magnetotransistor in this article can inject carriers in four
directions and therefore the total differential current can be
calculate as following equation (5),

Alcgonn = Alegn) + Alcpey + Alegg) ~ Aleay - (5)

C'. Lateral magnetic field: Bx
The detection of lateral magnetic field. Bx. causes Lorentz
force in the Y-direction The carriers deflection will oecur at
B(1) — C(1) and B(3) — C(3) terminals. Figure 2 shows the
carrier movement directions.
Ll

N
[CESaEER T
O

Figure 2. The directions of camer deflection during the detection of
magnetic field in X-direction.

Equation 6 shows the relationship for magnetic field
detection in By, direction.

Alegy = Aleppy + Aleng, (6)

D. Lateral magnetic field: By

The detection of lateral magnetic field. By causes carriers
deflection to occur at B(2) — C(2) and B(4) — C(4) terminals.
Figure 3 shows the carrier movement directions. Equation 7
shows the relationship for magnetic field detection in By
direction.

Aleng = Alegqy + Alegg) 0]

Figure 3. The directions of camrier deflection during the detection of
magnetic field in T direction.

E. Vertical magnetic field: B,

Figuie 4 shows the detection of vertical magnetic field.
Bz, causes carriers deflection in all four terminals. Equation
(8) shows the sum of Al.g from the four terminals.
Furthermore, equation (9) shows the 4-time increase of the
magnetic field sensitivity.

Alepzy = Alegy+ Alepy + Alegy T Alg(#)  (8)
. _ 4ALg [€)
— Iz AB; :
\‘hl ®IBZ
[chln”\jl lecioe - bale

[ o]
“.T\\'
L
m
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II 1
\
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Figure 4. The directions of carrier deflection during the detection of magnetic
field in Z-direction.

IIl. RESULTS AND DISCUSSION

A. Interface Circuit

The mterface circuit used in this expeniment 1s shown
figure 5. The cireuit biases a magnetotransistor by forcing a
constant current into emitter (Iz). The collector (C) and base
(Ba) are comected to Rc and Rg.The input offset can be
compensated by adjusting the resistors, RC and RB. Fmally,
the differencebetween base and collector current (Alcg) can
be shown in term of output voltage (Vo).
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Figure 5. Interface circuit.

B. The effect of 45° collectors

Figure 6(a) shows the original design having the carrier
accepting side perpendicular to the carrier path. According to
the Hall Effect equation, tan 65 = n.By. the deflection angle
will depend on magnetic field strength. This would require
high level of magnetic field strength in order to deflect carrier
to base area.

1 I 1
alecron + hols
[ 2]
L] L] =
E : p— | E
| 4== C —
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(@) @
Figure 6. The deflected carrier movement for collector angles at 45° and 90°.
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Figure 7. The relationship between magnetic field strength and output
voltage between collector angles at 45° and 90°.

C. Response to magnetic field in X-direction

Figure 8 shows the response to magnetic field in X-
direction of a 3D magnetotransistor by varying the magnetic
field density from 0 to 400 mT. The output voltage was
measured at different biasing currents of 0.2 and 0.4 mA.

D. Response to magnetic fleld in ¥-direction

Figure 9 shows the response to magnetic field in Y-
direction of a 3D magnetotransistor. The measurement was
performed simularly to the previous case. The increase of
emitter current cauvsed output voltage to rise with good

111

lineanity. Ratsing the magnetic field strength also caused the
output voltage to increase linearly as well.
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Figure 8. The X-direction output resp
different biasing currents.
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Figure 9. The Y-di output Tesp of a 3D mag istor at

different biasing currents.
E. Response to magnetic field in Z-direction

Figure 10 shows a relationship between Z-direction
magneticfield strenght and the output voltage of a 3D
magnetotransistor. The result came from a combination of
carier myection in four directions. and as a result. the output
voltage was higher than the case of X-direction or Y-direction
separately.
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Figure 10. The Z-direction output
dafferent biasing currents.
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Table 1 shows the comparison between sensitivity to magnetic
field strength, as caleulated usmg equation 6, at different
biasing currents of 0.2 and 04 mA in Bx By and Bz
directions.

TABLE 1 Companson of magnetic field sensitvity in X, Y, and Z directions
with different emitter currents.

Enutter Sensitivity (mWV/mT)
current Bx By Bz
(mA)
0.2 0.05 0.07 | 0.145
0.4 0.055 0.13 0277

IV. CONCLUSION

A new 3D magnetotransistor had an ability to detect
magnetic field in X Y, and Z directions using the difference
1 base and collector currents. The device used less than 1
mA of emitter biasing current. The current injection in four
directions increased the sensitivity while retaining good
linearity. This device can be applied in a system where power
needed to be
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