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ABSTRACT

This thesis presents the study of dual magnetodiode. The device working in the
current mode is presented. TCAD is used to simulate the electrical behavior of the
device under influence of a magnetic field. The structure is composed of two p-n
junctions in that one region is common and the others are split terminals for output
of differential current. The mechanism is carrier deflection by Lorentz’s force from a
magnetic field. The carriers are injected from the common region by forward bias.
The defection carriers diffuse, deflect and recombine along substrate through split
terminals according to direction and density of the magnetic field linearly and
symmetrically. From the comparison of the complementary structure of the split
cathode and the split anode structure of deflection length 5, 10, 20, 30, 40, and 50
um, the bias current 1 mA and magnetic field 0.5 T, the relative sensitivities (Sg) of
the split cathode are 0.987, 1.611, 2.870, 4.097, 8.076, and 11.01 T_l, and in the case
of split anode are 0.989, 1.702, 2.936, 4.177, 8.106, and 11.19 Til, respectively. The
comparison of bias current 0.5, 1, 2, and 3 mA the relative sensitivities (Sg) of split
cathode are 7.506, 11.09, 24.08, 45.08 T_l, and in the case of split anode are 7.606,
11.18, 26.09, 47.09 N respectively. In addition, a comparative of gap and gapless
dual magnetodiode is studied. The results showed that the gapless is better than the
gap dual magneto diodes. Finally, the pn junction and MSM structure are special

designs for magnetic field detectors and detect electromagnetic waves.
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B Magnetic field Wh/m”

d Hall thickness um

e Electron charge = 1.602x10 C

E, Hall field V/cm

E Electric field V/em

FL Lorentz force V.Wb/m.s

G Geometry Factor -

I, Diode current A

J, Electron density Acm’

Jp Hole density Acm’

J, Current density Alcm’

L.l Length of hall pm

! | Density of electron e

p Density of hole cm’”

q Magnitude of electronic charge = 1.602x10" C

r, Scattering parameter -

R, Hall constant 1/C.cm”

s, Absolute sensitivity V/T

S, Relative sensitivity T

v, Velocity cm/s

v, Hall voltage \%

W, w Width of hall pm

Ly Hall mobility cmz/V—s

y7p. Hall mobility (Consider collusion of lactic) cm’ V-

U, Electron mobility cm’/N-s

K, Hole mobility e’ N-s

0, Hall angle rad
Resistivity Q-cm
Conductivity (Q—-cm)”!
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2.1 9UnsalnsUEUIAILIAGN

a

s 1 & & fa @ el A 2 - IO )

wugoswilimanlugunsaldidnnseindMuisusunaauuwdivaniidudyayiu
3l Tnsendeusingnisalauduiusssninsliiduauiuudivan 9anauinmen
vounaluladianmansuianeiawwifnniinnuneneiinwugesudnanfiasnainans
At Weglulaguugesgnuszyndldauunnmerainraie wuinduis Jnyu i
speen1e Ianseudalni advdnsiaduiuuldduda Jeffednnununiu dauuieiiogs
guasnwig Jengldnungniu wuwesudmaniinnuenaeydadiauauifuazdnyoe
Pldnuupnediuly lngaunsasdsmuanuainsatunisnsadulailunguivg 9 16 3
nay Low-field sensor (nT), Earth’s field sensor (UT) wag Bias field sensor (MT) #4m1514
W 2.1 [7]

= s W = ]
AN9Y 2.1 L GULERILULAANU TELANA9)

Machéig B3 tor DETECTABLE FIELD RANGE (gauss)

Technology 108 107 100 104 108

SQUID
FIBER-OPTIC
OPTICALLY PUMPED

l & .rll = S
NUCLEAR PRECESSION I @ T = -

SEARCH-COIL \ N, 4 :
' 2|/ ﬂ ELo
ANISOTROPIC MAGNETORESISTIVE 4 ~

FLUX GATE \ h - -“
MAGNETOTRANSISTOR :
MAGNETODIODE [
MAGETO-OPTICAL SENSOR
e R

GIANT MAGNETORESISTIVE
HALL-EFFECT SENSOR

*Note: 1 gauss = 10-* tesla= 10° gamma  Magnetic Sensor Technology Field Ranges

2.1.1 gunIalnsraduszauauIUiaNAT (Low Field Sensors)
J [ ' 13 [y ° s &
L%uL%aﬂmqumammaumLLstaﬂismum Low-field sensor (nT) twuLwaINguUaE
ATITUALINLILUANTUTEAUAIUINY 1 WU Superconducting Quantum Interference Device
(SQUID), Fiber-optic magnetometer, Optically pumped magnetometer wag Search coil

magnetometer Dudu



2.1.1.1 Superconducting Quantum Interference Device (SQUID)
Superconducting Quantum Interference Device (SQUID) [8] tutnsniaaulinig
movdUDIsaaUILLIWANIINTIgalungy low-field sensor Walstlazaosviinuineny
sgluifinszualvaniusossaloninudedndanasoudugud wazaruduiussening
nszualnihiuanussdndanasou azlidnuazilulumunguedeiu uwrdnsniansd
§987A@D9FINIRDNY LI19ENUINLNTELA AU T ANUA1FNgRnATaY auU@Asn
Suniuitusngnisallasndusuunsewanss (DC Josephson Effect) dndnwaisiilaiiniiy
AefndnnaseusossadvinseidlvaseadaanduiuailaeNauidauaziia1uegiu
1 U td‘ 1 = U 1 6" U %
ANUASANgNRNATeN L3IseniuIUIINgMIsailadusuunIElaadu (AC Josephson
Fffect)  ilatnanssigseinansduunasrudusesradnuazidulcuwniuiseninsesssa
Tawndu Josephson junction) watsitraunuuiwandnlulusesselandulsunudiu
fagnazyinlvnszunasueoadaantduilstuivesauiundivdnfNdnuiurialvaiunsatnvuina
a ' v & | | o -13
WASNANIVDIANULLANLE FwuRsaunsanauauDIaauILwAnlaluSEsU 10 T
2.1.1.2 lvliwaseaufim (Fiber-optic magnetometer)
A5 EulelNde UGB Wk Uy Mach-Zehnder interferometer [9, 10] 1ag
N v 9 % = a % o ~ W= a v ' I3
zfidulownduniegninfousigdanvianiudsundasauinlaainauiuuwdindn
(magnetostrictive material) Weagnelaaviznavesauinuiman n1siasuwlastinasyinli
Lﬁ@gﬂLL‘U‘Uﬂ’]iLmiﬂaamﬁmﬁwmaa Interferometer U1 Fiber-optic ~magnetometer
2/ ! 1 -10 -3
AN1150MTITUAN NI AN e TUYIe 10T 89107 T
2.1.1.3 saUfnealy (Optically pumped magnetometer)
NIUIREUTING MTAITULIY (Zeeman Effect) Baduanniuvesesnouasiin
I | = ' v ' < = | & A A A A &
nsuenduuaueas o Weetngliauuudivan Weuamwmadifeuniotidey nMspanau
& a PN v ' < 4
WEIU0971998AN1TIUAL ULUAIR A NTNUB I UINLLLAAN Optically pumped
magnetometer fderpansfvunlnguas AUnaNIuNn @3nsansduanLLwanlam
' -12 = -4
Tuea9 10 " 89 10 T[11]
2.1.1.4 §AR8SW3TYU (Nuclear precession magnetometer)
n15v119uldANlINsRRvAURIARAUNNWIMANYRITIARuAl UL ABUYDILNAT
lalasansuau Wi wudu (benzene) Lasannluiuuduidayuvedlusnoulurasraianusg
[ a q.'/ 1 @ v d' ) a, d' Y o [ [ a LY
JaseauutIns1Itagaunuwiwmants  weaviin1sUnauiuilddnsuinsealusneay 6
TUSROUIZISUNLUAIIRUAUILLIMENTOUY) LngAI1UATDINITUYUAIDLTUAUIUIAVD

1 = o o 1 1 -11 -2
GURIERY ST %QJJUEI’W%J’]%]’J@E!UWNLLML%gﬂlmuéﬁ’N 10 89107 T



2.1.1.5 1@5¥A28a (Search-coil magnetometer)
msvhandldngfustunsusimdnliihnsmienivemhauedlaensdeunasmes
Auussusimdniiiiuvnatnaznieninssuadegsiliinussiulniidavesnain
Tnnluudruaanasinagldunudutan ferromagnetic Lilalfisusgansaimnisianu &

¢ Y & Y} -12 = g Y a P
qﬂmmmmiam’;%‘uaumLmeaffluﬁsz 10 T GZNﬂ"U‘LJaQﬂ‘UﬂWiLUaEJuLLUaQSUENL?{uLLN

waiwAdn [12]

2.1.2 gunsainsraduszauauuwivianlan (Earth’s Field Sensors)

gunsaingIRduaumusimanfieglutisanauausivanlan Earth’s field sensor (uT)
nauiazdimslfnunmsssysumsesnaniisnns wu weuleleslnsUaidaunud (Anisotropic
resistance) Wandunm (Flux gate magnetometer) 1Judu

2.1.2.1 uaulelalnsUnsTaunud (Anisotropic resistance)

e s iAIi UM LTuANA1aY (Anisotropic Tesistance : AMR) tueglu
NANYBIHINTIT UM Bl T AL UA IR IF UM U BdULUvMAN (Magnetoresistive
sensor) Fsaunutindnmeuenagiloauunszuaiiiatulutan dunaliiansdsuudas
vosan nduny Tasdsingnisal magnetoresistive  adansngndainanulutag
ferromagnetic [13, 14] Ysingniseiiagianseenaluguannisnyuniidades (quadratio
fufvanuutdvdn uiinsannseilidududaduldlasldounsaiiiiasatisuuy
barberpole  [15] #slastassiaziinsvhaaiuanuusingn dgunsaiamisansindu
aumimdnlutag 1084 107 T (16-18]

2.1.2.2 Wanginm (Flux gate magnetometer)
gunsaitiuyisyuuihmanieldifuduia Ssdvnaanildnssdunasanaindmiu

[

ndtyeyd (Pick-up coil) Wuagsaue unudan Ferromagnetic Aidanmeauliiwinduls

]

a Y

g9 (High-permeability) masuaﬂﬁua}zﬁﬂﬁﬁ@ﬂﬁLm’jaﬁané’zyﬁyﬂmawdwgmémm
awuwivanasuenzdnlusumuauannsvesduaafiunioiliiAne Suefiniides
%uﬁwamﬁm%’ui’wé’agaynm YuInvedssueinfidesasuusiuivaunulmdndild 3
annsansaduaususimanidludas 107 89107 T 19, 20] qunsaisnddrauuuung

g sowiusenlals (Macroscopic form) uwazhuvvuwaanilglusnudiannseing

[
o =

[21, 22] gunsalviiailagnyinauludsndvdlegldnssuiunisaiavumealulad CMOS [23]

Y

2.1.3 gunsalnsraduauusiinanuuuluds (Bias Magnetic Field Sensors)
gunIalnsIRUaNINRImanTIfasenfunsdaluddliiuduaie dnsussandldanu
mesnuanamnssiludinlngazlduimanans vieveaimduwnasinlinauiuwiman

ANULUNYRY Bias magnetic field lneilueglusedu mT Fegunsaliwmunzauiunis



(%
1 a A )

nsRvvaINLlnanngull Ao uunilansuTaines (Magnetotransistor), uwuniilalalon
(Magnetodiode), Lwuasuuniila-soufnea (Magneto-optical sensor), tutgaslaloun
Lunillas@ann (Giant magnetoresistive sensor) wavgunsalgead (Hall sensor) udud
Humuweiteuldnunnlugnavnssy [24-26]

2.1.3.1 uunflansudamas (Magnetotransistor)

I
v I3

Lﬂuwsm%ama%‘ﬁgﬂa%ﬁwumﬂiuh%uaa CMOS [27, 28] lutlvarpalanLmas
(Collector) aaa%aaumLL:u'mﬁfm1&Juaﬂ%mﬁmﬁﬂﬁlﬁ@mmlajam@ammmsLLa
AealaAwesduLlonnusmelsud winilansudawmesanunsaasindunsmileniain
wiwdnldmda 107 T wagsomfinmswaantesesvanluzes Offset vasgUnsalasnegn
41N [29-31]

2.1.3.2 uuniilalalen (Magnetodiode)

Julalenansissiiifiusind (o) wazidu (n) anuULeniumMeUINAUNIUTA
(Intrinsic) ﬁa%ﬁﬁauﬁgm%ﬂluizﬁuﬁﬂ U‘%Lamaum‘%u%mzamagﬁuﬁuﬂaﬂgﬂamﬁmﬁﬁé’mw
A5 FATIRURuANA T (Surface  recombination  rate) — anglddoulunisaaniney
sefugs (High-njection)  TnoussasisudazsinlfiAinnisiddsunyasvesaniminlvidi
(Modulation of conductivity) luusiadunsudea I@m/'i’al‘dLL@Jﬂﬁimlmiamgﬂa%wﬂu%ﬁﬂauﬁ
aguuuanlng [32, 33] Lwiasmliﬁmmﬁlé’ﬁmiﬁwLauaéhqﬂﬂﬁzﬁﬁa%ﬁqé’wmﬂiu‘laﬁ CMOS
Fadeenaly (Sensitivity) 89 25V/T [34]

2.1.3.3 wunilla-ooUfnoa (Magneto-optical sensor)

Wwulgesuuniln-ooufnea (Magneto-optical — sensor)  lagnnslausglaauann
Usngmsaliwanlsieduvasiiswaddeiamanisinarlswduresuanznudsnludendoud
WuTanusivan [35]

2.1.3.4 laueuuuniln3@aiinl (Giant magnetoresistive sensor)

Taweuwunilan3dadin (Giant magnetoresistive  sensor) azuanin1silasunlaves
Ardumuiienagels 70% Ftuduauuimdniidani (361 gunsallawouunilaiia
Ausznaulumeszuuelsuuniufn (Ferromagnetic)  waguaulneolsiuniufn (Non-
ferromagnetic) wuUMaety AIETUUTBTelsuInURnUee aauwiué?fagﬂ%uﬁw
Funsthvosuouelsuuniufin aWMWiagﬂU%’ULU?{auIﬂaﬂwsLU?{auLLﬂaqLLquLuufﬁLLﬁmﬁﬂ
(Magnetic moment) vastulalsuunuinainfivunuiusuuaiufians (Antiparallel) 1u
femaderiulasaunuivinniouen sufifluwududmdnvuuiuianaduldleiesd

NN19NT2L9NRAN Funaniazdszozn1anaunissu (Mean free path) 18717 et svinli

1%
U 4

AMUAIUNIUANAY LAYAIUNUIVDITUR DITIANTIDENINTLEENNDUNTIUVDIDLANATOUTY

YU YN 10 Uluuns [37]
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a

I3 ¢ & sy Y o s
Wwuwasaeas Luwuwgeinlindnnisvesgeas [38] deslilunugnamnssy nsie

¥ = !

linsradulsnuauuudmanildawinindaudedeldgs farudirelunsldnuuas

Y

'
a

anunsasiudniuesBianvseiindls gunsalaliailunzegeBaiunisnsiaduauuuvan
' I = ! | a a ) | < A 9]
YoAMAN1I5TRg YA MT vTensiaduanuwdviniignasialaenseualui ns
PNUVDITUBIAYNITIU LU UNINEINNWLTIABLTUTTIN LN AL P Ul UAARIRINAUT A
N19n15maveInszwa wsrzaztulun1sidaundainisauyauukivanlugig mT
Aaa

uasgeanRefIaanANantuLiUsEANSAmlagsIw nannslasaseiiugIuvegeadds

fomiluldlulasead1ady o Bnigu MAGFET [39-42] Magnetic FInFET (MAGFInFET) [43]
2.2 #énn1svineuYadaunsalaaas (Hall Device)

2.2.1 Usingnisaliialuuaniufn (Galvanomagnetic effect)

[%
v a

Us1ngmsaliadnluwuniudnianualinnnn1snussaaisudnsgyidenneg i
dl' = v e @A - o o aa ! < =
indeuluminans kavissasisudnfeusnnsyifivenandivsegluauiuutdwanniiis
ISETARARIANNNT

F =ceE +e[vx B] (2.1)

g e AeUszaveteunia (@ vsudidnnsou e=—g dmiulen e=g B4 ¢ AovuIAUDY
UszqBianasew), £ Aoauwliil, v Asanusivesive uaz B Aovuinvesauiuuivbn
wewsnvasiliwantesndeslddneiausamisiniinatn (electrostatic force) waznoufiaes
wwfuusiaesud Uesasenaseninemmsaaridedliiuardursudndnauddiu
Tunsfinnsandruivanveduisasisudiiieflogidngaunisasgidoueaning 1519z
UszanaAdsusgnevlfeaunigiuinUsygningiadeuiies wasauesuidunaniain
aurlililvieusadusug wazaudavesmns inunasiivuramfusaziinfuaad
wiangauenils fafusianansowuiiannanda (v) veseuntaudariafsamuiiaes
Fouadsrean s wavisavlifinnsannisiadeudiisrudeu (thermal motion)

“UEN‘W’]MgLﬁ@ﬂ’J’]?,JﬁSWJﬂG]Iaﬂﬁ‘:ﬁLﬂi’]%ﬁwﬁﬂig‘ﬂ‘U"U@QﬁUWNLL@jLﬁgﬂﬁﬁﬁiaW’]ﬁz

2.2.2 Usmngnisalgead (Hall effect)

Usngmisalseadiiulnngnisaivilsidneglunguuesusngmssifadanluuuniuin
FegnAumulag 1893y 80ad (Edwin Hall) Tul a.e. 1879 [44, 45] gunsalnisnaassves
goadaaAutuazldudusihendaihuiainnes (long gold leaf) Tutagtuaglindnnisves

geaduumalulaBvasansnaiiiilaedinsimuienulugunsalsing 9 uinue [46, 47]
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a dl dl 1 d! U o dl o 1 “« i) dldsl
f1sanmsafeuvesnmvgluuvisasisintiunawage JUN 2.1 A3 “e13” Tund
PUIYAIININAINNYIVBIEY | TAILINNIIANUAIE W MULRUAITNIAUIAINATLS)

awnsnaziasdvsnavesa i ideuliunusuansisinile Wesanusnasinanlnediu
Tngjerilsvozneiiduidwaliianansenuiidessuariasly 1519zl fuduansiadat
fsnamgnimususziamifuansisiiniwde 1 uay p etnazuiu lneiayliAanaiiin
Pnmnzdsdesluwsiuasisiiurazedaiionnudierenisasuie

N

7 A — 2

+
4+ +
y + 7

+ t F J E w
B E Va ___» i
>
y
'S
¢ —

4

i

()
JUN 2.1 Usingmiselseaaluunuansnedidivia p uae n

lugun 2.1 E, Aeauulihateuen, B Aeawiuwdindn, v, fearusiaoudeu

YOI, F AouSImuan, J o Aeanunuiwdunsend, way £, aunulnineesd wsa

H

1 =3 [ Aa @ v 1 =% o o [ b4 LY

wimansNannIveNiiUTEeausasuInludivautiu v s uansiafivin i ssaulnih
13 ! a | = o o

790U 1ENINUTZVVOUVDIUNUAITNIFIUN
ngUauydntvaunlniiauwuisnudeuluguilentu x  (E, =E.,0,0) uas

auinsmaniiuaud AatuusIaaisud Tuaun1s £ = ek + e[y x B]asiifis nauusn

Wiy Fefomanusamnaliiln wsanigliihagyinlinnenivseazasadoulunuunuluy

AAN ATV (WU x wag —x  dmsuarsneindwtin p wag 1 auaeu) e

AMULTIAeeEUTUMLH9IN

Vdp = /LlpEe vd = /’lnEe (22)

n
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B9 g uay p, Aoan nadesedleauaziinnsounudIfy daiuAUMLILIUNTELAIEMY
Tene

J,=qu,pE, J,=qu,nk, (2.3)

B9 p waz n uwnuanuvukdulsawardidnaseuluasieiiiheln p wag 1 mudnu
2.2.2.1 aurulniigaaa (Hall electric field)
A 1 @ Y 1 1 =% o o dy aa 1
Welawunimandaniusiuansiedlusnny y seulnieniiusegluniuans
Avhthezgnnsgidieussaeisudisaesdiu esninauyilianusivesmnveyiovunly
wHuansnsmthiiaadauefsduwssiimaniinsgyisenvelulnuansnsiteda o
waz p azdu

szelvdprJ ELZB[VanB] (2.4)

A a ‘g £ 1 s:! o © g.J/ a a a a % d‘
LLN‘V]LﬂG]GULlﬂ‘UW'WiZ‘Uig‘\‘]‘I‘ULLNUEWiﬂﬂﬁﬁuqﬂﬂﬁ@\isﬁUGﬁ]%NVIﬁ‘ﬂNL@]EJ’Jﬂu bUBDNRIN e =g aY

e = —¢ @w3ulganaydenAToU AIUIINAITINENNNTINAIULLEIAIN

F,=qu,|E,xB]  F,=qu,[E <B] (2.5)

[
= %

lnguseiminguiunmgluusua it msaelinragluuny - Jausadeusglugy

mummmu@iammummﬂu
F =(0,0,quEB,) F,=00 qukEB,) (2.6)

WSITALNANNANE L UN VD UATUUUYDILKHUAITNIAIUT AIHUAIIUYUTUYDININENVDU
ANUVUYDILRUANTAIAIU1LLTUANUY UV U ARV UTUVBININENVDUAIUANIIZLS Y
¥ ‘é’ o Vo 1
anas Migwmaianuaunaveslszazgnsunmutazilydauiulniiusingseninaey
AuvEkazAIuae auuliinnusinguuaegun 2.1 agnseindenineNnauadaud
R iuwssvaiman Jwannauulvihazudnnivgludsiianazandszqdiniuiivey

uluiigausanslihesdidnnnnenzaunaiuwsamausivan

elv,xB]+eE, =0 (2.7)
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PAIINUNINENLAADUNTULNUAITNIF1UNNIADI9LLARDUN P ULUIVUIUAULAY X T
A Y o o ' a SO v a
willaunuilksamalndnnneusnnseyiieseg1aien auuliidinNnasanniuianIweInseLa

(E,,) BerhanafuusamamimanaziFondt “auniliooad”
E, =—|v,xB] (2.8)
NNANNT v, = p, E, War v, = i, E, \5agliauilnihseadiiu
E,, =—wu,|[ExB] E,=u[ExB] (2.9)
mnidguluguresrunluusasuInny
E,;, =(0.0.~u,EB,)  E,=(00 uEB,) (2.10)

Frklutiugnsieithidnssualiiiwasfinisdnruvesausudndn duusdmén
yosussdiuunltufiarsulnihluasureusuniaessaodns (i “nisdunszualnih vde
“pressing electricity” LﬂULLuaﬁmﬁgﬂiﬁmLaﬂcﬁu goaa)

2.2.2.2 ussnulnfngeas (Hall voltage)
wansynuiiannsadudeddegsdaaureaunilniisoadifenisusngussiulin
Tunudenfufirvosnssuassninweuresnuasteiat usssuliin e dudasSenn
wssulwihaead ynnidongedesen M uaz N fiveunssdaiuvesiduansiain aneld
Houlvilyprtsaoseiszundnglihfiviiuile B =0 fefuusetuluihseadannsanls

7N

N
Vi'= [E,dz (2.11)
M

Y

wagdmsunnuansnesieia 1 uaz p  agla (unlisazlanuanizvuinlagaziay

WASIMLNEAUNIKAY W MUNEDIAINNNINIUBILNUANTNIFYN)

Vip =i, EBwW V= EBw (2.12)



14

nsaswanuliihseaduazussiuliiheeadnelieulimsnaassiuanslusun 2.1

TngvhlusinazBenitusngmsalsead ludsingnisalseaddiiandnwaus iuguiiddasn
otavilsiiuffe yusead
2.2.2.3 yugeas (Hall angle)
Sofauuulmdndaiuusuansfsiuihiegn aunulnihdnsifaluskuansiadn
fanan E = E, + E, aglildeglunuiwnuifeidvauiulaiiaisuen £, lunsalund

o Y a

nszualuwsuasiwiniazgndfnfianemuaulsinteuen sildaumuuiunssua
ogluunuifefutuaualniinieuendilusud 2.1 Wesanaunilwirdnslaildfiiianig
Saufunuaunurese TN szuE (Luaunuvesaualiifinaneuen) fedulsngnisel
goadlulHuaIRiig9zkansi U8 saua i dws Aduwus fuau il
AeuenuarAImLLUNSeualuliumsnigns  yuiiAnannades g, as

Sundn “yugeas” INUN 2.1 @1asanIyueeadtaann

(2.13)

[
o

311aUN15T AU AN T TRyuFead banIuALduTUS Yas A sauu LW aun

% [

wonnilfienaszynuseadiluygudssvuresanunuiuiunseud J Aduusiv

aualiihans £ sugun 2.1 (Hewmnanumuisdunseuauazauulnineueniifianig

a v ¥ E
Weaf)  awauns E,, =—u [ExB), Ey, = 1, [ExBluazaunis wn g, :||E_H| 157
QUL ARV R La L NN e WV NG DN VTRV

tan®,, =, B, tan0,, =—u B, (2.14)

[

YD NOAALTLDY AUAUULUENRATANTNARDIVEIUTEN MU LATBINLIBVBY
LUFPARILARNAGDITUATBINNNEUBIUTEN Ml UWNUAN TN AU

2.2.2.4 ﬁ'uﬂizﬁwéaaaé (Hall coefficient)

Anauns J, =qu,pE,, J, =qunE, Lagaun1s E, =-u [ExB],

Ey;, = 1, Ex B]ssnannsassyauduiiusseninemnunuiudunssuauazaunliihoead
Ju

Ey, =—i[J><B] E,, =i[J><B] (2.15)

qp qn
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®B @B Eq

~
IS
|

v

Ny
s

Onn
Oy =
Ey

E
@) (n)

a s ' 1 = o o
E"LJ'Vl 2.2 LLNum‘WnﬂLmaisuaﬂaumblv\lﬁﬁLLasmmwmLLuuﬂizLLzﬂULLmumiﬂ\‘immma

PNLNUNININMDIVBsANN T az AN UN ST LAl ULEUANS N9RN1 9 Te
plp) wazvin n(n) lag J AeAnumwldunseud, E, agualiiniesuen, E, auluii

goan, £ audlwihans, uay 0, Aeyusead

NNANNS £, = _ LBl £, =-LsxB] awnsadeulmidy
qn

qp

E, =—R,[JxB] (2.16)

81 R, AemulsiBenirduuszavieead aumstauuludoagiannimaaosessead
FuusyavBeeadilusiauusnetan (material parameter) fleSunednwuganuifuuas

PpansvessINgmMIniseadluiamanis mivesduUszavseoadae Vma T (had

wnsroLauLUSnaaT) Faursefiazuandlusiuuuiinedninunntudy Qmr leviuuns

Aowdan) yisewleuwhny m>7 ' @nuiAdwnseemaan)

NMANSABVANNS E,, =_L[J><B], E, = ; [/ x B] was E, =—R, [JxB] 51

qap qn
anunsaduszavoseadvasinuan i livzavdvisaesulialu

R,=— R, =—— (2.17)

LASOINUNEVDIANUTLANTIDARVLADAAABINULATDINUIYYDINIVEDI19UN ALIUIAVDS
dUUs2ANS900abUSNANUAUANULYUTUYDININET19UIN d1nSunisunluldasedu

wsesiulniheeadarunsadeulvedlusuvesiulsdulszdnsaaadlalagordoaunns

N
v, = .[EHdz wazaums E, =—R, [JxB] oy
M
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F9 1 AoAUMUNTEINUESASLh, 1 ﬁaﬂimaﬁﬂaﬂﬁuﬁqﬂﬂiﬂiﬁfﬁ’mumim I =Jwt,
way B ﬁaaumLLﬁLMﬁﬂﬁéﬁmﬂﬁ’mzmuﬂmaqqﬂmaﬁ (udithsazlaifnniesmaneves
wsaulai) aunrsauuusandiiiuingusisvesingunsalseadvdnasoussnulni
w0dnm Tnsgunsaififinnuunsagldnavosussiulwihiigsningunsaififaumununneg
2.2.2.5 Usﬂng]msaiﬂ'mf‘jmwunima (Current deflection effect)
finsanunngnisalseadiintuluuuansfiainidy wivasfsinimetsdmsu
nanaaesizieniduidadiornanufisnisnssuaiiddesnituianufienisused

v 1 1

sEYRaNIve AIeg1evesiuasismIduazlandlusun 2.3 Tagldsvuuiinauay

]

Fryanualmiloudugui 2.1 deanuiluukuansieiatigu | <<w yhligusisvauiuans

v o 1% LY

a d‘ v ! :.I/ 1 = o o o ! L3
adiadefukguIrUsenuiuseninea b luskuaisiednindangnysingnisel

)N

geadagiinlugliuudaseniunngnisaimsidesunrenseia

ik

e
:

o

N

I
o
B
e

(o

t

A

Y

r\>
W

SUTt 2.3 wiuansfashdudsdszerssriadalwihtiesnissesssvitmouiiiuauiy
(insulating boundaries, ib)
wHumatlu (Corbino disc)
defazdladnvuefiiavresusngmsalsoadluuduansisinhdu 1snagfiansan
o

A a 1 A 1 =% o o g =] [ = = 1 [ 1
ATUNLAYVBDLLINAD LLNUﬁ?SﬂQM’)UWﬁUW@JEUSNLUU'NLL%'JUGZNLLBWNIUE‘UV] 2.4 WNUAINATIAL

gnisendn“wiunaitly” [48] uiuredlufidnuwaz duniuniorsnuvesianifianindalni
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1 WU a1sneiat Fegnanmedalnihndian wilwihadinesagudnaisuassouguiu i
insteuusaiulninseninstalniiaes idudndlniin (equipotential line) aiiynsay
Audnansffusarautiinazwisenmuwwisall duulunsdilufauuwiman nssua

a 44'

wlvaluwiilumuuuniaivesinay defauuusivdndariuiantuusunszuaasdesly
dafisufufiansesiaiisuil 2.4 luuiueeitlutuaglifivinueuiifuauiulinve
annsnavavegldiniloutunsdusuansfsindennounind dduaulaihaglivang
ponuililiifludanausynasivindssalinvegnusamauivandssuudunisen
Bumnafiduitan

wuansRsthdulusuil 2.3 anssoveaduuiueostTufifisaiowalvylaifuan o
ldegrstaauindiuneluresiiedis (A) dsinaanveuiiluauiu (ib) arsazimiloudu
vourunestluate sufuluuriuarsisniduiuasliflaunaliihseadiintunsaziinng

LY UUVDINTE AN ATULNY

(%
a v

(%
Y

JUT 2.4 ururesOly WWuukuansisinhnauiifitniistiegnsinanuazdndiegdeusoudu

¥

1 1 = I v a =3 [ [l @
59U9vLNY TulkuAasOluau Wiy E azunmusaitnaulagliduduaununidindn

daupnuvuIRiuNTERa J asgninildeannuyueead 6,

wananinsnusenuliihseadivsngluksuaisiaiuidudiaiunsassuislagly
WUUT18003935 L anuuuudnaesilussiulniseadaslivsinguszusanfauliiing

wilidn (magnetic electromotive force) azgndnsassedalninfidvwialg
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nsidsauunszus (Current deflection)
poutiTIzaIMATLEITLELFS s sa L LA AN SEUE 197
wldnsUssanudiyalunounihidnatatiufe 1arhiaulanisiadoufidaniuouves
winzuazanyAinvzindeuiedeaianenislinisnszinvesussanisud aunis

F = eE +e[vx B] awnsadoulmilu
F,=qE+q|v,xB| F,=qE—-g[v,xB] (2.19)

B9 v uaz v, mnefisnnuiileauarBiinnseu Allanvasnanusaelsud £ uay F,
=~ v a & 1y =3 ¢ Y ]
Welinsiiasizvideludaauiu tsvsunuussaeisud £ wag F, Tuauniseuang

Wguwihiuusmaliih g uas ~gE, ooy
gk, = qE—f—ql_vp ><BJ ~qE, = qE+q[vn ><B] (2.20)

wmgazaseidouiiaannauliiauya (equivalent electric field) £, uag E, luiiAnig

WAeaiuinssaelsudnasyi et u, p WAy — 0,7 AUNIEBIANNITAUTY

J(B)=J,(0)+ |7, (B)xB| (2.21)
J,(B)=J,(0)~p,[,(B)xB]

B J,(B) wag J,(B) Aernumuutiunseualaataydidnaseulunsdinfauuuivin B
FIREUAUAIOY
J,(B)=qu,pE, = 1, pF, = qpv, (2.22)
J,(B)=qu,nE, = u,nF, =—qnv,

wag J,(0) uaz J,(0) Aerumuuiunszuaassidewiownauwiliih £ e B=0
J,(0)=qu,pE J,(0)=qu,nE (2.23)

PnauaNnsiuULIzkanseenuiluwiunluguil 2.5 fieneveaannes £ uway

B w@0AAR8INU

™ aa

JUT 2.2 Gaawwlwihaieuen £ aefifienianuuuiwny x auiuwdidndialuwuiwny

wavauyAiawliiiaesuenuazauiuudwanieing auaudindfyrosununnlugui
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2.4 fFennmeivesawilnihateuen £ uazAnuvwlUdunssuanietu J (B) uway
J,(B) aghildegsauunuiieniu dmsuuduarshsinhduaunwimvanazidsauunseua
ndunUnAauauulni

yugaad (Hall angle)

Jy(B)
HplJp(B)xB]
J,(0) E x

J.(0) E X

ﬁn [J.(B)xB]

(m Ju(B)
JUA 2.5 urunnaunsanneshulkuasnsitduasieiein p (p)uagn (n)

aatiuluwsiuansheihauusngnisalseanvzuanseeninlusunisideauuveainy
wulunssia J(8) annauiuliihneuen £ wuvesnisiesuufelusead g,

Tunsaitouleingruesununsitluasghifiauulniirgoasiintuiasuazauiuluii

(%
§ v o

meupnasduaunliilians dsuyugeadnfieyuns s duLeIn R ILATZLALTIEY

[y

unavesaudlnihanslunkudiag e AddaanvesyNsRadazmiliauiulauslineu

E 2 Y o = 5
||EH| galunInumenislduwnuninlugun 2.5 519zl
e

Wil wané, =

tan0,, = u,B, tanOy, =—u,B, (2.24)

AUAUNUSNANUAATLAZLATOINNBVRIYNTRAR buHUATNIFIIIE kA d U BT Ui

4]

[E.

Tsadaunnintuusingnisainietuluwiuansieiauidgu tnaglilanandarnumun

PAYUANNTT tan B, = wagauns tanb,, = u, B, , tanb,, =—u,B,

Yoy ¢ lugun 2.3 duninganuilimilounsalveslsingnisalgeadsssun gunsain
o L4 A 1o &, ¥ [ 1 1 1 =3
91fgUsIngnIsainmsilssuuransekaavliinludesduwivuisanely udegalsinig
gunsalniianuusagyililaianuduniuaalagyilvnenisnssualun1siau e
wignatigusnadeiuwiudnadulassasinunzand wivaunsalifiondenisidesuuves

NILLLE
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2.2.2.6 Usmgmsaﬁumnﬁim‘sf%atmuﬁ (Magnetoresistance effect)
NN INlUgUT 2.5 1azdunamiuinnnnesanuuiiiunssug J(8) wiuunn
Weundn J(0) Bununeanuitluiuasiwnhuuuduaunwimandvinbiiausingnisel

WAy neusingnisaiiiaduviniianunuikiunselaana

V = constant

A

I = constant
>

X) B

(a) (b)
JUN 2.6 Usingmisainisileasunvesnsvualuukuansfeithdungndaunie (a) usaiumi

X) B

CNANNN

AN

wag (b) NIWARIT Ul ADEUNSEWan B = 0 wduiumatdunsewan B#0

‘Ui’]ﬂ{]miﬂjﬂ’]iLﬁlENL‘U‘uGU’ENﬂi‘?dLLﬁl‘uLLﬁuﬁﬂiﬁﬂﬁﬁﬁﬁguﬁQﬂﬂ@uéj’JEJLLSﬂﬁJumﬁﬂzgﬂ
uansogflugUil 2.6 (a) uasluukuansisithduiigniousensvuansiideuandlusuil 2.6 (o)
ANUIRILN s LaLlefiauunlmdnisesnianouii iflauuuiinan n1sanveunIy
‘vimLLu'uﬂszLLaLﬂuwammﬂﬂﬁﬂgﬂﬁaimst,ﬁml,wsuaqmma Immé’uﬂsmaﬁgmﬁmwu
sy lilive U og 1998 TY FreldunIIsIAUNSELATIENNA Y TumraneaL
Thuazdmalirudumuve Ui iudugng a"m%’uLwiuéhasmﬁgﬂlué'aﬁ’wmeﬁfu
aefl iodaunudimdnfaniuazdinalinssuadiivariuunusiogsanas luvasfiunu
fhogsiignludadmenszuansiiazdsnaliusaiulinfinnaseuusuiiesnsgeiy

defiazminaunuindunszuganasiiidosanauiuudiindn 1519smnaleasves
aunisJ,(B)=J,(0)+u |/, (B)xB|, J(B)=J,(0)-p,[7,(B)x Bldm¥u

Auuuslvaniisean E-B=0 NalRagURIENNTaziduy
J,(B)=0,,E+0,,u [ExB] (2.25)

Jn (B) = O-nBE - O-nBlLln [E x B]
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1ng

(o2

ro O-n()
= =—"n (2.26)
s 1+i,upBi s 1+(,unB)2

Wuanmilniihdana (effective conductivity) vesuduasiafiivdn p uwaz n luvezd
= 1 [~ 1 ] [ o 1 1 3 14 1
fauuuimandniu dw o, way o, Wuanmhlwiheeubifiawmwivan lamsud
dUUsEANS o, NauN1IAINUY  TAUSULNUATIIAIRIUIEY LTHBIINLI IR TAWHUAS
mithdulneuundiuvesuiuas il AtusazBenduUszd@ns o, 1anmilnives
Ap5ULU (Corbino conductivity)

NARIANNTTAIUVY L51aunsnenuuliinszuanislugunsaiasiinnanadiiie
auNwaNTA183TY Aeludunumegfiauiuwlnindariugn i tnivesianas

B N ) 2 c = v
31213N ﬁﬂ’]‘WG]WUWWUVLWWWV]G]@U??UQQW@??U'WMLL@JLﬂaﬂﬂqll'ﬁﬂleJﬁlubLWLUu

Prp— P -
pB_ Fpo _ ( pB)2 Pup = Pro _ (,unB)z (2.27)
ppO pnO

PO v Y va a W A2 = R | ¢
nsinAuvasansumulndinludannglasvsvesauiuuivanazisondn “Usingnisal
a5 as s 4 X v = ¢ =
wunilleSBaunud”  stiuduvesanmumulnidesnnysingnsainisiesuunes
nszualuuruAInddulIzgnisend “Usingnisaluundlasdaunudigasvindn
(geometrical  magnetoresistance  effect)” AN ILTFNIVIAUNFLNDUTIAIILATING
Usngnisalifestesiumavasuiamasnadnvesdunseianiuanduguin 2.6
2.2.2.7 \pseaivgunsnigoad
Tassadvgeadlugunsalansnasioi
lassasravetgunsalgeaangnivmuivumalulagansneiiuasLuIAnLIINLEY
o o 3 ¢ al 3 1Y 1 <
sahildlunmmeasswesgead lngaunsailldlunisnaassvetseadazniaduauiuuldman

Taluiangsaindufiuikaz lvndaaurulningoadlukuIs I uNVUIUAUNURD 151739919

6 a

Sungunsaiiifdnumsuvuiiin Hallplate  viegquniaigeaduuistu (Horizontal  Hall
Device %30 Lateral Hall Device) [49, 50] Ingnasfifiayninisisvesnsvua dnvarlasaaing
vesigunsalazgnesnuuulilidnuuzadouiuresintu1g Jsenaainafienisbeilases
nsunsansidenseansligiuseaduiaunsallaenss uddmsunisasisuumalulad CMOS
seflonadraluve (well) fen15BelalsensonITuns WmsIzaIN1AIUANUTINIINGY
(active area) voaagunsalld figunsaiazdsznaulufedn 4 dailgnatreasuute uwiasds

A v Y Y ~ 14 3 LYY ¢ a o 1 & [ PN
ﬁ]%gﬂL‘\]@ﬂ'ﬂﬂﬂ’]’mL“UiJ”U“IJEjQLW@ﬁiNLUUﬁ@ﬂﬂMNﬁI@MN&Jﬂ W]LLMUQ%@Q%?Q%LLH@Q@QIUEUV] 2.7
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{h cC1 waw 2 alddmsumsludanssuaiondt “danszua” (current contact) dauta
SC1 way SC2 aglddmiunisTaussdulaiinseadiFondn “423u3” (sense contact) fisves
ANUNTIINAY w TszagAnuewviniy L nsassgunsalgeaduumalulad CMOS lag
dulngazadeasvugiuseswiln p Lﬁaamﬂmia%ﬁwf"sQﬂﬂsm‘lﬁﬁ]umi?ﬁéffsﬁwﬁm n il
Yoo ansfiniwda n fanmedesvesnveiiginiteia p Fuduiudsidsmalaonse
oussriulninsead

et

' SC2 !
[—

I

>

CCl1 n — Semiconductor cC2

y 7z
B, SC1 |
® ;----—---—---. - V
SUN 2.7 dadsgnausazlaseasiegunsalaead

Y

Asznaulaseasng (Geometrical correction factor)

= 1 A [y

sUsvesitaunsaldtarunsaeenkuulvidsuisisisduseniuielila aulinis

Y
¥

navaueInaNan [51] dmiunssiulniseadMiauvugunssiaiuisaasulelalag
Usingnisalseas uitilesninnisesnuuulassainiiendviilianuaznianigninvesgunsal
1A11ULANAIIIY LIINDAIIUYNABILTILANUAFILUTVRN UALBNANTENTIFIUTENBY

1A598519 “Geometrical correction factor” (G) Aatiuazle
R
Vy = GTHIBL (2.28)

Tned RHﬁaé’mUizﬁw‘éaaaé (Hall coefficient), G ApAaUsenaulAsIds1e (Geometrical
factor), ¢ AaAunUIveIRUNIigead, B, AoPuULL LA LLIMEN AR s N AUTURY
Y839UNI0l

dnsuiusznaulnseadne Geometrical factor vaslassadssoadnuUwHuUAmMALLL
anAwInlag Lippmann  wae Khurt [52] uag  Haeusler [53] @7835n15 conformal
mapping s'ﬁqléfwalmmﬁagﬂﬁ 2.8 m%am@ﬁﬁ%ﬁuifﬁmumLﬁﬂu'muamwagﬂuﬁ%mm

AaNa19TENINTINIERANaERe BasnUsenaulasias1saztduistunnIududnsidiuaiue

(1) slamunIe (w) wazyugead (6,,)
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P
97 4

v

V4

0

5 1.0 1.5 2.0 25 3.0
w

JUN 2.8 Asznaulasiasavesuniugeadavie

' v
¢ a Y

dmivunuseadnsogunsalasadnidnuusiludmasuwasT995usManuinis

aunsausranammUsEnaulasIasebean

16 7l 8 m o,
Gol-—ep| -E -S| 2212 (2.29)
7’ ex’{ 2wj{ 9exp( 2wﬂ( 3)

e 0.85<]/w<ouaz0<6, <0.45

fi9130191n5U7 2.9 dmsuuiugeadireoudey [/ w> L5 wasdivuintisuiian
s/w<0.18  sAemUnIeItaTu; AvaUsznaulasiassvesgunIaiasidnlng 1 Lile

99518 [/ w>3 way s/ w<20 [53]

G= I—Lgexp[—ZLj O ) 25 Oy (2.30)
V4 2 w)tan0,, T wtan0,
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S apaunaEN 1 l
1T 1] G= l—éexp(—”) ©, X
B B e T 2w)tan®,

s: contact width
[: length
w: width

/

U7l 2.9 fuszneulassasrvwesgunsalseadiilassasnaudunnudmvie

'
v a

Aannananaglilannfianisnssdiesannnmsvuresnimve ieliaunisiilnden

AIUATININTITULTIILNINITLANAILUTNTUAUNITUVDININLLIBATT “Hall  scattering

A v U 6.”/ a R [l
factor #5® Hall factor” (s,) WilUsmmusiasnsalisuaunis ¥, :GTHIBL Tnallag

o v o & 1 1 v
DIAYAITUANNUTANNANNIT RHP A RHn = puapinnit IWL‘UU
qp qn
r
v, =G L B, (2.31)
qnt

druilimazaulanizauinIsliiieTamuediuinesan  leehl -, Ao wiawmasnis
n3¢439v8380a8 (Hall scattering factor), G Aeupwnaslaseasny, + AeAUVUIYEIUNTRl
goad, B, AemuruIwivauILlmAnTswIniuuRwesgUnsal

musenevgeaanduiuaudutuvesased iluansiiiivia n gaumgivies

U
v o ¢ & a

wlantagluun 2.10 [54] lnglduiiuAanaaNNITAUIMEIUALAN vAIRALALINALABHAT

v 9

1A21nN15NAaD4
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0,90 1

0,85 Ll Ll N Ll L P L
10" 10" 10" 10" 10" 10" 10"
Donor density M (cm™)

%

JUN 2.10 Mysneulastaitvesgeaaniuiuamdudiuesneuvesasideylv

wana1ngUnIlgnaakulITIUAidINITansI9dvawInndmanlalunuiunud
autuimandwIniuiuRvesdigunsaluddlinasiimuigunsalseadliauisansiadu
1 [ X ! [ o & a v ¢ ' « 3 3
auuwivdnlaluiwisnuiauniiansuuiunuRvesiigUnTal 158031 “eunsnlsead
LUIRY” (Vertical Hall Device) Fagnunauailuasausnlag R.S. Popovic [55-57] udilyiagluy
YOURAVBNIUITYH
Usingnisiiatulugunsalseadfeutiaziivsingnisalsead Usingnisainisieauu
YaInseanazUsINgnIsaliundleasdaunudiintu wiseniseenuuuligunsailininueny
1INNTIAIUNINRDUAUDIRUTINNITITRAA lRLAzTITIN ST LAl Iwaz DaNLEIaD
T3siliusngnisalnsifeavuvesnssualiasnsadiualdnsaduauundininls d19z
Iduazdaseaniuulviitansiaiauanianis diudsingnisaluunilasgaunudiiewin
gunsalldlaeenuuuinlviinisnavauesranisdguiuasnnudiunmusasiierinvinssua
o w ¢ 5 ° o 5% do ¢ coe o
dmsuunngnisalseadiianuadiase tludagunsalmenseuwansiidaiugunsalead el
wNzUsINgnIsEeaaeutanIUIINgNIsaidu  widideensldusingnisainisideauy
< vV s 2/ ¥ (% ! a (Y L4 IS aa 6
nsvwandeteanuuulvilassadaonndesiv wwderduusingnisaluunilesgaunudly
nsldanunfesiiesinfivingauasindaiunannisinnuiwuwesazinanuUasunlas

°U’eNﬂ’J’WQJé]J’mV]'IUéJULﬁEN?]’m?{U’mLLliLMﬁﬂ
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JUN 2.11 Usngnisalgeaaniinuugunsaisead

2.2.2.8 nsdunamsilssuuvienszua

Tuniseenuuugunsaifienduusngmsainisidosuuresnszua fgunsaidnazgn
oonuuuliidnuasmilouniuseaduuuduuasitanszuangnelion 3 12 faguil 2.12
dieftgounszualidamiwasnassdilddmiviaauusnssesnssuaiiooninandass
a0s lnefgUnsnivssaviannsafinnsanmainaiuuandisednssualdniu sud 2.12
v ldfiauuusivdnnszuaszuddlnaludstaisasslani 4 funeesufl 213 (el
aunswimandiansuniu auuuslivangmidonilfiisussasisudnsyidenne il
wngdidumansindeuiiasuudadly maasuudasiiansnsindeuiivesmvzvizents
DeawwresmmvzgasilfiAayunisidesuunieguseadiintunuauduiusluaunis

B, Weanui1glun1siaIsaInuLAnNA1uDInILE (A7)

n

tan0,, =u B, , wanb,, =—u

\191aUTBINIANSELAINVIBNSERALN 9 (current tube) ANUFUN 2.14
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z

JUN 2.12 gunsalnendeusingnisainisieauunasnssualun1snsiaduauiuuidmanvas

lalflauunaivansanu

//

=

@5
s
\
s
\

1

U7 2.13 aunsaliendeusingnisainisilesuwvesnsudlunisnsisduauuudnvasd

AUNULIANF AR
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> |e
AZ 4 .
A ’/ < wl A
D
> [ I,’I
T / D+d2
J, nx g ¥ T, y ’I’ Jnx /t T, y

Y
A
A\ 4

U7 2.14 vienszuauazvienszuangniissuuiiululavianue (GUamdeummy)

vienszuanwuguil 2.14 axgnuszananiniiBidnnseulvaainiailslugednilands wasd
AL Ldunsreailvaluviensfivaradinate  lnsarssmnudunszuaneluviefo J
ANUNIUBWIONTTUARD 7, AIUMUNTBBIIUAUNTELARD 7, UAs L ADAIILE
Fomnafunseua inaeynuindiuiitaesindsvesieseninga d <<W aszuadilnaly

nonsenavalutaunuliandinsulety CC2 anunsasulaidu

F o= LY. (2.32)
Lﬁa‘mﬂ’s’mLLmﬂ{ﬂ'Ns{Jaﬂﬂi%LLﬁLﬁa\‘imﬂﬂu%JLLﬂimﬁﬂ mﬂ‘wa%aﬂﬂizLLﬂ%%QﬂLﬁSQLUUﬁ’JEﬁJ}J

0, AUANNS

tanf, = uB, = % (2.33)

A15UASULUAIYINTE LA UNDNTLLALLDI9INASID S AU UYDINTLRAANUITOAIUIILARIN

a1, =J,.,T,4Z (2.34)

nx,2

NFDIAUNTANUVULINL LR

Al, =J, T, uB,L (2.35)

nx,2
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PIEAUNTT Lyy=J,, T W, wag Al, =J, T puB L \s@ansaunu J, WHuileidu
w01 1, oy
aI, = L (2.36)
I, =1,,uB, W .

z,2

INAUNIIIUUY ansaiibinseunguuAmAsuaImyY (trapezoid) Fudumiuniiwes

[
LYY

vionszuamlululaviavun e W, =D+d/2  dwansluguin 2.1 Fadunns

Waguuaanszualesnauwivgn B, 18391 CC2 ansnsadiouiy

Al ooy =1 cer oK (2.37)
4 . d
LUD K = /lBy m Lbe1 e ICCZ,O = Jnx,2Ty D + 5

wigaviunavesnsdstnaniasnnn B, Tvaade
loey = Iccz,o (1+K) (2.38)
Lees = Lees (1 _K) (2.39)
i B, =0 N38Ua I 0 = Leesg Setunssuanaunagviiy

]ccz,o N 1CC3,0 . 21ccz,0 (2.40)

]CCI,O

NANNFNNGINARNTATZYAIIMLANENVBINTENa TR NaULWiman B, léilae

Al = |1CC2 _]CC3| = ZIccz_oK (2.41)

] %

LY 1 L4 LY 1 [ L4 ~ ¥ [ a
MegegunIainsIduauINLlmaniendeusingnisainisileauunseia lUldaudagun

2.15 lapadnuuianansisiihvdaouiitinszuadmilads | ddanssuaoendosdaiioldin

ANULANANBINTELE [; wag [, Widmanuhinisnevaussraauiuutivgn
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I;

I,

y
L X
JU# 2.15 gunsalnsrduauwimaniiendausingnisainisiiosuunszue
2.2.2.9 a1l (Sensitivity)
AUl nunes gnT1dIUD Iy IR INIVTEN TN UAURIYRIRUN Tl TRRBNTS
‘:4' a G 1 Ql' £ g .
WasuuUaswedunm vieAignin isnansaszyaiuly (Sensitivity) A3ulinisneuaues
soauukiranlulvuanssulaniuaunis Aulin1sneuaussseaULLILan AoA1NIUBN
Y] (Y] 1 @ 1 d' ] < < [
AMNAINNTNVIAINTATUAUNLIL AN @ WsasUAs AL WA N LU D uws s lndin

leANRvsENTEIaL A LN UesLAl

s ‘; VBfI [V /7] (2.42)

U

Tunsalnsludagunsnimenszudlniinasiiazyilisranansassyaanuhinduiusiunseuad

ludd (current-related sensitivity) lanuauns

CA [/ AT] (2.43)

nislunsalnludagunsalaigussiuliiiiasi 1s1arunsassyainulinisnauausssie

] & adou o so LY [
AUNULLILAANNFUNUSN UL TINULUUY

S, = [V /vT] (2.44)

mninrnulinisnevaussvesgunIaigeadlulnuansvlaiessymN N InoUaLD e

1 I3 L3 = <
ﬂu’]ﬂJLLllLﬂaﬂﬂlaﬂﬂiqﬂﬁﬂqimﬂ'ﬁlﬂﬂ\‘]L‘UuGU@QﬂigLLﬁL‘Uu

Al

= [4/T] (2.45)

Al
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=) LY d{' [ o v v Ao d' 1 [ &
wsee1vsvyluUussiulnidiorinsihdmdunulusentinssuaignuuseeniduaesd

(CC2 Ay CC3) LA IANARIIYDILLIIAUNLANIINAIULANFAIINTE Ll

L [V /T] (2.46)
AB

v [

satuaulinsnevausweauuLranvelniansyuanduiusiunsualudaaunsasey
lemnuaunis

Al

Sy =——
o 1(4B)

[4/ AT] (2.47)

£ s

wazaulinsnevauswoduIulmanNduiusAuLsIuasaszylemuaunis

Al
S/ AN \ < A/ VT )
= [ ] (2.48)
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2.3 uuniilalalon (Magnetodiode)

uuniflslalen (Magnetodiode) Aogunsaldidnnsetinddmiunsaaduauuutimanil
lassadranuulalan Tnsandeusingnisainiaildndfe Usingnisaluunilalalen
(Magnetodiode effect) ‘vﬁa‘diwﬂgmiaiLLmﬁImauLsduLmsﬁl’u (Magneto concentration
effect) Usingnisaiilgnéuntlag Stafeev Tul 1958 [44] Faduusingmsaiiiintunon
q fuffuusingnissisead (Hall effect) fignéunulay Edwin Hall wnilalalonuuudafs
Huazillaseadrauuy pin diode

Usngnsaifiintuiisesdeveslalenanusauisldifuaesnsdlsmtufeusingnisal
wunilalalon (Magnetodiode effect) fuuSunanassiudalng (Recombination) Tnensdiii
TalAssasaluy pin diode HA1Mu811U09 quasi intrinsic YeEAINTLYLAITUNTVDINIYY L, <
L, vi3e L < L, Tnefl L fomuenivosiuduniuin, L, fe stosmaunsvesingdidnnsou

way L. AB srazn1sknsvesntvslea luvneh ialoalasunsasulusdanss (Forward bias)

P
wnegndalufitu intrinsic wasdimssudalwifidy intrinsic U 2.16 wansarmmLILY
winzvasnszualiiilulalen danisvesnszualnihazifudunsduvasiliflaususingn
FagURl 2.16 (n) UaggUd 2.16 (1) uanamssinsuvesaumsimanidunalyididnasouuas
TsatdeuiifosuuluvinusmureuuuresgUnsal  Jufansiwdsuilamuantives

nszua-ksInulwin Favilraiuisansradudsunalauuwiwdnte

Li intrinsic

I
=0

YY
AA

\'
| P+ N+ °
B

() (v)
U7 2.16 fiemnenszualnihveswunilalaloadulinanissausalng (n) lufiaunuudmén

() Taunu L anFmeNY

- = "o - - a <
wse1vvzuadludnuiniananauuLivinisaiioulisuudasainlalondu (Short
diode) lUlulalenniisyezsounas (longer diode) auuusiiwmaniuyinlinseualuinves
aunsalanasdis 5UN 2.17 uwansnaauUinssua-ussiuliiluvas vy lifaunuudnanda

b NIzWaURIlalananaIvueNTaUNLLIANFAN1WLLD99INTLAUNISAANINE NANAILAZ AT

Y
a a a !

4 a X Ao a 1 [ v a = 1
ﬂ’]WMG]WUVIWUVIQQTUVIEUUQ‘LW]?U‘Uﬂ LL@IUﬂimVIﬁ‘LHlILL?LIL‘Viaﬂﬂa‘UVlﬁVHQLLlIﬂUIG]VL@I’EJﬂhJ

1115005223 A L6
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JUN 2.17 Aasandinssua-wsadulnihveswunilalalenduusinanssusiilg

fauNR 9N IWAILN T a1L150M 529 TUT VAU NLLIANUS o AN1 IR IaUNLLLILAN LA

Y
1 A

Inedan 155 IuUNNuRY (Surface recombination) vinlulAsia319989 pin diode 913

A21NY1ITUBUNTUTNUDENITITLETAITUNIVBININY AN1SNNTT S, kay S, WedTnAd1y
LANFNsYeITINm ndinuR I luA e st n luiAfinuinaetsessonandfaguin 2.18 (n) way
JUN 2.18 (v) uansnuaudinszuaussiulnivetuuniilalalen dwvsiriounidewuuly

SAIAIAUAUSIUNURIAY S, nszialiihavanas waawvsedeuMdesuulusiusilug

' v
a a A A

14 X v & =) o/ ' <
MUSaurIeY S, nszwalnihazaay duiuuanillalalananinsansiadvauiuudivintu

AFN19N0 59903 U LA AN TNV IREN ALV UNAUD AU LA N

(n) (%)

5UN 2.18 nalnvesnunillalaleadunisyausmluainiiuis (n) lassasiaves pin diode

() AovaNURnsgia-wsaulni

wunilalalenddnouuulaUlng SOS (Silicon-On-Sapphire) gﬂﬁ 2.20 uanslAsIasns
vosuunillalalonddneuvungUlng  mMeowaluladuiisassiy nsasiesesas Silicon-
Sapphire Wun1sasisnalnnissaudilumissdvgs uidadevesnsaduunilalalonddneu
vuueUlg 1wy nsade SFALOS; szt uldenTuus A vildeaihlunnnsiadu
aunimaniiendigs q lidudadu uazfididyeunsalazuusiuiugumgil msaauuni
Tolalondaneuuuugylng anunsoaslilaenssuiunsadiafiugiuuuisessi Wy CMOS
Imwamﬁqgﬂﬁ 2.20 Tnssadeimilouiululnainsuianesildsulusadeunduiisossei

WunasludnsnissiudifiiminvesuunilalalenddasuuuuwaUlng (Magnetodiode
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SOS) auusiinanyinlinsenaidoauuluainasatannas FatUNTLLAADALAALADS

WasuwUaailawsInuNIaenaUadlnmasindu [58]

Bz/ w

[P N-Si N|

ALO; (SAPPHIRE)

U 2.19 wunillalalenlaseaiie SOS

S10,

T | |
o \ 2,

Bz n

) i

Depletion layer

C
sU#t 2.20 uuniflalalenlasasie CMOS

=y 1 .
2.4 LLunuIﬂlﬂIaﬂLLUU@ (Dual magnetodiode)
denulgymvesuniilalaloauuuntin Minsadennrvaudeulanazdadusig o
ilaean anuldiluldadulunisiaauiuweiman e ldauninslunisianiuiianig

1 2 o v v = a o [ = !
ﬁ'lﬂllLLlILViﬁﬂ‘I/IG]i\‘iﬂUTJ’IlHNLﬂ@ﬂ’]iwwuqu’]LUULLM?’IUIWIG]IEJ@LL‘UU@J

2.4.1 lassadruunillalalaauuug
= ' . = v a o v
uwunillalaleauuug (Dual Magnetodiode) filassaiauuuiaganulalen ansaasng
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Process recipes TEM, SIMS

Measurements

Process

Simulation

Doping Profile Poisson’s Equation

' Drift-Diffusion
Boltzmann Energy Transport
Equation | Spherical Harmonics

Mente Carlo

Device Geometry

Device

Simulation : »
Wigner Quantum Monte Carlo
)

Electrical Device Equation | Density-Gradient

Characteristics

|
[ |
Schrodinger il Quantum Corrections

|
Equation ! Green’s Function

). /

Circuit

Simulation
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Photoresist
Si0.

JUN 3.7 n1sasnstuien il ( Photoresist) asuutudanausenlen

Ultraviolet

Photoresist
Si0,

U7 3.8 M3aneuad (Ultraviolet) asuuignlbiuas
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Photoresist

Si0,

U7 3.9 Msaenihenlauas ( Photoresist) aananidaneussnlen

Photoresist
Si0,

d ¥

U7 3.10 msfintuddneusenludeenlmiutesdmsunisunsaiside

3.2.5 NMsunsastIanazn1sau (Diffusion and Annealing)

FuneusolUfiunissiaswuuunsTUIUNIS SIS ansiseuagniseu (Diffusion and
Annealing)  Bu.dudunouiiddnanndunsundslumsasiedsssfugansRantiunae
ansoatradeansauigosnisiriaiinasuaiissestermunaiududunine Tnewsn
1438 8silsU52q (lon implantation) loseuaznzqashuniudemimeildilalidsgui 3.1

TAYEIUITARINUAAITULTUTUAUANLANIUAADINIT 210U UNIN159U (Anneal) LiiaUsUy

2

anwaensdailelseq

Diffused regions

JUN 3.11 nsunsansileruteseanteniilall

1159 (Anneal) lneisrdrasaduniseudisaiiuieuiniseuiigamgll 900 aeen

al

= aa o 41' o = ° o a
LEALGYAUIU 30 UNNNAIUAUUITENNIA 1 atm LW@IﬁIﬂ?\TﬂiWQNaﬂﬂﬂﬂﬂqﬁqﬁlﬂaﬂﬂqsﬁlﬂmﬂ

Y
[

Uszgianisdusiuniiviiinisnszanedalulaswdnadawe anduazlilusessowasi

WHIANsIaISEUTReagUT 3.12
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0 2 4 6 8 10
JUT 3.12 neR 2 TRFUNTINUNTASIRBIE

3.2.6 N15A319ANIVUARTNFUNFAYINAY (Metallization)

AsI1asskuvasatulane (Metallization) (Wudumnauvssnisasiatuvadlangiiiovi

(%
Y v o

wihdudnirlwihdmsudeusdevigunsaldidudalnihnewen lae anlaneiigniunly

a o

Faswuuaziilimaonvatevdanlenu 1wy evalfioy (Aluminum), mniiey (Titanium)

nound (Cupper) (Jusu uavervazidenldlnadansu (Polysilicon) Ald 91nn1sasiaduy
lavgyhalnimenssuaunis deposition 13n13glatulavzesaiiilenvun 1 lulasiuns e
afensieudenliihlviiuguansalaagun 3.13 aantudeiaienegdifledluuiiiunly

Fosnsoanlussgud 3.14 Ieidutali 5UT 3.15 wansandauanillnlalonndoutali

w3auldanu

JUN 3.13 ammthdinnsasntuegiideunaunisin
Al Al

y y

JUN 3.14 Milwilmdanninegltleneanluud



av

0 2 4 6 8 10

a

U 3.15 mwdauunilalaleandondalyiin

nsfmuausumhdudanlilidudigunsel Susslevienisimungedmsy
nsteulnludagaarsdslunisiwodomslniieldlunmsianegavgunsal lnessydouas
o 1 [ a v ! 2/ L | ] & = 2/ & &
sundaduiinalusdaruuunulvegludiuvestalansns 3 Msrasistuan lnedalane
dmsusesdudaloviufinarusaninuaduainnuduniulilaenss Iassadavesgunsel
W INArUA UM nThAAElNALASILARIgUT 3.16 (M) wansgy 2 Gfwaz (V) wand

U 3 TR Usnaiiundsunastutivesgunsalvisaiugn

JUN 3.16 lasas1wwesgunsaindsnmvuauiaganthdudalnih

Y q

()

JUN 3.17 wuudnasauunillalalonuiuue
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NFUN 3.17 (n) wuudraesunillalaleauuur 2 ffuay (1) wuudiaes 3 96 Mlean
N32UIUNITTBBILUUNTZUIUNTASN Tn1sdrassuunisideasiadulassassgunsal
ansnenilaevimuavziivn 3 Pindeusslildnulunisaielnludaliiuaunsaluagyinnig

YanszuadlotnlusnasawuunsiniuanuILklivan

3.3 N139180UUUNTINNUTBIE ST R asReRni
N1391a0ILUUNITILYesAIUsEAnansAing (Device simulation) a1ansaadns
LUUINaBINANIIAVAURIaUS I N TENdiduAuandan1slifidsquasauiou
awmwivdnuazulivinuauiRdainavesgunsal nelusunsuaunsavirnuliedadasewie
aru1satnafldannlusunsunissiasensrulaunasaiedsussAugaisiedan
(Semiconductor - process  simulation)  thanldseldiud Tusunsumaniazdrelunns
genuUUKaYIIUT AR UImnssuvany 9 awfiisadastunsyuiunisndngietinigly
msoenuvuLiiellinasenufnigadeagildeinuazidenarinayldnismeasiainvedads
Fisseghaien nssiaenvugunsallutlagturmuneald3swludieAmudlaidnasdu
Taseasne 2 17 v3e 3 DRilonnAuantinialuiiarmseurazuasuesgunsaiiiaisann
asUsznevviieansiuiathddneu InslusunsudiasinisyhaudalseAngansnasia
Tuyalusinsy TCAD  agtsynaudeyauuuiiasmnil@ndiosungnisdsiunmeluTan
favhgunsal SULUUNMITA0ASLAIUANMILNINTEIENMEETTUARUUAS Y01/ N3
uiasnstheesuazanmanmsoidies Weuddlumaiidudoulunisanaiuaugandsa
FeazdosAtanisenisldaunisvudsmnvevesluandsiug - (Boltzmann  transport
equation : BTE) ueninilgunsnididnnsedindlutlagduiivmaidnlusesuunlumns vinld
gagnlunssin envavdedltinadamsduanuuuueuiaiila (MC) Mlumadanisud
aunmsuuuduiaulsiiomdiney  Svannsaarlduitiymaunisvudanveedluandiiuig
BTE) Wlhund sty warnsldmaiansuidgmuvuelsiaans (Schradinger) flasuneds
Hasing 9 luiganamiansateudy (Quantum  mechanics)  ulugunsainsudaines
aunlnilvsousaa (MOSFET) vataensng ¢ "LumﬁﬁwmLLUU@j’waaﬁuagjﬁuﬁmmLLaz
syduTaziBeaiifosnisianuuudiassiu q uiiiludagiuauivdmaianduas
wmadansdnnadsiiaviinsiauiegeelieaneuausinnudenisvesgamngsy
it Tuasivunadnasuasinnududouniniu fuduauannsnves TCAD Tu
msiaesgunsaiBidnnsetinddedanuddy lunsiaginnenanuandising 9 vesgunsal
flazadrslusuian funasenuionvazliniugrdeesivofiduduafduuuqldudas
anuduiusiunefiazdedold wazarunsavhuedesitanis 9 Tuniseenuuutaelinis

2ONLUVINYEITUY
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(n) ()
U7l 3.18 M3draeuuuMsiauvesdsUssivgansniasih (Device simulation)
FeldlassadwesingunsniFeuiosuda dureusoluazidunissassuunisiay
(Device simulation) vaauunillalalonuuug ”agﬂ‘i?i 3.18 () Jumsdiassuuunisiny
wunillnlelenviaualveg sUd 3.18 @) Wuns$raesmshanuuunilalalenviiauelung
Tnensivuagunsaiiszneuldddiaiunasdielinszuansil I Muuadinuiuny

Ro1 4a¢ Rp, M1uA9ANISL0Naa399 s niugUnsaintaunanndunaunisasdausefivgans

'
= o o

Al (Process  simulation) wunillalalenvfaualvaaiuuunillalalensiauelundgnis

a0 VVITAR S UATUNAANIBINTELE LaMNUANTAD9RTSBUSRauaan Y

AU UUIIaRIN1sHANdsld

3.3.1 wUUTIAmsWEnd

n1sn1ssiaesuuungAnssumelnilifag Device simulator B9nsinaeeluungAnTsy
malnihvesgunsaiazdesssyluaameiidndiisnduiugiuasgniunlddasmginis
i3 Tnelumavsiidnddmivuanilalaloauvuailiie lunalassaiauaundsnuuay
99919NSNU (energy  band structure and band- gap), AN INARDIVDININY
(mobility), TULAANTISHANNA UTDININE (recombination) kazluLAaN1IwiLnan
(galvanomagnetic) Feanunsaesudldselud

3.3.1.1 LunalATIasIauaUNEIIULATYDIT1INANUY

(Energy band structure and band gap)

= Physics { EffectivelntrinsicDensity (Slotboom) }

lAsaasauaUnas LAzl uazgnimunegly EffectivelntrinsicDensity

A [y 1

TAEL5192L8N 19 luLAaYa9 Slotboom  (ULAANINUAIL TSN WULLNLDUNY WANAIITUN

WI3AW0%)  BO9IWNANIU (band  gap) LATAIINRUILUUAN UL NVDUVOILAUNSINU
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(band edge density-of-states) 3zgnsinagluaunUILULBUNTUEA (intrinsic  density

n, (1)) Ewsuansisdiiilignide)

(3.1)

2kT

E,(T )j

(1) = N O, Dep (

R n, (T) AEANUVNILULBUYSUTA (Intrinsic density) (Lifin bandgap narrowing)
N(T) Aepnuvuiuanugvasiauiil (Conduction band density-of-states)
N, (T) ADAMUNUILUUANIULIBILAUINAUT (Valence band density-of-states)
E,(7) Aodannanasnusuvizuda (ntrinsic band gap)

k Aomasiiluandsiul (Boltzmann constant)

7 Aogaungil

LAZANUNUILUUBUNTUTATING (effective intrinsic density) (594 bandgap narrowing #

Yuiun13199 (doping-dependent bandgap narrowing)) ﬁ]%izq@f’w

By =1, P Ziar (3.2)
R n, ., ABAIMUILUUIUVSUBATNA (Effective  intrinsic  density) ~ (Aim bandgap
narrowing)
E,,, ) Bandgap narrowing

| a Y] oa a a aaa = Y] a
WuligIfuANnUILUUBUnIUgalunsANin15i383eauaIzLinkNadIn bandgap
narrowing FAtULINENNNTOMITDIINNANUSIHE (effective band gap) Munisanasues

199719M839UlAY bandgap narrowing lamuaNnIs

E, (T)=E(T)-E (3.3)

e

'
= [y a

= 1 ! U dl a o
%1 E, (T) Aedeshandsnuituivguuniivesuaniinimuslag

E (T)=E,(0)- ]‘f‘f 5 (3.9)
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a

oy E,(0) Aevesirmdanuiigaumaill 0 wadu dw a uay B fernsi szylunisei

Y

3.1 ANYBIININAIUAILTAMLARIN

E (0)=E,,+JE,, (3.5)

aa

B9 £, uag SE,, vedluaa Slotboom dwiuiandaneuargnszylunind 3.1

9 Y 9

d1%3U bandgap narrowing iYufiun15i3aly Sentaurus Device HgUuuunall

'y

bgn

= AE§ + AEgF”"”' (3.6)

= 0 = 2 Yo .
F9 AE, aggnszylagliaaiisufenldiume Slotboom (Bandgap narrowing (Slotboom))
Fe | Y aa 3 aa =~ Y Aa
AES™ WWunnslvadfves Fermi wnuan@aves Maxwell-Boltzmann Lileandaianainly
N13AIUIN bandgap narrowing

18 bandgap narrowing @wsulunausd Slotboom [62, 63] A

fot

+ | In) =~ +0.5 (3.7)
ref N,

AR = Eliin

ref

T N, FAeAuIuTuNTIeivue (Total doping concentration, N,, =N, + N,,,)
E}”
#3.1

s Way N Aediudinisdan (material parameters) dniufansuiiaanaianiing

[y

M1379% 3.1 Fwdsdmsuinsesi band sap narrowing dmsuianganeu

Value for
Symbol Unit
Slotboom model
Erejf 692X 10_3 ev
17 -3
N, 1.3X10 cm
-4
o 4.73X10 eV/K
B 636 K
o 1.1696 eV
SE,, -4.795%X10” eV
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LagAYBIINNAINULAUINADTAYDS Fermi (Uszannuaiigaumgil 300 tAadu)

| N N
AEF™ = k300K] In (—NVNC J + R (N—Aoj +F (%J (3.8)

A4,0°"D,0 4 C

%1 N, AeAamunumiudaugluuauItaud (Valence band density-of-states)

N, Aeauvuuiuanugluwaui (Conduction band density-of-states)

N, ﬁaﬂmmﬁym%usua\‘iﬁﬁﬁaé% (Chemically active acceptor concentration)

Ny ﬁammvﬁm%’ummmiﬁaiﬂﬁ (Chemically active donor concentration)

F,,, AoUsiusuesilatuinisnszangd msuaifuesd (Integral of distribution function;
for Fermi statistics) #3aUSWusiasisunu ¥ (Fermi integral of order %)

3.3.1.2 Tanaan1waaaesuasnang (Mobility models)
. Physics { Mobility ( DopingDependence (Masetti) HighFieldSaturation (Canali)
CarrierCarrierScattering (Conwell\Weisskopf) ) }

'
E% o v

ANTNAGOIVDINI ML AL TZYAIBATE Mobility  FuTuN1TI8UANINARDIVBININEIS

a =

didnasousarlaa tnsluidiilisausaszulunaanmadasvesivelauinnimilduma
AN TLYANINAFDIVRININEUINAIIMLAUND AN NATBIVOINIMSNUANANTY (11, 1,
) dmsulieans (bulk), dn1weaeIveIwIneid (Surface mobility), tazduuiee (Thin

layers) azgnununsiuiulagldngues Matthiessen (Matthiessen’s rule)

1 1
=— 4+ 35 4o f (3.9)

1

H K
uwaziinsldlunanisdudinaunslnfitaandigs (High-field saturation) aninAdesves
wnztugavneasgnAauaetuney Suduusnanineaaesesmneiauulviianig

UAT (g,,) LQNMVUAMINAUNITATUUY SUAUABUIANNARBIVDINIVETUAATINEALYN

Aunngnsiiluiliduvesussdu (driving force) (F, )

p= s Frs) (3.10)
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Tnelumaanmagevasmmesusnisndentddie DopingDependence duiiuluina
N1TANAIYNANINAEDIUDININY (mobility degradation) \flesnmsnszidatuansiiense
dudeUu (impurity scattering) i519zdenldluinaaninadeswes Masetti daduluna
wmsudmiuTagasiaiihdaneu

lunaunsgungnidlag Device simulation LBI1ABIHNINAGDIVBININENTUAY

N13438 (doping-dependent mobility) lugdnsugniauslag Masetti Lavay [64]

— _ Pc Heonst — Hmin2 _ H (3.11)
Hi = Honin &8 (NAVO + NDYO J " L ((NA,O =ls ND,O )/ Cr )a 1+ (Cs /(NA,O + ND,O ))ﬂ

ANNARDY 4, gAY g, AULUNTUNITLAE (doping concentration) P, C, Uag

C,, WAEFILNMN o Uag B LYNIINUARIANTIT 3.2

R399 3.2 Auusunsgudmsulumaras Masetti

Symbol Electrons Holes Unit
TR 522 44.9 cm’/Vs
) S&X 0 cm’ /s

) 43.4 29.0 cm Vs

P 0 9.23%10" cm’

C. 9.68X10°" | 223X10" cm’
3.43x10° | 6.10%10° cm’”

5 0.680 0.719 ]

B 2.0 2.0 £

d1uan NARBIYRINIMENNTITRSEAUA (low-doping mobility) ., JwgnIzymeluiag

const

4N NAaDIAIT (constant mobility model) Faudulumaaninaaesizuiunisnszideain

Inluauwinidu (phonon scattering) Autiumluinadsuivgmiivesnadniiie e 1used

P N (3.12)
/’lconst ILIL 3OOK .

T3y, ARENINAADIVDININELTBIAINN1TNIZIRIAUTNUeUlULLeE S (bulk  phonon

scattering) ANMNASFIUVEY 4, WATAILNAIGT ¢ Fwgnuandlun1sen 3.3
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Symbol Electrons Holes Unit
U, 1417 470.5 cm’ s
I 2.5 2.2 -

dusulumaaninaasdvasniveiauulninaudusn uenannlumagnInAaasn

) I a % U oA ! = U LA
VUNUAIMULVUVUVBIFITLABDLLAD Li']ENLa@ﬂlﬁNL@ﬁaﬂWWﬂaa\‘i@ﬂINW\Iau‘Uﬂﬂ@INLﬂaaﬂWW

" Y

AABIVBININENTUAUNITNTLLNTEII NI TUNIE (carrier-carrier  scattering)  Inald

lunavey Conwell-Weisskopf

-1

P [ 13
R ==K
N 7S (3001(} (#7)

~ D(T/300K)"

My = \/E

(3.13)

fuUs D Uay Fargnszylumsni 3.4

AN 3.4 fudsvesluma Conwell-Weisskopf driudianou

Symbol Value Unit
D 1.04x10”" | em Vs
13 m-2
F 7.452X10 C

AtulunagnInAassreInnginuiuauIniniiszaumazusznouluse Tumagnn
ARDINTUNU impurity scattering, carrier-carrier scattering 8¢ phonon scattering (N3

[J I

ﬂszL%ﬂguLLUUﬁ%mﬂ’mumaQsLuTmLmasuaa impurity scattering) 91NN Matthiessen 3%

Y

iszyanmedesvasvenauiniaamdasi innuauduiug

b_t 1 (3.14)

ll’llow ﬂ dop ILl eh

dmdulunanisdudianinaaesvesniveiauiulniliaiiuduas (High-Field
Saturation) luaunulwianudugs anusiaesdeuvesnuzazldlidudadiulaensaiv
awulwihdnsely winusiegdudiganuiiiida v Jeansdudinaulniiay

WgerzUsenauldimelunages 3 lunade lunaanmaaesas (actual mobility model),
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Tanan15ouiivesauisl (velodity saturation model) waglunavesusadu (driving force
model) Inglumauasgiuvainisaumiauulnihenuduaasduliwaves Canali
luinaves Canali [65] &@$19UU31NgATV8Y Caughey-Thomas (Caughey-Thomas

formula) [66] wakiiasauUsnTuiugamgil (temperature-dependent parameters) 11U

u(F, )= (@), (3.15)

/8
[(a + 1) 'ulowF;f./fY ]ﬂ

sat

oa+|1+

F g, vneisanmedesiauulninaudus (low-field mobility) LulinaanInagaes

voswmeldlunounth (g, uag »,) fendids g Uuiulsifuivgumgiilosn

T Bexp
ANV 8 € § 3.16
p 50(300Kj (3.16)

IngAwastudsluaunisiuuy azduls o luaunisdiuuy suanseglunnsnedn 3.5

157199 3.5 faudsvedlueg Canali (A1unasgIudmsudaneu)

Symbol Electrons Holes Unit
Bo 1.109 1.213 -
5 0.66 0.17 -

0 0 -
o

dmsulunanusaduda v vesluna Canali (wnadmsudaneu) avgniunlag

300K ant,exp
Vsat = Vsat,O (Tj (317)

AU S IUAUNITATUUUILHAAIIURITIN 3.6

a Y a o <
A9 3.6 AILUINITOUFIVDIAIULID

Symbol Electrons Holes Unit

Viaro 1.07x10" | 837x10° cm/s

0.87 0.52 -

vsat,exp
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1 o [ Ao .. . a < @
WAZANNIATTIUAMTUAUINNVU (driving field) BLENATOUNAD

Fhﬁ,n = ‘Vch (318)

Faaru1nsgruazunuaurnlninludruinsifeudvesdndinesialiou (quasi-Fermi

potential, va ) Niegatelududiu mesh Adulaiu
Fysn=|E] (3.19)

3.3.1.3 lunan1sNEunNauvaInIue (Generation-Recombination)

" Physics { Recombination ( SRH (DopingDependence) TrapAssistedAuger ) }

Shockley-Read-Hall (SRH) Recombination luuuniilnlalenuuuaLsnvgiarsanaves

U A a ) | = P Y ~ a v oaa = & . .
nsuaunauinandeunnsadbunan esnnindaniisnfenldluidaeud iy indirect
band gap semiconductor AstunISHANNAUTENINNIEAUValence band ag conduction
band lnenssdeilonainduldein sewminsnanduitisduiinunluddnouiadunis
NANNSUHTY trap level v19au Taetsiaglelunanisnaunauves Shockley-Read-Hall (SRH)
lutnadles UNgNISNAUNSUKIUTEAUNS N UANTIANIINTaUANTDSIUNGN (deep defect

levels in the gap) Iaglu Device simulation fﬂﬂ‘ﬁ’gﬂLLUWi@iﬂﬁf

XA P Ty (3.20)
t,(n+n)+7,(p+p)
e
Elrap
By =R, exp( T j (3.21)
1531
- Etrap
Py =N,y exp( T J (3.22)

B E,,, AoNasi1eseninesgaundanuyesiaunnsas (defect level) uagsgaundanu

dunIuda (intrinsic level) Amnsgudwivddneude E,,, =0
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dwsunisdrassuwuumenisldadfvenesiaunisiuuurzgnitasunlanduy

R =~ e +’;p;)7i”’éjf+y ) (3.23)
P n'1 P pil
log 5, uae , aegnsvyilu
7, = Nicexp(— m,) ., = %TEC (3.20)
Y, =N%exz?(— ,), 1, =% (3.25)

D

[

&4 pszAuUNasUNaUasivedlannseu (electron quasi-Fermi energy)

F.n
o

E
E, , Aosgaundanuianeiiivedlea (hole quasi-Fermi energy)

dutaiianme (lifetime) vasdifinasew 7, uaglea 7, azsilududsivuiuiadoves
N13199a13 (doping-dependent), a@unlnily (field-dependent) wagguundl (temperature-

dependent)

(1)

= S A N Y 3.26
T () 2

%3 ¢c=n %o c=p

Tnev9Tinnanzaes Shockley-Read-Hall (SRH. lifetimes) fiufiunisiieansly Sentaurus

Device 3¥Qn31889M1UANAURUGVRY Scharfetter (Scharfetter relation) Uandsianuang

a s

dwsunmssenldnuazldmdsluduid@ndidu SRH (DopingDependence)

iz -7 .
Tdop(NA,O + ND,O ) - Tmin + E - (327)

2
1+ Nyo+Npo
N

ref

%
[y

FIANNINTFIUVDIAILUTAIN o) LWUAIVBIYITINNIME Schockley-Read-Hall  TUAUNTT

199815 (doping-dependent SRH lifetimes) Jzuandlumsedl 3.7



(doping-dependent SRH lifetimes)

%

M99 3.7 ANLUTUINTFIUYDIYITINNE Schockley-Read-Hall AiTuf
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[y

UNI5L39a1S

Symbol Electrons Holes Unit
Toim 0 0 5
T 1X10° 3%10° 5
N, 110" 110" cm’

y 1 1 -

| Y | Y
a (% f v A= (% a

wardunTuivaamgisvgamvualaeienduniuiveamgll £(7) fAw@uniseuuy 89

v A

wansfaann1sauas @uillutdagiuiinsesuigluasssuuuunmunisneass [67, 68])

a s

dwsunmssenlnuarldmdsluduiandidu SRH (TempDependence)

(55
T)=|— (3.28)
/1) (3001{)
visauandlusuvasendlnuulya a¢lddadu SRH (ExpTempDependence)
(s
fT)= (3.29)
Farwawialls 7, uaz ¢ azugnteglunisei 3.8
151971 3.8 AMASTIUFUTIITIAMME Schockley-Read-Hall fTufugamyi
Symbol Electrons Holes Unit
T, 1.5 1.5 -
c 2.55 2.55 -

drugaineidudiuitusvauialiimionsifiuduresauinlni (feld
enhancement) $39zan13933nN1SWaUNEUT0Y Shockley-Read-Hall Tuusiaaufifiaunyliiiy
mnudiugs 15limsagaefivnauallilinfudszana 3x10° haddeleufms Tuuns
Ushvesgunsel

Tuwaluduiavanunsossylfanssuuunie lumanmequeardineifudnnmesag

(trap-assisted tunneling) a4 Schenk [69] way Hurkx [70] &slainaves Hurkx §3anunsald
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monsINIsIvLarlanuaneniny (capture and emission rates) oy @wsunisisenta
uazldidsludi@dndilu SRH (ElectricField (Schenk | Hurkx))

Tainavas Schenk azgnasyluilsdduiitufuanduvasauy ¢ (F) Tuaunisea

aa T o) a
FINVDININE Shockley-Read-Hall  (a@uns 7, :TWIL()F)) lunsdlvesdiannsou
+ 8.

¢.(r) wagluzy

gn(F): 1+

1
(h0)*JE —E, | * (10)"* (£, - E,)"* (@f 5.50

Eha, 24 E.E, kT

3
E —E, hoy—kT 2E -k E _E,  E  E-E 4(E,—E0j2

In—
h®

X ex, -
P\ " rall 2ha~~e\||/ At o, N 3

oy £, vnefmdanuvesmisivisussaulusuissunvludunisilivangauian (Energy of
an optimum horizontal transition path) @WuiuaudnvesauNliihlazgumiily

SnunzasolUil

By =22, [z, + B+ ey =i, -2, (3.31)

Fadwa £, = Shaw, ADNTNIUXBUARIEVBAATIY (lattice relaxation energy), S ABA7
U5¥Nauved Huang-Rhys (Huang-Rhys factor), nae, Wasmulnluaudana (effective phonon
energy), E, ABTEAUNTNIUYDIANENNITNALNGU (energy level of the recombination
centen), Way @=(g2F?/2hm,,) FomnuiBauas-li (electro-optical frequency)
wa mg,  Wuwnavesdidnaseurnziinnisnzaneaisluiinnswesauiy (electron

tunneling mass in the field direction) taz F Aopuusasaudlniy dwatdnugunis

Fp :‘E‘ dwsuleaansamlalasuny mg, ,, My me, uaz E, 8 E, , —E,
dmivBianaseu g, awduiusivssdundinuvesdounnses (defect level) E,,
YIEUNIIAULULAY

1 3 m,
; 5 g’eﬁ-+szln "

-E,, -(32r.n°0%)" (3.32)

tra p

G4 g, AernassaLdsndna (effective Rydberg constant) uag £, AoA1199319m99

fwa (effective band gap, E,, = E, — E,,,)
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2

o np =N 4 Ay
lawa Rydberg mnumuuiudidnnsou n Tuaunns RN = L WNUNAIY
Tp(n+nl)+Tn(p+pl)
VL E - )

(3.33)

n =nexp TE

1% [y 1

0y £, 48y E, WEMRUANNIIUULEIN p Nazgnunuiiludnvasiindieiu diudiuls

t

a [

y, oz y, wldwiiu y, =n/(n+n,) wae y, = p/p+p,, ) dwmdvdunasgiuly

P o -3 i & a
LAy Pror LUANINY 10 E]SG]E]NG]E]QﬂU']ﬁﬂLSUUWLQJWi E =0

trap

lumaves Schenk n,,,

eV, S=3.5, k8% Aw=0.068¢eV

luimaves Hurkx  Nignseylusuilsnduresdiusenaunsnggneaisiuiudnnive

(functions of the trap-assisted tunneling factor) g(#)=T1,,

exp|u— B du (3.34)
Ianalaaslneussued
\/;E-exp[%fz}(2—erf{%(f”—f D ;

tat =3
\/;E-E,iM exp|~E, +£~?\/E_n+ \/g—" erfc[Ef/‘\/E—E:M/\/f],

L)
3

2
T
IA
S

1
%
2

(3.35)

fuls E uaz E, azgnizyny

X\ J8mom T
= Yy gm b AL S B (3.36)

s qh
0, kT >05E,
n;
E ="n - £ —In—, E, . <kTh—<0.5F 3.37
n kT kT }’ll. trap ni g ( )
0.5E
e__—rw o p o SkThl
kT kT i n,

W m, AOUIANITNEGNEAIVDINIME (carrier tunneling mass) Way E

tra

O GENMALE
sEAUNUANNINE (energy of trap level)

Tuluwanisuaundu SRH - Aildndiuviesnuatiu dmsvwunilalaloauuuaisiag

Y
[y

NINTUIALINTHAUNSUNVUAUANUINTUUBINSHIBLNBIBEN AR TY LLBI9AtUAS
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I1ABIMUULTNEAZIAELTBIVDUNYH Tnedzdnasawuurunsallugungiineii 300 Aady

43 o /()

JwilweunTuiugamgll  £(7) luauns r, = Taop G
+8.

[y

FAWINAU 1 (819990%

T
¥

T,

T “ C -l ! A W =

aun1s f(7)=| ——| waz f(T)=e [ j) drumenifuivauulni ewwinnng
300K

ludagunsalluszsuslailiviliAnaunliiaandugsisandids (3x107 Vem) 1513
anunsaUszanummeniituivaualni g(F) Wiy 0 duffevasiinvemmedmiuns
NANNAULUU SRH avTufiumsileasiiesediien Ty, = 7,4,

wananlAaNISNaNNduUYad Shockley-Read-Hall fina1ludnsundusdadonld
Tuwanisaundudnuddamaiuiie Tunaniswaunduvedlowsiiusessuiusn (Trap-
assisted Auger recombination (TAA)) Faudulunanisnaundusiuy trap level Lnilounu
Tunaves SRH wiaziortesiumnzaus Inglupatifmunanlunanisnaundu SRH
waz Couple defect level (CDL)

BNTINISHAUNDULUULBLITILUAL D UAUDNSINISHENNAU SRH Wl lifetime ¥a9n1ugluaunis

2
np —n. a v
R & o P G YNUNUTIAIY
7’-p(n_*_nl)_‘_z-rl(lj_'_lyl)
G\ (3.38)
TAA :
DAL
E

m (3.39)

1ny TAA lifetime TUaNNISAUURTUAUAINAULUUTDINIMEAINNITUTENILDN [71-73]

1

TAA
n

~C*(n+p) (3.40)

1

TAA4
p

~C"(n+p) (3.41)

il o s £ . TAA oy Lo
FauwnresduUszans TAA (TAA coefficient) ¢ way C, asdiduasgiuviniu

P
-12 3 -1
1x10 cm's

FILUDNIINTHAUNTULUU TAA 2y
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2
np—n.
R = PP (3.42)

T, T,
l+7 I/TW (n+nl)+(l+r /TWJ(IH_M)
P P n n

WeanlunsyuiunisaieunsalgeadvesasasinisasistueenlanusinamiLiie
Audutudesiu daduludrunsuaundus3uAulunan1ISNaNNSULUU SRH M197191An7u
USNUNTNFUNATENI19a15NeUkazeenlen  har A MUANUNEUNATENINITRADULAY

genlasvesddneudiluse Tagldmas
" Physics ( Materiallnterface="Oxide/Silicon” ) { Recombination (surfaceSRH) }

lupanisuanndunRiudulumaniauiiiainiama SRH 1esanfinvso5eenoves
Y a CY a LY Qll ) ¥ 1 =2 -ﬂy n v gj =
VANADIYUAUNLNANUTENVINNTDVBUNNIDINANYU (dangling bond or defect) AIUUI
fiansanldiusnanariiuaudnaiinisnaunduniessduiudn (recombination center
or trap level) [74] laglutnatiansnsadhlulalatundnduiase nansansnedun -a1sneiaiin
wagansne-awiu Inenvthdudaazinisliansifafnddlassassauyatuni siaunau

WUU SRH Tutiiaans (bulk SRH recombination) #u@un1g

2
np—n;
e G ieff (3.43)
surfnet (n+n1)/sp +(p+P1)/Sn

£ > .o
no=n_,exp| —=| uag p, =n.,, exp —F (3.44)
1 ieff kT 1 ieff kT

dwivadfmlesifmaunisazgniuasuntasludnuagifediuiuaun1sans N sHaunquLuy

[
= % ¥ ¥ =

SRH Tuileans Taevnlundimnusilunisuaunduinnasduiumududua L3 a9ng
(91989911Nav0e Cuevas dnsudansufignilemerleanesa [75) lnsanzlunsdlnaig
Wutun1sietinisiasunlaslumuntnduda luwwatdelninudndusenisdtasswuuasing

' 5%
aa [

1170 11 Device simulation 1atAaAM3LE N THALNSUNRINTUAUNISIIDANTALLARISIANNT

N,
s=So| 148, —— (3.45)
ref
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g N, AeAnuutuvesansiefignlesslud (ionized dopant concentration) d3usauys

duq dusuluman snaunauiRILuy SRH azuanslun1sen 3.9

ANS19N 3.9 FkUSVULARNSHNANNAUNRILUU SRH

Symbol Electrons Holes Unit
So 1x10° cm/s
S es 1X10° -
N, 1%10"° cm’
y 1 -
Etmp 0 eV

3.3.1.4 aeagduausiman (Magnetic Field)

" Physics { MagneticField = (0.0, 0.0, 0.0) }

dusumsliesiginansznuanauiuidmantugunsalasieii tagldluwanis

YudmmzuUa18n (Galvanic transport model) #aluliinafionfoaunisanuiuiLiiy

al

NITLANISINT-auLdo UL auRTUAUaL LA NI U TneAeninsesinsoaunIsuuas

(transport equations) vesdianasauwasleaiiatuniglugunsaitu 1uraunainusiae

saa v 7 i = a v &
LIUSNUNDWING [75-7T7] W'JEJLWG]Uﬁ%Jﬂ'ﬁﬂ']']ﬂJVU']LLUUﬂﬁgLLaﬂﬂa"mqiﬂLGUEJ‘H"L@LUL!

;)Z[lu;l?xga +y;l§x(y21§x§a )] (3.46)

<!

o =M, 8, t U,

s

1+(,uaB

dle a=n vde p
4, ADANINAGBIVDINIE
g, Fonnmesnszuaiilifnanimadesyesnivy (current vector without mobility)
., ARENINAGRINMYRIEDad (Hall mobility)
B fannwesmilenhauuudwan (magnetic induction vector)
B Fovuavesnnmodivienhauiuuwivin

v o Y 1

1R8N INAGDIVDITRAAITANNUSAUANTWARDIVUaorIaal (drift mobility) muauns
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* =t @ a I3
p =rou, WAT M, =T, @9 . uae r ABRIUTENOUANTNTEI9Y0980aE (Hall
scattering factors) lunsdivesiiie@dneu (bulk silicon) Alpemiluasin - =1.1 uas

r, = -0.7
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NANISNAAIILASIZILALDNUITIONE

Tuunilaziiauenanisvaasiuagriinsesinanisnaaes iovhaand-lanalnnis
nuvensyealuunillalaloauuug lneasuuaisnisveassesnluaesdiufieludiuusn
swarnasuamautFEnugiumaliiidowiu viaaniuasgnisnevaussaumulivinues
wunilolalenuuugfildadnadu daudeniaginissaesuuuunilalaloanuugiiiofng
nalnnszuafinevauswioauiuwininesgunaniuasAnauaiuguludusieg el
gunsallngordelusunsu TCAD mnudilafilsaziilugnsnsivioulalusenuuuiiield

AU IINNTHOUALD IR AU LIANLNLNINTY [61]

4.1 m3inaaantavawuniilnlalanuuug

'
@ vaa o o ]

n13sinnuautivesuunillalaloniuuaaginauandandAyassdiune n1sin

va ' A v =2 = & va & ' [
AuaudRvessosraietuduinisngUnsailinaaudfilusesdavedlalonuasn1sinnis
meuaLaIRpaLINLLMaN IngasnadouiuaunLuimanrate 9 AieuiAnlaunmAAIY

TnsnevsauasEUINL Wian

U7 4.1 wunilalalonuuualuwinidneuiasnuasa
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£ F
(n) (@)

JUN 4.2 Mmansaaeusinillalalon (n) nsldlnsuinniusuddneu (v) dgunsalivegey

JUT 4.3 wunillalalenuuuaiiieusisainlavieindiatluussqsine (Packaging)

307 4.1 wuniilalalepuuugluniuddneundiaindiunszuaunsaandiasaaziug
M98 UlAYD1ALAALUIBONINIINUHUAIFUN 4.2 (1)  n1slElnsuTnasiuaugan LD
nsngeulagaziiudivvauvesgunsalognsdmaulusun 4.2 @)  elddinauysalla

Aanannaziluussadluussydue (Packaging) #33Uil 4.3 aunsaliiliimseuldanu

4.1.1 n3inanaadRseydauuniilalalaauuug
Y va ! = '@ aa fa & a Iz
nsinnuantasesseuunillalaleauuuaiiuisnisnaasugunsaldiannsetinddu
& o o A ] o w A A o < fa « a ea o
HugundAgynasirludiiuusn ieduduanulugunsaldiannselindfiaiunsainau
IenanisinnsvinszuaussiursBududnvagseadefiulalen nan13inuanadansinees
nszuanuusnulugun 4.4 Nszezarnenvesgunsal Ly = 50 um uag JU7 4.5 szezaiy

4 = v ¢ ! ¢
EJ'W'JGUENQ‘Uﬂim Ly = 60 um ‘NLLa@ﬂ‘WL‘WL!?T]WiJﬁllUvimsU@Qi@ﬂ@]@ﬂqﬂlu@qﬂﬂﬁm
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12.0

10.0 +

-2.0

25 -20 -15 -10 0.5 00 05 10 15 20 25
Vp (V)

JUN 4.4 AruandRnIEIalswiuTasseenavuIn Ly = 50 pm

12.0
10.0 +

8.0 +

25 -20 -15 -1.0 -05 00 05 10 15 20 25
Vp (V)

JUN 4.5 AnuautRnsgiausewiulesseesevua Ly = 60 pm

q

4.1.2 nsnavaussauINwimanuuniilalalonauuug
Tunsldeusunillnlaleauuugiiieinauuulvanasdeddaunsalusenoutuinsin
wasdngauNlmanLasiaInslonauuwdivaniedsufisuninulinisneuaussse
1 [ J PN o 4 a 1 dy ! =2 % a Ad o Y o
auiwanneuiazinluldinueie lnediutaznaninsasinsianszuananinuanlein
N1SNAABY ANBUTAIIUFUNUSVDINTEUTINULUEIUAI 9] VDII9TT LATNANITNAGDUAU

AUNLLULAAN
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4.1.2.1 wasiananauauasauuwimanuuniilalaloauuug
lun1sianisnevauesauiuudivanvessugesuunilalalonuuugazldunainy
LIIRUKAENTEUAAINTAULINEIgIFyIuTUNIUAT Ins1gagyinliazaInlunIsAIUAY
a ) ey v Y Y% al Y a ' &
Reulalunsin gunsalnlduszneume fisnuniu wIssliaingeuiils uvuinauInliiman
a A o Ao a ~ 9 ) Y] ~
waziasosdloTanelnihndaiuazidunaaielulaanuudiuglunsia esanauinves
nszuawazissulinaTineglusedumunn 9 wavgnsuniulade
ATTRAUINRIWMANIINGUT 4.6 waz 5UN 4.7 2935Uszneuling unasdnenseualn
Ialepuuugluiniifenseua I, Nlanuaifivazaiunsausuala Ineisasisainseuadnedn
Lulifugunsainagin nsnaasstiasnaaauldanssia 0.5, 1, 2 wag 3 mA AUEIAU 61
vosunilalaleauwuupiuildnuriaun 3 aluvliaualnagasdviwelun (A) 1 91 wAlna (K)
2 uenfiueanin K; uag K, diuvliauelung aziiviualng (K) 191 welua (A) 2 91ueniy
2001 A; Wag A, 3NNTARENNURBNNERBNA UG UMuassdiuTAduluan As
U a [ [ & (%) [ 1
Ro; MU Ry Medinssialnaeoniluasdtdunien I, 11U 1, tngaga1dasninanulansig
sonuntuslussiufeianaiausinu V, warinanuunndteenuilusuvenseua Aeady
FNAUBINTEUA Ip; 4a% Iy NIEuaTIvalugUnsaivivassslinualuariuLelungasiiiaiswes
nsLan lanaunenuITil

1 <

Fealun15inanzUnfNUsidanauIusiiian (B = 0) nseualnlonieandaziaimai

' '
1 =1

o b4 v s Ao ya a (=] A A ! 1 @ % 1
V]WIVLL?Q@ULE]’]WV}!@ (Vo) mmlmmmmasmmmm wALaNA1SIIBAUINLLRANAAF Ul

Y

LwsRIniuRavesgunsel (B # 0) lnefldesdnvazfeaunwimaniudivisanswiniy

a € 0§ Y a ¢ o 1 = =t a i o
Ayvesgunsalinliifnusasisudnsyyienve lunsaluunilalalonylinualnag laande

£% [
=

nanelun inen1sidesunliyannuuadl Tnen1sidsauuYeIns shannennvul vinluw
nszualalendilnasyrinaualun (A) nuwalnal (Ky) waznszudalalannluaseninielun (A)
fuualng 2 (Ky) wWisuwuadldanidu dulunsduanilnlalosviiauwelung Bidnnseuiidn

ndaualne innsifsuulvarnuuiiu Tnensidsauusesnssuanveiinaul vy
nszualalondiluaszuinaualng (- duwslual (A) wasnszudlalondilnasznitaualng (K)
Fuwelun 2 (A,) Wasuwlasluandy (Alp, = 0 uaz Al,,  0) %QLsWﬁﬂuwsafﬂiugULLuu
vesnszualdlanss v ineenulusunuuussiuendwnsznitsnindunasiiawos

W9AU (Vo)
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U7 4.6 wavinnsnevauesauuudmansunilalalonviaualvag (Split Cathode)

LD

JUT 4.7 2sasiansnevauesawuwimdnuunilalalanviinuelung (Split Anode)

4.1.2.2 AMUSUNUSVDINTEALAZLII9UTU99590

31NN TLHAVBNADTYRNNNNA1IT1 USuaunseualniiluads o qala 9 09

193slningendatiiulsuiunssualiiniiluacen o 9A9ALNY99I935 NIBNATINVRY

nszudvarnuiniurasinvenseualvasenanntundlugun 4.6 uag JUN 4.7 nssua Ip 7

geonluazusniaseniduanadunig Iy, fU I, wanduinsauiulvifiunasinenseuads

o = Y v o s A
Li?ﬁ’]ll'ﬁﬂ‘lﬂlﬂL?JEJUVLG]LUU?]’J’]MEWWUﬁWQU

LSIAUVIDN V, SENINTWIdBY

Tuintsly Ry AR

Rp; = Rp>, = Rp

lousaiuendnaiunszudalalon

ANuuansensziakunillalaloanuue

Ip = Ip;+Ip>

Vo= Ip2(Rpy) = Ipi(Rpy)

Vo = Alp(Rp)

Alp=1Ip; - Ip;

(4.1)

(4.2)

(4.3)

(4.4)

(4.5)
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4.1.2.3 MsmauAUBIFUMIMANTINT LB UWAALANA Y
mMadsuuainszuaduneiinasoievinmuesunilalaloauuuglunisneuauss i
aumuandn Tnedszozifoauunme Ly = 50 um waAuni@edadnnme Wy = 50
um mﬂgﬂﬁ 4.8 Lavan5197 4.1 uaninseualudauansnety 4 @1fe 05, 1, 2 uay 3 mA
ARy nMsdsunlasAinseiuerdnndenisidsunlasnnuduresauinusivn
seing 0.5 f1 0.5 T Tnednumensmildidnuusdudaduiianmasiainuagdasay

wazdlAuTURNIINTUA AN SEhAlUTANUINTUTN N1 SR D UaUD IR aUN UL AN AT Y

0.07
—#—3mA
0.05 T

0.03

0.01

AV (V)

-0.01

-0.03

0.05

-0.07
06 05 04 03 02 -01 0 01 02 03 04 05 086

B (1)
'gﬂﬁ 4.8 NMIABUALBIFUINLIWAN We = 50 pm, Lp = 50 um

0.07

0.05

0.03

0.01

AV (V)

-0.01

-0.03

-0.05

-0.07
-06 -05 04 -03 -02 -01 O 01 02 03 04 05 06

B (T)

gﬂﬁ 4.9 NIPDUAUBIEUINILIAN W = 60 um, Lp = 60 um
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mii’ﬂmamauauaqaumLL:J'mﬁmLamﬁquﬁ 4.9 warm13197l 4.1 Fe9zfvurnves
9unIal Lp = 60 pm war We = 60 um Vad@ousmgauiuuwivan 8 aun 0.5 83 0.5 T 14
nzualuda 0.5, 1, 2 uag 3 mA MU laeTaeanuiluguusedueying (V,) lngagnui
nswinsmovaueariidnwaniudaduiiauunsntisuinuas dsausasiauduiisann
Fu dlvnseualusaiunntuuie i

Tumsmenubilunisnevaussazldmnulilumnevauesuuduysal (S,) laemld

PNANULANANIVRINTEUELALEA Al ABANAINUAYBIAUILLILIEN (AB)

g AIpRp
AB

(4.6)

A157099 4.1 N1SPRUALNEANINLIIANTANSELalUSawANFAITY

nseualuaa (mA) 0.5 1 2 3

WE =2 50
0.0025 0.0200 0.0575 0.085
Aulanaseevaups (Sy) | Lp = 50

o) We = 60

LD:60

0.0025 | 0.0230 | 0.0540 | 0.1200

nnsmauhilunisnevausdeauutimaniuuduy sl (S,) Funavunndadosnve
We = 50 um wazssosifoauunve Ly, = 50 pm Meeanlilunispevaussse
dunLwian 0.0025, 0.0200, 0.0575 wag 0.085 mV/T taglinsyualuda 0.5, 1, 2 and 3
MA AEEU LasiivuiadaUdeswivs We = 60 um uavszezidoauunny Ly = 60 um ¢
Huaublunismevaussseauuusiivin 0.0025, 0.0230, 0.0540 waz 0.1200 mV/T i
Aszualuda 05, 1, 2 WA 3 mA AIUAITU 13198NUITSEEE Ly = 60 um Slanamudunes

nsl viseanuhlunismevaueauINwiaNUINNINTEY Ly = 50 um

o o = 1Y
4.2 Naﬂqi"\]']ﬁaﬂﬂ'ﬁ‘vnﬂ']u"lla\‘lLLﬁJﬂu‘IﬂlﬂIaﬂLL‘U‘U@ﬂ’JEII‘UﬁLLﬂiSJ TCAD
nan1sasanuukunilalalenuuuaiiieguanisneuauaseudinaniilaviinisfine
Mandlassaiepreuunillalalonviiawalnaduazuuniilnlalonviiaualung lnefnwianvae
A = < ] ° v - VYR [ ' = o b4
n1siAdeuniveIn zidulseiaudify wevzlaitedadesiag 4 Nesviliaiulilunis
novausdseauInLivingu Amadullerdlanalnnszuamaiavinlusenuuuuunils

loleauuuanavusialy
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4.2.1 nMsdnaeswuuuunilalalenviaualnag

n-sub

Ll . Wy
JUN 4.10 lasasaveunilalalensiiaualnaddimsunisdnassuuy

[

msdaeswvununilnlalonvlinualnaailasaiuaranindsguin 4.10 asmulddng

)]

ee &

walnaaesvnduans

2

gusonduansfisfuheiaduitelundumnsishindad uasd
Aahihwdady seosissswinedaualng W, ssesssinsindanmedanoluntuualna
L, wazrunnswesiuiivasevidedaning W
4.2.1.1 NINBUAUBIFLNALNINANTISEZDBAUUNMELANA Y

nan1saeUaussauuimanlnenisasuLlasszesannealianeeu fsgu
4.1 uagas197 4.2 Waumuaiwdn 0.5 f9 05 T Tumssraesuuy Mnszualudail 1 mA
nanIsIaesLUUAmAllunsnavauesauIwmANLUUALANS (Sp) Tadu 0.987, 1.611,
2.870, 4.097, 8.076, WAy 11.01 T  #1588% Ly U 5, 10, 20, 30, 40 waz 50 um
AUy aniuldinsieinsrayeinen Ly uintuesldnnuduresnswiuintunseting

AOUAUDITININTUNINTEEY Ly MU dmsuludagsanueny 5 89 50 um



10
] == [d=50um
—&—d=40um
6 —o—Ld=30um
Ld=20um
4 ——1d=10um
5 —8—|d=5um
o)
A
=
-2
-4
-6
-8
-10

-06 05 -04 -03

-0.2

-0.1 © 0.0

B (T)

01 0.2

03 O

4

05 0

.6
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a 1 < = a e a ! [
JUN 4.11 msmeuauasaudwivinuunillalalonviaualnaanszes dgauunivesieiy

AN3197 4.2 M3mauanesawswimanuunillalalenydowalvaaiissesidosuuniveieiu

seegidguuunIve (Lp)
5 10 20 30 40 50
(um)
AnulInIsmeveuaLed
4 0.987 | 1.611 | 2870 | 4.097 | 8.076 | 11.01
(Sp) (T)

4.2.1.2 n15AUANDEUINWIMANTANIZRElUdaRANANIAY

30

20

10

AT (uA)
(=]

-10

-20

-30

-06 -05 -04 -03 -02

JUT 4.12 m3meuguesauuudwanuunilalalonviaualnagninszualudasieiu

0.1 00
B (T)

01 0.2

0.3

0.4

0.5

0.6
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A ' [ = a |l v 1 [y
#1319 4.3 ﬂ’]iﬁ]ﬁ]Uﬁua\‘iﬂU’WLLﬁJmaﬂLLlIﬂUIW‘lﬂI@WU‘L!@LLﬂI%@@VIﬂi%LLﬁIU@ﬁW’Nﬂu

nseualuda (mA) 0.5 1 2 3

Anulinsnovauad (Sg) T | 7.506 11.09 24.08 45.08

miai’waaqLLUULﬁ'ammaaumimﬁsmﬁwmzualué’amﬂgﬂﬁ 4.12 wazm3199 4.3 19
auuudnagn -0.5 89 0.5 T 1deszez Ly, = 50 um wausinginanulilunisnovauss
AN ABNLUUENIS (S Tadu 7.506, 11.09, 24.08 way 45.08 T lagldmnszualusa
0.5, 1, 2 uag 3 mA sua1fu ﬁﬁiwﬂizLLﬁiUé’ﬁﬁiﬂqa%ﬁmmiﬂumsmauauaammﬁ
ANNTELELDY

4.2.1.3 anuviuliunszualusunilalalonvdaualnag

Auvwwdunssualusunilalalaniaualnaglunisinsziasuenlioanundu
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ey (majority carrier) az@adusesnsludigrusosriaduiaznaidunvediuiion
(minority carrier) WSewnzdIULAU(excess carrier) WaANNIITINAINL(recombination)

fuddnaseudadunmediulvei(minority carrier) N1§1u5833HaOU WOITNIAMULANAIS

VBINTEel Alp ﬁ%%ﬁ?ﬁ?ﬂ‘i%%ﬁﬁsﬁLLﬂIﬁﬂJJ']angfu Ip; - Ip; ANUNANINVDINTZ ALY
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winiflalalonviauelungnmeivhaudundnfodiinnseu ftauelnadidnaseuds
Dunmednilngasdndusesdelusigrusesviniderznaelunvgdiuosnonme
dufundninnsrudlmifulsadadunvednlngfisseswia Wogmauuansig
voanswua Al fazsthnszuaiitauelunsnauiulasdnuuueduysal fianiswensyuaagnss

Pufuiuslawalnagdloilu (1) - (1o, ) 950 |os | - | |

4.5 nmsiasenuuiiiulifivesireuiinnsunssuananillalalenuuus
TngUsnfnisasthnszuaeenanyelaludeasisini fiasafugunsnididnnsetind
gunsaliwuwesazihnszualifieenseasfsiihiidomsaudutugeasiuviduuiiom
Sunszuaneufiazsorulansiazsmihneusndnit mslfusgloviannisandesinteuinmiy
nszuaasfiannsntziinszualnihoanaingunsalldinilouumsatadalifilnensuas
o19eelinaiiinidsazandnuludssduissd (78]
4.5.1 nMsdnasswuviiiulisivesinsusnasunszuawuniilalalonviioualnag

4.5.1.1 Taseadranuuiinulaifivesinausausunssnauuniilabalanwsia

uAlnag

Ly
—-WE_— l
++++++
S
+ o+ + +
......
n-sub n-sub

JUN 4.31 Tassafawuudiiuliiidesihsuinasunseuaiunillalalonviiaualnge

30 o 2 v o a Y 15 -3 ]
nsveaaesildgiusesansiaiaiiedaidy (n-type) Anmdudu 10 cm” unsesnay
A vo V) P v v 20 -3 o
1319853 (acceptor atom) @319tualua (A) p+ MIEAMILTNTY 107 cm ™ UugIUTeNh

o a o & ] ¢ A quvd o o v o
ﬂ'ﬁ?ﬁ'N‘U3L’Jiuﬁ‘Uﬂi%LLaL‘U‘Lﬁaﬁl@@Iaﬁﬂﬂﬂi%LUumﬁ@i'ﬂﬂﬂUﬂigLLaLLﬂIV]ﬂ (K) n+ 1’3%7“3“?‘@\1

v )

EiJg’m\‘liU‘Vl 4.31

Y
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4.5.1.2 anuvuwiunssuawunilalalenviaualnag

JUN 4.3¢ Anaviuuiunssuaviinualnaguuulifitesinausiusunsyia We = 0 um

nsnaaoakuIllalun1sUTUSTEETNeTENI I UTINS URTERA (W) mngﬂﬁ 4.32
nsnaansarldsyarine We = 5 um wdwhnisansseviessminsdaaanidu We = 2.5 um
faguil 4.33 nduaglifntureitearsisiaindufioatu we = 0 um fguil 4.3¢ Tuns
npaesrlunasienseuansiiviliUiinamvgvadnuazesnyindy annsdanauuali
msdssuuvemme Weaunuwimannssirenvzazdeuvulunmufirnisvesusiaoaud
IuiuinfleanszerasenIIUT A uNSELARNIN We = 5 um wineayluseiiud
Uinnsunszuatiooninszer We = 2.5 um waznvzazlleefuiiuinasunszuaiiande

Wg = 0 um
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4.5.1.3 nsnausuasauuwimanuuniilalaloaviioualnag

4

3 —&—Split Cathode Wg = 0 um.
2 = Split Cathode Wg = 2.5um.

=~ Split Cathode Wg = 5 um.

AL (uA)
o

06 0.4 0.2 0 0.2 0.4 0.6
B(T)

JUN 4.35 nsneuauesetiunillalalonyiaualnaanssesinusiiuiunssianiaiy

nsneavausawuwlmansunilalalensiauwealnagainguil 435 1Wg = 5 um
ANNTUYBINTINATAEn agluseiuliunahe We = 2.5 um waghl We = 0 um Audu
IAERNYTONIINOUANDNEANER Wothuauhlunisnevaussduivsnnseualuda 1

mA

LAY
=i (4.38)

Igmulanismevaues 5, 2.5, 0 um ¢ 0.0010, 0.0028 wag 0.0065 T audsudsuuniils

Iolenvlinualnaguuulifiusnasunssuasslaniulinsnevaussinignamisnd 4.6

715199 4.6 MmInguanesaunilalalonyiaualvagissezinausiansunseuaniaiu

JLULWNIENANUTIUTUNIZLE (We)
2.5 0

(G

(um)

Anulinsneusuaues (Sp)

1 0.0010 | 0.0028 | 0.0065
(T)
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4.5.1.4 msgavunmzuuniilalalenviiaualnag
Y

I I
L, |

B

Majority electron drift
current density,

|- Minority hole diffusion
current density

n-sub

JUN 4.36 nMslssuunnzsinilalalensiiauwalnng

msdssuunmeiunilalaloavdaualnad - ngun 4.36 Tunsludadnenszua I,
NTILelUA (A) p+ mudAvRNTELaaLLR nsvuawnslaanvizdautios (Minority hole
diffusion current) agunslunataualng (K) lagileeluniw 19ualve (K) n+ nszua

m3uvdanaseunvzdulve) (Majority electron drift current) azindounlunisdanelun

(M) 198189l UN19UNAURAN D ILT I DLAUD

5UT 4.38 madssuunseua 3 Sauunilalalonviaualnadiisses We = 5 um
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JUN 4.39 msilsauunszia 2 Sawunillalalonviiaualnagiszes W = 0 um

P
U

[y

JUN 4.41 msiSeuiigusunilalaloaviiawalnaguuuiinuldiitesisusionsunssua

=i = a ' - =
ﬂ’]’iL‘UENLUUﬂi%LLﬁLLNﬂUIG]I@IE]WUU@LLV’]I‘V]@QGU’mE‘U‘W 4.37 WAMINITLUEWUUNINSULUY

'
aaa

2 Tf UM 4.38 wanamsideauunmeiuy 3 GAnNszes We = 5 um Waldsuawuudngn
wuInsEhameaauninisissvullanunsinisadunwuilss lneluasanainduwalun (A)
FuNuA g uualeanullaaniitiwalng (K) nsesaaslvaniuiuinasiuisdlunioun

inuinlululioansaiaiiie WelSeudieuiugui 4.39 uanansidequunineiuy 2 §@
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waz3UTl .40 uanamsilsauunmenuy 3 Safiszer We = 0 um azdunafiuinuinalnd
Fualnemsdesaziinmyluoofumnnnitwuuiitisses We = 5 um Weldunalédaauidy
1N3UT 4.41 Wisuiisuuunilalaleavdaualnaguuuiifvlifivesineuinaiunssua
Unanszuaazeanlufiuuulsifivesinauinaiunssuagud 4.41(w) sanduuuiiivesing
Unnisunseuasuil 4.41 (n) wguuuitesiuuinaiunssuassgadeiuiisunseann
Foring (W) uuuldfiverisudnuiunssuassndviuisunssudlfinniuivihlianul

N1IADUAUDILINATILULDS

a J

4.5.2 nMsdrassuwuviiivlisidesiteusnasunssuauunilalalenviiaualung

o/

4.5.2.1 Taseadranuuiinulifivasineusiinsunseuanuniilalalanwsia

walumg

_—Wg<_

++++

* & 3 -
¥
+ 4
!
+ +
+ o+
+
+ o+
+ o+
+
+ o+
+
-
+ 4+
+ o+
:m’
+ o+ + o+
+ +

oooooo

G 3

oooooooooo + #
H o4+ + + + + + +

oooooooooooooooooooooooo

p-sub p-sub

JUN 4.42 Iaseadrsuwuuiiiulifivesiuinusunssuawunillalalonvlinuelung

o v = o o a v v 15 -3 '
mMsneaeslligiusasasiainivledl (ptype) AUNTY 10 cm ™ unsaznou
& % v 6’3 % ¥ v 19 ’3 o
a15.30K W (donor atom) @3133uAluA (K) n+ ARgAaudy 5x10 ~ cm UugIuTedi
14 a [ & i & a Y i’.’l [y ¥ o
msassuinasunssualdusesdsloudaldidutinsiadunseuauslun (A) p+ Nduiuaes
Faplaguii 4.42

4.5.2.2 anamuuiunseuawunilalalenviiaualung

=1
7

JUN 4.43 avumuidunseuasiaielunduuuiitesinausnusunseua We = 5 um
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8B |t 8B |' aB
0| 0| 0|

JUN 4.44 anumunudunszuayiauelunauuuiiveainauinuiunsewa We = 2.5 um

SUT 4.45 armvuiiunsslayiauelunduuulaifvosineusiansunsea We = 0 um

nsUSusEaTsiesEninsusnasunssua (We) 903Ut 4.43 Mssezviia We = 5 um
wdnihnsansyegiisssninetiasnlu We = 2.5 um figuil 4.44 mnduazanszeslida
Anfuvdoidoansfiadandiuioatu We = 0 um Kagu7 4.45 msldimdsdionseuansiivils
Usinammelnaidinageeniindu sannisdananuildunisisauusesnive iiean
S2EA9TENINUINAITUNTZLAANNAIN We = 5 um wmzazlussfufiushasunssuates
n13%ue We = 2.5 um LLazwmmﬂUaaﬁ'uﬁu%nm%’unizuaﬁﬁqﬂﬁa Wg = 0 um

4.5.2.3 nsnausuasauuwimanuuniilalalonviioualung

4

3 ==& Split Anode Wg =0 um. -
2 ~8-Split Anode Wg =2.5um. _
1 i Split Anode Wg =5 um.

-0.6 0.4 -0.2 0 0.2 0.4 0.6
B (D)

JUN 4.46 anuhinmsnevaussuniilalalonvinuelungfisvesrnausiansunssuaniaiu



95

dl = a Idl 1 a U ! U
19N 4.7 f’]’l’]ﬂJl’Jﬂ']iG]@UﬁuaﬂLLlIﬂUIG’lbL@I’eJWUUG‘lLL@IU@@WSSSBW’NUiL’JMiUﬂiBLLﬁﬁNﬂ‘u

ILYLNNTENINUTNUTUNTELE (W)
5 2.5 0
(um)

Anulin1smevauaued (Sp)

1 0.00084 | 0.0020 | 0.0051
(1)

mMsnovaussauwsimanuunilnlalenviauelungaingud 4.46 uazmsned 4.7 7

Wg = 5 um anuduvesnsuazian oglusziuuaunansdio We = 2.5 um uwazdl We = 0

um AuduargeganienIsnouauesazifian  ethmmawlinsnevaussduingy

nszwaludd 1 mA leanulinisneuauad 5, 2.5, 0 um e 0.00084, 0.0020 wag 0.0051 T

audrfugeunnilalalonsdnualunguuulifitesinsusinauiunseuaayldaiulinis
PoUALBIATIAR

4.5.2.4 madeauunmzuanilalalenviaualung
y

FL‘*(L—X

B

Majority hole drift
current density; ..

1 Minority electron diffusion
current density

JUN 4.47 madsauunveiunillalalenvilauelune

miLﬁ&NLuuWﬂszLMﬂﬁImlmIaﬂsuﬁmLLaIum@j mﬂgﬂﬁ 4.47 Tunsludaanenseud /o
ndaualng (K) n+ MINTANIINTZIEANLR NIZUALNSBIANATOUNIMZAIULDY (Minority
electron diffusion current) azunslufmadanelun (A) Taewdeslunsde Adauelun (A)
o+ nazuansilaannednlng (Majority hole drift current) azdeufilunstaualng

(K) Inedealunnagemuien1aueatsiantaud



SUN 4.48 nsilsauunseua 2 Sawunillalalonviinueluneiisses We = 5 um

JUN 4.49 nsipauunswla 3 TAwunillalalonviinueluneisees We = 5 um

JUN 4.50 msitsauunszua 2 Jauunillalalonviinuelungiisses We = 0 um
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U7 g=0um

[

JUN 4.52 mswlseuisuuunilalalaaliauelunduuudiuldiivesinusinuiunssua

nsclsauunszuawunilalalanviinuelundainiunl 4.48 uanan1sieguunImewuy

2 TR JUN 4.49 wamamsissuuniveuuy 3 §fiszey We = 5um digldsuaunuuidvan
P A ~ | ~ a g % &

wuanszuarasundnindssvuldanuasiinisiadunualas Ingluasenaintanalng (K)

a

HNuNuA s UEkaroanulUaanidawalun (A) nsewaazianuiuRiwasiiu1ed@IuAaoun

% !

N lUTulinansnedtaie WewSeueuiusun

U

4.50 LanINSHUgLUUNINELUU 2 16
uarUT 4.51 uansmsilesuunviewuu 3 Sifissez We = 0.um azdaunamiuinuinalng
TuolunsgnsagiinngluaafuuinnIuuundsyes We = 5 um elidunaladniaug sy
31n3U7 4.52 Wiguiisuuuniilalalenvdaueluaduuuiivlidddesinsuinasunssua
USunaunseuaaveanluiuuuliiivesinauiinnusunseuagui 4.52 (1) 1nndwuunivesing
UInasunsELaguRl 4.52 (n) wszuuuiitesitauinuiunssialsgyidsiuniunssuann
1 1 a1 1 a U a' dy d‘u % dy = o Yal

99309 (W) suvliififesineuinasunssuasiiuiuiisunseualaundudwintuiiainula

ANSNBUAUBININNINTULDS
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4.6 nsuszanaldeusuniilalalaauuug
winillaleanuuddilassadefuguidarudevheannsndlulssgndldldnans

v Tufidazendegnanisihunyiidusnsisdvauuuivanlassadrdansansnasag

Tavzuazihunyadwuwesialondmsunsiafuauiuidwanuazuasia glilassadauunt

T lalanfRedTuLAaIL15ATITVALILLIIMAN LAz LA lAIYAD 99814

4.6.1 fansrvsuanNwiImanTAssadsTanzanstadatilans
Fansasvauuwivaniassaddanzansiestlans (Metal-Semiconductor-Metal)
Iumﬁmam‘ffa]zﬁnmiﬁﬂwmé’ﬂmiﬁjugmﬁqmﬁmwﬁ’uLLajmémLaxmimaﬁuLLaaﬂqaﬁ
RANAITYINIUAILAITINABILUY LFI9DUNENSY UL UUTIaB908 198 Lag AU
ANTNDUAUDY [79]
4.6.1.1 mssnassnuulassaielangansneinitanzuazgaauda
Fps19Tuanuwimanlassadelanzanstesdnlans (Metal-Semiconductor-Metal)

Usgnaumeseunadeni(Schottky) a@pesesraiundsruiumsellassasraidulang-ansne

(%
=

midlane  lassainilisevitesiagn dA1A1U1Buaudgnauin tneunilaseasieilay

[

sonwuululassasrswuuilund (interdigitated) wiolidaaulias lufewasraduiud
a A - = ' ° Yo A ) & =

AmapuiuinsedmasuvuInlng TunisazthlUlginaauudivdnluiavionss nIzlauasay
Taunanuiusounslilansiasaesinesyrindany isdalnludassninslangyiaosuay
segnenilssovse e JuludansmisyauazBnynaziuludandu Tugun 4.53 (n)

1ASETLUUTI LN I eB UM eAeA (interdigitated) (1) LAUWANIU () ATINNTELALES

CATHODE ANODE . 4
CURRENT (1)
(WIS Light power 4
Light power 3
b - Light power 2
N Light power 1

= oik

{ PR B A BIAS VOLTAGE (V)

! :
SEMICONDUCTOR 'Y o

| A
E, 8

(n) (@) (M)

JUN 4.53 fnT13duuaaMsM (n) Tassasawuuituml (1) waunaanu () nunszuawas

wunilalaloawuugidugunsaldmsunsiaduuivan lassadsuszneumglalondes
FTIUe19 e LUATNefuLas ke NTILA AT UADIT TN159NLUUAMNENINTHT8UY
Wz lusE ez a) Wolauluwilnantd Uk TN 18I1ININMTAUIN WL AN
o % d‘a‘ 5 L 3 v d‘ o g:v =
ASLYNUNINENIRINTILDLUA LU T AINA LA T8 B UU LU AT UNTLLAVDIADILALNATD

LANFINAU A/ mmLLmﬂshwaqmzLLasﬁuasﬁummumuﬂu%qammajmﬁﬂLLawh Al g
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Jueessiudranfiefianiswesauiuwimansglufianansedudu lalesaunsoadindu
sousavlafidu (pn) wazsessadenn (Schottky) gunsalllanunsaazyiulinwuuluda
asawazludandu Mlildnuliianszualaauaznszuadianaseu UM 4.54 uanslaseaig

vouunillalonduaznspuaudivesunillalalen

Al (mA)

A 1 /////// Magnetic field density(mT™)

K

24

() lassadauundlalalon (1) nswlpuantavesuunilalalon

sUf 4.54 wunfllnlalentuug

fmsaduausutivaniasiaiislangansnasatinlany amnsaeenuuulildsiniudy
wundlalalennuugdimiunsivduauinudivinuazidudnsiadunaslilnaaiieaiu
Tassasramdnilddesessefonilaedfuilansifiolddmivnisgaduuasuagfuitls
novdussteauLsimandituiiooniouiluzunssdindoy Auitinszninedalansgn
sl dumuevesssssmadonvu fuluarmeingndsgnimuslneniiueninig
Deaunmommve ATMLINANUBINSELARARAT UL W, wae W, Tassadsdiuandusud
4.55 (n) Ywekuudaes 2 fnlunsdtaesiuy (@) midiaenuulaglilusunsy TCAD lay
flituillanzaunn 400 x 400 pm’” Tidosvthdusa W, was W, vu1n 50 x 50 um’ wazesing

LN aNTUagnTNFURERAD 100 pm Wag 10 pm AINEIRU

400 pm
e
.
400 pm 100 pm 1 i-
T [Jsoum i
f
M] _;Jp;_ M M1 M2

(n) (V)

U7 4.55 fmsraduauiuudmaniassasialangansieinilans
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4.6.1.2 N1INBUAUBIAUINUNLUAN

2.06-09 Magnetic field density(T)

15609 —+—1=0.1 uA

1.0E-09 | -a-1=0.2uA

——I[=03uA
T e e S—u— |

B

5.0E-10 |

0.0E+00

AlyiA)

-5.0E-10

-1.0E-09

-1.5E-09

-2.0E-09
-0.4 -0.3 -0.2 0.1 0 0.1 0.2 0.3 0.4

=

| 1 =3 =% o o
5U7 4.56 NMInevaussReauItLlindnve YU larvalsnetilany

Y
NFUT 4.56 NITABUAUDIRDAUNULINANIINAIINANYBINTZWE Alp = Ips-Ip: 0E
fnszuanidnanaau 3 A1 As 0.1, 0.2, 0.3 UA Watouauuulwdnidunluiiang -z ¥ianis
% ;4 1 o %] 6 -1
waudurasnTeanutduainislinisaevauesdusivdidu 7.9, 11.93, 13.74 mT
v §f &

wagluiidanie +z - vinismanuduresnsesninlailuainisiinisnevaussduimsidu

8.2, 11.62, 14.19 mT " suasu

(M) HENNAUULIMEN -7 (V) Aemnsaunusivdn +7

JUN 4.57 avamusidunsekavaaugailangasnidilany

NNNIavawuU IedunnunuLiunseiafiasdunaiua nwae s gauunne
nandanurmuwiuliiinfudiisiignaanfedunsiesun 4.57 duiusiuiianiwes
1 & a v o al o al < 1 ' Y A
wiliwdnfdunsgsi Weiudeuduwnunneg13d1eaglan 13U 4.58 lagvuinves
NSLUEATNIDBNUN |y BAE Iy LAURUSAUVLALALRANISVRIAEULLAWAN L3N

4.6.1.3 LUUINADINSLUERUUNINELANLEN5NIAU lane

B I
F el ?_x_
I .wl
B_z j:. - ID1 f

v -
Ny DI
\\\‘
W, - W,
. ID2 \\. » ID2
M, M, M, M,
(n) AEANAUNULNINEN —7 (@) RANIIAUINLINEN +7

sU? 4.58 nalnnsvinaueaauweslansansnaditinlans

Y
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nANdNRusvedlasiainaztadusg 9 A liAaauLAnNAI9UInTELETNY

asaluaunmsiiielugnismenulinisnevaussioly

Alp=J.d-Ay (4.39)

T Y -

Tl J, ADAIAINUAUILULYDIBLENATOUIUAANINAINLUILAY X, d ADAINNANVDINTTLE,
Ay #832ugn15i8aUnYeanIELAlLLLILAY ¥ DULeNINAUINLIIMEAN WAaTEILNTAY

ANUIINTHDUAUDIFUNNS Sp LARINANNNT

Alp

R )8, (4.40)

nlaseasrweanunilalalanviinlanzarsnedatilare (MSM)  @1u195005293U
' = A | < a o U = ) ~ a a

aunuwmantazadukdan s ensradusasba llassasauneiulaeazilans dmasy

ansdulazeaniuulridnlanzasstniiaduusnasunseranayliiaduainulans1ve

nsead1nsUfInsTUaLNA NG IazlTUs lemilase

4.6.2 fanwureslaland 1 m5unsI9TUaUINMIMRANUATIEN

Tafumeslialondmsunsradvauiuudaniazuduiauianmsvaassassgunsal
prafuilaninsoaneduundmdssnldinnnimisyinlugunsalifenty Insordovdnnis
vosgoadunnanlusunidlslalonuuuguassaulasiasumsganausasvadnlalalonld
uulAseasapigaiu [80]

4.6.2.1 lassafedafiwuivesialon

Tssasaiofieuseslalontanadesui 4.59 Usznaudedauolun (A) p+ uunm 200
x 200 um wazdaualng (K) @05 K, wag K, Juu1m 50 x 97.5 um 499319581119uALNa (K)
5 um srezriTerinaualua (A) fuualng (K) 20 um 11385901 EUUIUNTVDINITHER
CMOS Fuangiusestiia n epdudu 10 em” dauslun p+ asrelneldnisdeilaseq

Y v I 19 3 A % % 9 o A
W'JEJIUﬁ'EJUVLWﬂ']ﬂ’J"IQJLGUQJSUU 10 cm LﬂJf’Jﬂﬁ'NLﬂ%ﬂLLa’Jfﬂglﬂ@aﬂﬂJ"lﬂﬂEU‘W 4.60



20 50
- A < p=.tn
K n+ s.
2 5
p+
+ g
wy
- 200 pmn = N-Sub
JU7 4.59 TAlassasdafiwugeslalondmiunsinduaunuuimvianuaswas
5UT 4.60 Sadwugasialandmsunsnduaniuwivianuasuasnliviinisasng

4.6.2.2 N1INBUAUDIHUINUNAAN

Constant current source
O

SMD I,
ol Wl

+ AN
n RKl

&) B,

Al

+ RK 2

_>
]DZ

n

JUN 4.61 2avinfilinnaeudafiougesinlen
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2.5E-05 -

20605 —+I=0.ImA

1.5E-05 —a—[=0.5mA

1.0E-05

——I=1.0 mA

. 5.0E-06
3
& 0.0E+00 +
< -5.0E-06

-1.0E-05

-1.5E-05

2.0e05 .

-2.5E-05 4

0.4 0.3 0.2 0.1 0 0.1 0.2 0.3 0.4
Magnetic field density(T)
Eﬂﬁ 4.62 ﬂ"liﬁl@UﬁU@ﬁﬁU’]ﬂJLLﬂjLﬂgﬂﬂLUﬁﬂ’nﬂUgﬁGﬁﬂ

g
_‘Q
<]

-5.0E-09 " - -\ ~ f4/¥. o\ ( > r. £
0.4 03 0.2 0.1 0 0.1 0.2 03 0.4
Magnetic field density(T)

U7 4.63 MsneuduasaInwivaniuanyludandy

nalnmshaugesnsnevausseaumimsnuunilalalonuuug angud 4.61 1Ju
199530l Inae iLasT 10N TELERIITIFAIE WY Ry, Wag Ry, Mduluaniiotn
nITua mai’mmimauaumammmmﬁﬂiuamaﬂué’amqLLamﬂugﬂﬁ 4.62 \nglansyualuda
fnaffuau@Ife 0.1, 0.5, 1.0 mA suaisiu Tauuwilivan -0.4 89 0.4 mT laanudunse
AulNsReUALeIENITWS (S) 48, 52 uway 57 mT mua1du watnnisneuaues
aunusimanluannzlusandunanduguil 4.63 Taeldnszualusainsiuaudrde 1, 5, 8
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Crystal properties Value Units
Structure Cubic
Space Group Fd3m
Atomic weight 28.0855
Lattice spacing (ag ) at 300K 0.54311 nm
Density at 300K 2.3290 o/cm’
Nearest Neighbor Distance at 300K 0.235 nm
Nurnber of atoms in 1 cm’ 4.995 . 10”
Isotopes 28 (92.23%)
29 (4.67%)
30 (3.10%)
Electron Shells 1522522p63523p2
Common lons sit /A si ¥
Critical Pressure 1450 atm
Critical Temperature 4920 y |
Band structure properties Value Units
Dielectric Constant at 300 K 11.9
Effective density of states 2.8x10" cm’
(conduction, N. T=300 K)
Effective density of states 1.04x10" cm’
(valence, N, T=300 K )
Electron affinity 133.6 kJ / mol
Energy Gap E, at 300 K 1.12 eV
(Minimum Indirect Energy Gap at 300 K)
Band structure properties Value Units
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Energy Gap E, at ca. 0 K 1.17 (at 0 K) eV
(Minimum Indirect Energy Gap at 0K)
Minimum Direct Energy Gap at 300 K 34 eV
Energy separation (Er) 4.2 eV
Intrinsic Debye length 24 um
Intrinsic carrier concentration 110" cm’”
Intrinsic resistivity 3.2-105 Q.cm
Auger recombination coefficient C, 11107 m’ /s
Auger recombination coefficient C, 310" cm’ /s
Thermal properties Value Units
Melting point 1414 °C
1687 K
Boiling point 3538 K
Specific heat 0.7 J /(g x°0)
Thermal conductivity [300K] 148 W/ (m x K)
Thermal diffusivity 0.8 cm’/s
Thermal expansion, linear 26-10° oc
Debye temperature 640 K
Temperature dependence of band gap -2.3e-4 eV/K
Heat of:
fusion / vaporization / atomization 39.6 / 383.3 / 452 kJ/ mol
Electrical properties Value Units
Breakdown field ~ 3107 V/em
Index of refraction 3.42
Mobility electrons ~ 1400 cm’ / (V xs)
Mobility holes ~ 450 cm’ / (V xs)
Diffusion coefficient electrons ~ 36 cm’/s
Diffusion coefficient holes ~ 12 cm’/s
Electron thermal velocity 23.10° m/s
Electronegativity 1.8 Pauling's
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Hole thermal velocity 1.6510° m/s
Optical phonon energy 0.063 eV
Density of surface atoms (100) 6.78 10"/cm’
(110) 9.59 10"'/cm’
(111) 7.83 10"'/cm’
Work function (intrinsic) 4.15 eV
lonization Energies for Various Dopants | Donors
Sb 0.039 eV
P 0.045 eV
As 0.054 eV
Acceptors
B 0.045 eV
Al 0.067 eV
Ga 0.072 eV
In 0.16 eV
Mechanical properties Value Units
Bulk modulus of elasticity 9.810 dyn/cmz
Density . 504 g/cm3
Hardness 7 Mohs scale
Surface microhardness (using Knoop's 1150 /<§/mm2
pyramid test)
Elastic constants Cyy = 16.60-1011 dyn/cm2
Ciy = 6.40-10" dyn/cm’
Caa= 7.9610" dyn/cm”
Bulk modulus of elasticity 9.810 dyn/cmz
Young's Modulus (E) [100] 129.5 GPa
[110] 168.0 GPa
[111] 186.5 GPa
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1. Aaan g luNISNINUATUABUNSZUIUNISES19 (Process simulation)

B

; Title: Magnetodiode Split Cathode

(define ROUNDING #f)
(sdepe:substrate "Silicon" (list "PhosphorusActiveConcentration" 1el5) 200.0 (list 0.0 0.0
50.0 40.0))
(sdepe:comment "Added process flow header")
(define IsPType (lambda (Doping) (< Doping 0)))
(define IsNType (lambda (Doping) (not (IsPType Doping))))
(define ChooseDopant
(lambda (Doping DopantList) ; DopantList: (Donor Acceptor)
(if IsNType Doping)
(list-ref DopantList 0)
(list-ref DopantList 1)

)
)
)

(define ActiveConcentration (lambda (Dopant) (string-append Dopant "ActiveConcentration"

)

(define DopantList (list "Phosphorus"” "Boron" ))

(define Xj 1)
(define NDope 5e19)
(define PDope -1¢20)

(define NDopant (ChooseDopant NDope DopantList))
(define PDopant (ChooseDopant PDope DopantList))
(sdedr:define-gaussian-profile

"DP.IMP2" (ActiveConcentration NDopant)

"PeakPos" 0

"PeakVal" (abs NDope)

"ValueAtDepth" 2el5

"Depth"  Xj

"Erf" "Factor" 0.8)

(sdedr:define-gaussian-profile
"DP.IMP1" (ActiveConcentration PDopant)
"PeakPos" 0
"PeakVal" (abs PDope)
"ValueAtDepth" 2el5
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"Depth"  Xj

"Erf" "Factor" 0.8)
(sdepe:pmask "mask0" "Resist" 2.0 "dark" (list (list 30.4 15.0 19.6 15.0 19.6 6.5 30.4 6.5))
ROUNDING "top")
(sdepe:implant "DP.IMP1" )
(sdepe:multi-etch "Resist" 10.0 "strip" 0 0 (gvector 0 0 -1) ROUNDING "top")
(sdepe:pmask "maskl" "Resist" 2.0 "dark" (list (list 12.525.022.525.022.535.012.5
35.0)(list 27.5 25.0 37.5 25.0 37.5 35.0 27.5 35.0)) ROUNDING "top")
(sdepe:implant "DP.IMP2" )
(sdepe:multi-etch "Resist" 10.0 "strip" 0 0 (gvector 0 0 -1) ROUNDING "top")
(sdepe:pmask "mask2" "Resist" 2.0 "light" (list (list 36.5 34.2 13.5 34.2 13.524.420.4 15.0
20.47.429.67.429.6 15.0 36.5 24.4)) ROUNDING "top")
(sdepe:multi-etch "Silicon" 1.0 "anisotropic" 0 0 (gvector 0 0 -1) ROUNDING "top")
(sdepe:multi-etch "Resist" 10.0 "strip" 0 0 (gvector 0 0 -1) ROUNDING "top")
(sdepe:deposit "Si02" 1.0 (list ) "anisotropic" ROUNDING "top")
(sdepe:pmask "mask3" "Resist" 2.0 "dark" (list (list 36.5 34.2 13.5 34.2 13.524.420.4 15.0
20.47.429.67.429.6 15.0 36.5 24.4)) ROUNDING "top")
(sdepe:multi-etch "Si02" 1.0 "anisotropic" 0 0 (gvector 0 0 -1) ROUNDING "top")
(sdepe:multi-etch "Resist" 10.0 "strip" 0 0 (gvector 0 0 -1) ROUNDING "top")
(sdepe:deposit "Aluminum" 1.0 (list ) "isotropic" ROUNDING "top")
(sdepe:pmask "mask4" "Resist" 2.0 "light" (list (list 15.68 28.213 19.28 28.213 19.28 31.813
15.68 31.813)(list 24.4 9.4 25.6 9.4 25.6 13.0 24.4 13.0)(list 30.696 28.211 34.296 28.211
34.296 31.811 30.696 31.811)) ROUNDING "top")
(sdepe:multi-etch "Aluminum" 1.0 "anisotropic" 0 0 (gvector 0 0 -1) ROUNDING "top")
(sdepe:multi-etch "Resist" 10.0 "strip" 0 0 (gvector 0 0 -1) ROUNDING "top")
(sdepe:save "n2_msh" "" "DFISEBND")

b

; Title: Magnetodiode Split Anode

(define ROUNDING #f)
(sdepe:substrate "Silicon" (list "BoronActiveConcentration" lel5) 200.0 (list 0.0 0.0 50.0
40.0))
(sdepe:comment "Added process flow header")
(define IsPType (lambda (Doping) (< Doping 0)))
(define IsNType (lambda (Doping) (not (IsPType Doping))))
(define ChooseDopant
(lambda (Doping DopantList) ; DopantList: (Donor Acceptor)
(if (IsNType Doping)
(list-ref DopantList 0)
(list-ref DopantList 1)
)
)
)

(define ActiveConcentration (lambda (Dopant) (string-append Dopant "ActiveConcentration”

D),

(define DopantList (list "Phosphorus" "Boron" ))

(define Xj 1)
(define NDope 5¢19)
(define PDope -1€20)

(define NDopant (ChooseDopant NDope DopantList))
(define PDopant (ChooseDopant PDope DopantList))
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(sdedr:define-gaussian-profile
"DP.IMP2" (ActiveConcentration NDopant)
"PeakPos" 0
"PeakVal" (abs NDope)
"ValueAtDepth" 2el5
"Depth"  Xj
"Erf" "Factor" 0.8)

(sdedr:define-gaussian-profile

"DP.IMP1" (ActiveConcentration PDopant)

"PeakPos" 0

"PeakVal" (abs PDope)

"ValueAtDepth" 2el5

"Depth"  Xj

"Erf" "Factor" 0.8)
(sdepe:pmask "mask0" "Resist" 2.0 "dark" (list (list 12.5 25.0 22.5 25.0 22.5 35.0 12.5
35.0)(list 27.5 25.0 37.5 25.0 37.5 35.0 27.5 35.0)) ROUNDING "top")
(sdepe:implant "DP.IMP1")
(sdepe:multi-etch "Resist" 10.0 "strip" 0 0 (gvector 0 0 -1) ROUNDING "top")
(sdepe:pmask "maskl" "Resist" 2.0 "dark" (list (list 30.4 15.0 19.6 15.0 19.6 6.5 30.4 6.5))
ROUNDING "top")
(sdepe:implant "DP.IMP2")
(sdepe:multi-etch "Resist" 10.0 "strip" 0 0 (gvector 0 0 -1) ROUNDING "top")
(sdepe:pmask "mask2" "Resist" 2.0 "light" (list (list 36.5 34.2 13.5 34.2 13.5 24.4 20.4 15.0
20.47.429.6 7.4 29.6 15.0 36.5 24.4)) ROUNDING "top")
(sdepe:multi-etch "Silicon" 1.0 "anisotropic" 0 0 (gvector 0 0 -1) ROUNDING "top")
(sdepe:multi-etch "Resist" 10.0 "strip" 0 0 (gvector 0 0 -1) ROUNDING "top")
(sdepe:deposit "Si02" 1.0 (list ) "anisotropic” ROUNDING "top")
(sdepe:pmask "mask3" "Resist" 2.0 "dark" (list (list 36.5 34.2 13.5 34.2 13.5 24.4 20.4 15.0
20.47.429.67.429.6 15.0 36.5 24.4)) ROUNDING "top")
(sdepe:multi-etch "Si02" 1.0 "anisotropic" 0 0 (gvector 0 0 -1) ROUNDING "top")
(sdepe:multi-etch "Resist" 10.0 "strip" 0 0 (gvector 0 0 -1) ROUNDING "top")
(sdepe:deposit "Aluminum" 1.0 (list ) "isotropic" ROUNDING "top")
(sdepe:pmask "mask4" "Resist" 2.0 "light" (list (list 15.68 28.213 19.28 28.213 19.28 31.813
15.68 31.813)(list 24.4 9.4 25.6 9.4 25.6 13.0 24.4 13.0)(list 30.696 28.211 34.296 28.211
34.296 31.811 30.696 31.811)) ROUNDING "top")
(sdepe:multi-etch "Aluminum" 1.0 "anisotropic” 0 0 (gvector 0.0 -1) ROUNDING "top")
(sdepe:multi-etch "Resist" 10.0 "strip" 0 0 (gvector 0 0 -1) ROUNDING "top")
(sdepe:save "n2_msh" "" "DFISEBND")

b
0
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b

; Title: Magnetodiode Split Cathode

(define MeshFactor 1.0)

; Utilities functions
(define wy-refine-profile-in-material (lambda (mat dx dy dz) (begin
(sdedr:define-refinement-size
(string-append "RSize.Profile." mat)
1000 1000 1000
dx dy dz)
(sdedr:define-refinement-material
(string-append "RP.Profile." mat)
(string-append "RSize.Profile." mat)
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mat)

(sdedr:define-refinement-function
(string-append "RSize.Profile." mat)
"DopingConcentration" "MaxTransDiff" 1)

)

(define wy-define-refinement-size (lambda (name maxx maxy minx miny) (begin
(sdedr:define-refinement-size
name (* maxx MeshFactor) (* maxy MeshFactor) (* minx MeshFactor) (* miny
MeshFactor))

)

; Refinements
(wy-refine-profile-in-material "Silicon" 0.1 0.1 0.1)

2

; Refinement Boxes

b

(sdedr:define-refinement-window "RW.Cathode1"
"Cuboid" (position 12.525 198.5) (position 22.5 35 200))
(sdedr:define-refinement-size "RS.Cathodel"
0.5 0.5 0.5
0.1 0.1 0.1)
(sdedr:define-refinement-function "RS.Cathodel"
"DopingConcentration" "MaxTransDiff" 1)
(sdedr:define-refinement-placement "RP.Cathodel" "RS.Cathodel" "RW.Cathodel" )

b

(sdedr:define-refinement-window "RW.Cathode2"
"Cuboid" (position 27.5 25 198.5) (position 37.5 35 200) )
(sdedr:define-refinement-size "RS.Cathode2"
0.5 0.5 0.5
0.10.10.1)
(sdedr:define-refinement-function "RS.Cathode2"
"DopingConcentration" "MaxTransDiff" 1)
(sdedr:define-refinement-placement "RP.Cathode2" "RS.Cathode2" "RW.Cathode2" )

b

(sdedr:define-refinement-window "RW.Anode"

"Cuboid" (position 19.6 6.5 198.5) (position 30.4 15 200) )
(sdedr:define-refinement-size "RS.Anode"

0.5 0.5 0.5

0.10.10.1)
(sdedr:define-refinement-function "RS.Anode"

"DopingConcentration" "MaxTransDiff" 1)
(sdedr:define-refinement-placement "RP.Anode" "RS.Anode" "RW.Anode" )

b

(sdedr:define-refinement-window "RW.Etch"
"Cuboid" (position 13.5 7.4 199) (position 36.5 34.2 200) )
(sdedr:define-refinement-size "RS.Etch"
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0.5 0.5 0.5

0.010.01 0.01)
(sdedr:define-refinement-function "RS.Etch"

"DopingConcentration" "MaxTransDiff" 1)
(sdedr:define-refinement-placement "RP.Etch" "RS.Etch" "RW.Etch" )

; Contacts
;-- Cathodel contact:
(sdegeo:define-contact-set "Cathodel" 4.0 (color:rgb 1.0 0.0 0.0) "##")
(sdegeo:set-current-contact-set "Cathodel")
(sdegeo:set-contact-boundary-faces (find-body-id (position 17.5 30 200.5)))
(sdegeo:delete-region (find-body-id (position 17.5 30 200.5)))

;-- Cathode2 contact:

(sdegeo:define-contact-set "Cathode2" 4.0 (color:rgb 1.0 0.0 0.0) "##" )
(sdegeo:set-current-contact-set "Cathode2")
(sdegeo:set-contact-boundary-faces (find-body-id (position 32.5 30 200.5)))
(sdegeo:delete-region (find-body-id (position 32.5 30 200.5)))

;-- Anode contact:

(sdegeo:define-contact-set "Anode" 4.0 (color:rgb 1.0 0.0 0.0 ) "##" )
(sdegeo:set-current-contact-set "Anode'")
(sdegeo:set-contact-boundary-faces (find-body-id (position 25 11.5 200.5)))
(sdegeo:delete-region (find-body-id (position 25 11.5 200.5)))

;-- substrate contact:

(define dfbool (sdegeo:get-default-boolean))
(sdegeo:set-default-boolean "ABA")
(sdegeo:create-cuboid (position -50 -40 -200.0)
(position 50 40 199.9) "Metal" "SubstrateCut")

(sdegeo:define-contact-set "substrate" 4.0 (color:rgb 1.0 0.0 0.0) "##" )
(sdegeo:set-current-contact-set "substrate")
(sdegeo:set-contact-boundary-faces (find-body-id (position 1.0 1.0 0.1)))
(sdegeo:delete-region (find-body-id (position 1.0 1.0 0.1)))
(sdegeo:set-default-boolean dfbool)

; Save structure
; Save BND file
(sdeio:save-tdr-bnd (get-body-list) "n4 bnd.tdr")

; Save CMD file
(sdedr:write-cmd-file "n4 msh.cmd")

; Build Mesh
(system:command "snmesh n4 msh")
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b

; -- Title: Magnetodiode Split Anode

(define MeshFactor 1.0)

; Utilities functions
(define wy-refine-profile-in-material (lambda (mat dx dy dz) (begin
(sdedr:define-refinement-size
(string-append "RSize.Profile." mat)
1000 1000 1000
dx dy dz)
(sdedr:define-refinement-material
(string-append "RP.Profile." mat)
(string-append "RSize.Profile." mat)
mat)
(sdedr:define-refinement-function
(string-append "RSize.Profile." mat)
"DopingConcentration" "MaxTransDiff" 1)

)

(define wy-define-refinement-size (lambda (name maxx maxy minx miny) (begin
(sdedr:define-refinement-size
name (* maxx MeshFactor) (* maxy MeshFactor) (* minx MeshFactor) (* miny
MeshFactor))

)

; Refinements
(wy-refine-profile-in-material "Silicon" 0.1 0.1 0.1)

2

; Refinement Boxes

b

(sdedr:define-refinement-window "RW.Anodel"

"Cuboid" (position 12.525 198.5) (position 22.5 35 200) )
(sdedr:define-refinement-size "RS.Anodel"

0.5 0.5 0.5

0.10.10.1)
(sdedr:define-refinement-function "RS.Anodel"

"DopingConcentration" "MaxTransDiff" 1)
(sdedr:define-refinement-placement "RP.Anodel" "RS.Anodel" "RW.Anodel" )

b

(sdedr:define-refinement-window "RW.Anode2"

"Cuboid" (position 27.5 25 198.5) (position 37.5 35 200) )
(sdedr:define-refinement-size "RS.Anode2"

0.5 0.5 0.5

0.1 0.1 0.1)
(sdedr:define-refinement-function "RS.Anode2"

"DopingConcentration" "MaxTransDiff" 1)
(sdedr:define-refinement-placement "RP.Anode2" "RS.Anode2" "RW.Anode2" )

b

(sdedr:define-refinement-window "RW.Cathode"
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"Cuboid" (position 19.6 6.5 198.5) (position 30.4 15 200) )
(sdedr:define-refinement-size "RS.Cathode"

0.5 0.5 0.5

0.1 0.1 0.1)
(sdedr:define-refinement-function "RS.Cathode"

"DopingConcentration" "MaxTransDiff" 1)
(sdedr:define-refinement-placement "RP.Cathode" "RS.Cathode" "RW.Cathode" )

2

(sdedr:define-refinement-window "RW.Etch"

"Cuboid" (position 13.5 7.4 199) (position 36.5 34.2 200) )
(sdedr:define-refinement-size "RS.Etch"

0.5 0.5 0.5

0.01 0.01 0.01)
(sdedr:define-refinement-function "RS.Etch"

"DopingConcentration" "MaxTransDiff" 1)
(sdedr:define-refinement-placement "RP.Etch" "RS.Etch" "RW.Etch" )

; Contacts
;-- Anodel contact:
(sdegeo:define-contact-set "Anodel" 4.0 (color:rgb 1.0 0.0 0.0 ) "##")
(sdegeo:set-current-contact-set "Anodel")
(sdegeo:set-contact-boundary-faces (find-body-id (position 17.5 30 200.5)))
(sdegeo:delete-region (find-body-id (position 17.5 30 200.5)))

;-- Anode2 contact:

(sdegeo:define-contact-set "Anode2" 4.0 (color:irgb 1.0 0.0 0.0 ) "##")
(sdegeo:set-current-contact-set "Anode2")
(sdegeo:set-contact-boundary-faces (find-body-id (position 32.5 30 200.5)))
(sdegeo:delete-region (find-body-id (position 32.5 30 200.5)))

;-- Cathode contact:

(sdegeo:define-contact-set "Cathode" 4.0 (color:irgb 1.0 0.0 0.0 ) "##" )
(sdegeo:set-current-contact-set "Cathode")
(sdegeo:set-contact-boundary-faces (find-body-id (position 25 11.5 200.5)))
(sdegeo:delete-region (find-body-id (position 25 11.5 200.5)))

;-- substrate contact:

(define dfbool (sdegeo:get-default-boolean))
(sdegeo:set-default-boolean "ABA")
(sdegeo:create-cuboid (position -50 -40 -200.0)
(position 50 40 199.9) "Metal" "SubstrateCut")

(sdegeo:define-contact-set "substrate” 4.0 (color:rgb 1.0 0.0 0.0 ) "##" )
(sdegeo:set-current-contact-set "substrate")
(sdegeo:set-contact-boundary-faces (find-body-id (position 1.0 1.0 0.1)))
(sdegeo:delete-region (find-body-id (position 1.0 1.0 0.1)))
(sdegeo:set-default-boolean dfbool)

Save structure

; Save BND file
(sdeio:save-tdr-bnd (get-body-list) "n4_bnd.tdr")
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; Save CMD file
(sdedr:write-cmd-file "n4 msh.cmd")

; Build Mesh
(system:command "snmesh n4_msh")

)

3. AasTNaRINTINNULaEAUaNgAnssune Wi lviiuaunsal

b

; Title: Magnetodiode Split Cathode

Electrode {
{ Name="Anode" Voltage=@Va@ }
{ Name="Cathodel" Voltage=0.0 }
{ Name="Cathode2" Voltage=0.0 }

}
File {
* Input Files
Grid ="@tdr@"

Parameter ="(@parameter@"
* Output Files
Current ="@plot@"
Plot ="@tdrdat@"
Output  ="@log@"

}

Physics {

EffectivelntrinsicDensity( Slotboom )

Mobility (
DopingDep(Masetti)
CarrierCarrierScattering(Conwell Weisskopf)
HighFieldSaturation

)

Recombination (
TrapAssistedAuger
SRH(DopingDep)
surfaceSRH

)
MagneticField = ( 0.0, 0.0, @BField@ )

}

Physics (MaterialInterface="Oxide/Silicon") {
Recombination(surfaceSRH)

}

Plot {
eDensity hDensity
eCurrent/Vector hCurrent/Vector
Current/Vector
ElectricField/Vector Potential SpaceCharge
# eQuasiFermi hQuasiFermi
# egradQuasiFermi hgradQuasiFermi
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# Potential Doping SpaceCharge

# SRH Auger

# eMobility hMobility

# DonorConcentration AcceptorConcentration

# Doping

# eVelocity hVelocity

# ConductionBandEnergy ValanceBandEnergy BandGap
# eQuasiFermi hQuasiFermi

# SurfaceRecombination

# Polarization/Vector

H

Math {
Iterations = 25
Notdamped = 100
RelErrControl
ErRef(Electron)=1.e10
ErRef(Hole)=1.e10

}

Solve {
# Coupled (LineSearchDamping=0.01) { Poisson }
Coupled ( Iterations=25 ) { Poisson }
Coupled { Poisson Electron Hole }

Set ( "Anode" mode Current )

NewCurrentFile= "MagDiode "
Quasistationary (
InitialStep=1e-6 Increment=1.5
Minstep=1e-8 MaxStep=0.3
Goal { Name = "Anode" Current = @la@ }
){ Coupled {Poisson Electron Hole}
CurrentPlot ( Time = (Range = (0.0 0.2) Intervals=10;
Range = (0.2 1.0) Intervals=20))
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b

Title: Magnetodiode Split Anode

2

Electrode {
{ Name="Anodel" Voltage=@Va@ }
{ Name="Anode2" Voltage=@Va@ }
{ Name="Cathode" Voltage=0.0 }

H
File {
* Input Files
Grid ="@tdr@"

Parameter ="(@parameter@"
* Output Files
Current ="@plot@"
Plot  ="@tdrdat@"
Output ="@log@"

}

Physics {

EffectivelntrinsicDensity( Slotboom )

Mobility (
DopingDep(Masetti)
CarrierCarrierScattering(Conwell Weisskopf)
HighFieldSaturation

)

Recombination (
TrapAssistedAuger
SRH(DopingDep)
Avalanche(vanOverstraeten)
surfaceSRH

)
MagneticField = ( 0.0, 0.0, @BField@ )

}

Physics (MaterialInterface="Oxide/Silicon") {
Recombination(surfaceSRH)

}

Plot {
eDensity hDensity
eCurrent/Vector hCurrent/Vector
Current/Vector
ElectricField/Vector Potential SpaceCharge
# eQuasiFermi hQuasiFermi
# egradQuasiFermi hgradQuasiFermi
# Potential Doping SpaceCharge
# SRH Auger
# eMobility hMobility
# DonorConcentration AcceptorConcentration
# Doping
# eVelocity hVelocity
# ConductionBandEnergy ValanceBandEnergy BandGap
# eQuasiFermi hQuasiFermi
# SurfaceRecombination



}

# Polarization/Vector

Math {

}

Iterations = 25
Notdamped = 100
RelErrControl
ErRef(Electron)=1.e10
ErRef(Hole)=1.e10

Solve {

# Coupled (LineSearchDamping=0.01) { Poisson }
Coupled ( Iterations=25) { Poisson }
Coupled { Poisson Electron Hole }

Set ( "Cathode" mode Current )

NewCurrentFile= "MagDiode "
Quasistationary (
InitialStep=1e-6 Increment=1.5

Minstep=1e-8 MaxStep=0.3

Goal { Name = "Cathode" Current = -@Ic@ }
){ Coupled {Poisson Electron Hole}

CurrentPlot ( Time = (Range = (0.0 0.2) Intervals=10;
Range = (0.2 1.0) Intervals=20))
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Abstract-This research presents the multi-sensor that can
detect both magnetic field and photo in the one device. The
structure is based on p-n junction diode that is the fundamental
of light detecting. The idea is how to design p-n junction for
magnetic field. The dual magneto diode structure is a solution.
It is designed to be suitable for these purposes. The device is
specially designed and simulation by Sentaurus TCAD. It is
fabricated by standard CMOS process and measured the
responses of magnetic field and light. It shows a good device
that detects two types of enmergy equally well. The relative
sensitivity of magnetic response is 57 mT™" at forward bias 1 mA
and 128 mT™ at reverse 8 nA. The dark current of device is 7.34
mA at standard test condition (25°C, AM 1.5, 100 W/m2). It is
current mode device generating photo current and cathode
current difference that is linearly induced from magnetic field.

InTRODUCTION

There are many physical effects that relate to magnetic and
electric [1. 2]. The Hall Effect is one of the phenomena that
relates to current, magnetic field and induced force. It is
applied for magnetic defector in several ways. The major
modes of operation are in current and voltage [3]. The Hall
plate is the popular one for voltage mode device. The current
mode, for examples, is magneto resistor and magneto
transistor. The early proposed magneto diode [1-3] is the
device that uses surface recombination instead of Hall Effect.
Dual magneto diode [4, 5] is the magnetic sensor that uses
the Hall Effect current mode basically. The structure is the
common anode of two diodes that separated two cathodes.
The deflected current by Lorenzt’s force causes the current
difference of the two cathodes and linearly dependent with
the magnetic field density.

Many kinds of radiation sensor are used in present, for
example, photo conductor, photo diode, photo transistor.
Most of them mainly use the quantum principle that absorbs
photon to change energy state of wvalence electrons to
conduction electron in conduction band [6]. Photo diode is
one of devices that detect light by quantum effect. The
frequency range depends on material, structure and physical
principle.

The multi-sensor is the device that can detect the form of
energy more than one type in the same device. Some of
them. not all, can be merged together depend on some
factors. The important factors are material and structure.
Because of the appearance of dual magneto diode, it is
possible to merge them together. The multi-sensor used in

978-1-4673-6695-3/15/$31.00 ©2015 |IEEE

this work is silicon p-n junction dual diode that generates
response in current mode as photo current Ip for light and
cathode current difference A/p magnetic field. The device
can detect light and magnetic in the same time if the reverse
bias is applied even though the magnetic field measurement
can operated both in forward and reverse bias current.

DEVICE STRUCTURE AND FABRICATION

The device structure is shown in Fig. 1. It shows top view
and the dimension that compose of a p+ anode (A) and dual
symmetrical separated cathodes (K; and K,). The device
shown in Fig. 1 has two devices on the left and right side that
use the same common anode. It was fabricated in standard
CMOS process at Thai microelectronics center. If starts from
n type substrate with the concentration 10"° cm™. The anode
pt is fabrication by boron ion implantation with the
concentration 10" cm”. Then the cathodes n+ are fabricated
by ghosphoms ion implantation with the concentration 10"
cm. The large area of anode 200 x 200 pm- is designed for

A \ 95 um
20 pm b3
=
£ ), 2
§ P 5 pm
a
200 um N-Sub

Fig. 1. Device structure.

Fig. 2. Fabricated devices.
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light absorption area for photo current. The two cathodes are
designed for magnetic field detection by current difference
between cathodes from Lorenzt’s force. The aluminum is
sputtered on anode and cathodes by photolithography for
ohmic contact. Figure 2 shows the photograph of completed
device after fabrication processing. It composes of two
sensor devices on the left and right with the common anode.

RESULTS AND DISCUSSION

A Magnetic Responses

Constant current source

®B~Z

Fig. 3. Measurement circuit.

The circuit for measuring is shown in Fig. 3. The constant
current is applied at anode for forward and reverse biasing.
The resistors Rx; and Ry are for balancing current
adjustment Ip,=Ip,. The output responses is carried out in the
form of current difference Alp=Ip;-Ip;. It 1s studied by
simulation using Sentaurus TCAD program. Figure 4 and 5
are the responses of magnetic field at forward and reverse
bias, respectively. Figure 4 shows responses at forward
current 0.1, 0.5 and 1.0 mA and the magnetic field in Z and
— Z direction. The magnetic field density range is (-0.4) —
(0.4) mT. The responses show the outputs Alp dependence
linearly on magnetic field density. The relative sensitivities
Sz = Alp/lp-ABz are 48, 52 and 57 mT" at forward bias,
respectively. In reverse bias, the currents are 1, 5, 8 nA
and the sensitivities are 97. 118, 128 mT . respectively. The
output also linearly depends on magnetic field density. The
mechanism in forward bias is illustrated in Fig.6. In forward
bias, when the magnetic field is applied in +Z direction, the
hole from p+ anode is injected into n type substrate cathode.
The induced force acts on hole in the Y direction so the
current Ip, is greater than Ip;, Alp > 0. Figure 7 shows
current density distribution from 3D simulation model. The
current density at K, is greater than K; in this condition. In
contrast, when the magnetic field is applied in -Z direction,
the current density of Ip; is greater than Jp, and Alp < 0.
Figure 8 shows the magnetic responses of device when
reverse current is applied. The minority carrier hole from n
substrate is injected across junction into anode. The induced
force acts upon the carrier in —Y direction when magnetic
field is applied in +Z direction. The current density Ip; is
greater than Ip,,, Al < 0. Figure 9 shows the current density
distribution of 3D model. In contrast, when the magnetic
field is applied in -Z direction, the response shows Alp
positive value. This device can operate in forward and
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reverse bias. The output response Al is defined as [5]
Alp = Jped. AY ey}

where AY is the distance of deviation current in Y direction
due to Lorentz’s force and d is the depth of current in bulk.
In reverse mode, J,, is represented by —J,, which is the
minority carrier hole in n-substrate mjected from cathode to
anode. The relative sensitivity is defined as

Sp = Alp/Ip-ABs. 2)

The relative sensitivity which is the output response per bias
current is limited by the amount of minority carrier so the
ratio of output response per input bias current is better than
in the case of large current in forward mode. The loss current
that need to study future should be depend on some design
factors such as the emitter effective width, the gap between
cathodes and deflection length of the device. The model of
simulation does not include the generation current so the
reverse saturation current here is less than the real device for
several orders.
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Fig. 4. Magnetic responses at varied forward bias current.
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Fig. 5. Magnetic responses at varied reverse bias current.
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B. Photo responses
B,
‘Z)C?_'I(X) The photo response of the device is studied by measuring of
current-voltage characteristic of p-n junction. The solar
+ simulator system that measures the p-n characteristic of solar
n (Kl) =) IDl cell is used for this study. Figure 5 shows the current-voltage
characteristics device. The standard test condition (25°C, AM
1.5, 100 W/m’) is applied for the distance between light
. source and sample 5 centimeter long. The lower intensity is
nk,) » I, varied by varying the distance for 5, 10 and 15 cm. The
result shows dark current at 7.34x10” A. The photo currents
. from high to low intensity are 1.31x107 A, 1.19x10° A and
Majority(hole) 1.01x10” A, respectively. The photo current of device is the
current generating from photon absorption in semiconductor
Fig. 6. Mechanism of current deflection of device in forward bias material and p-n structure under reverse bias. The ﬂbSOl‘pl’flOIl
is non-uniform along the vertical distance from the surface.
The large area of anode is designed for large absorption area
for photo current. Figure 11 shows the photon absorption

L(¥)

P (A)

i

B.OE-02
o dark
6.0-02
(A e : !
T o2 415 0m 1
] .
E D.0E+00 *:.‘h 3
~ - @ - -
5 2.0E:02 ..d*'*.it e * \
Fig. 7. 3D simulation of current density distribution of forward bias. ~ [
6.0E-02 J: 1
FL(*Y') 8.0£-02
08 06 04 02 (1] 02 04 06 08
I (X T Input voltage(V)
By, PX
‘__\“C n (Kl « ID] Fig. 10. Current-voltage characteristics of device at varied light intensities.
+ I . . LR
P (A) along the distance form surface at x=0. @, is incident on p+
OTIRG anode region. The Wp, W and Wn are the width of p+,
———dn’ (K) =] reverse space charge and n cathode region. The photon flux
ATy as a function of distance is
| [y =
Minority(hole §
| 2 {. D) = Py 3
Fig 8. Mechamsm of current deflection of device in reverse bias where o is the photon absorption coefficient. The photo

current density J; can be found as

e A1 J-nwp+w+w,1 Gdx=e fnw"+w+w" byae " dx
. etbo(l _ e—n(Wp+W+Wn)) (4)
where Gy is the generation rate of electron-hole pams. The

dark current density Jp, which is the p-n junction reverse
saturation current density Js is defined as

eDyPno eDpn.
Jou = (P2ne y cDatno) ®)
P (]
Fig. 9. 3D simulation of current density distribution of reverse bias. where e is electron (:lmrge1 DP and D, are mjnority diffusion
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coefficient of hole and electron, L,, and L,, are diffusion
length of minority hole and electron, p,, and n,, are minority
hole and minority electron respectively.

The photo diode can operate with zero and reverse bias.
The magneto diode can operate both in forward and reverse.
The sensitivity and efficiency of reverse mode is better than
forward mode. The large area of anode for photo absorption
will increase the saturation curent of p-n junction for
magnetic detecting in reverse mode and dark current for
photo detecting.

i
@, o

X=0
Fig. 11. Non uniform photon absorption along the device.

CoNcLUSION

The multi-sensor for magnetic and light is proposed. The
structure is dual diode that has structure of two diodes which
is one common anode and two separated cathodes. The
magnetic response is the current difference of two cathodes
deflected by induced Lorentz’ Force from the applied
magnetic field. The mode of operation can use in forward
and reverse bias. The relative sensitivity in reverse bias is
better than forward bias. In this study by simulation, the
generation current is not include but in the real device, the
reverse saturation current is increased as large as the anode
area and should be good for magnetic detecting in practical
reverse mode application. The photo response is the photo
current from photon absorption of p-n junction diode at zero
and reverse bias. The design for merged detecting is enlarge
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the anode area for photon absorption. The dark current
depends on the quality of fabrication process. The device
should operate in reverse mode for two types of energy in the
same time even though the magnetic detecting can operate in
forward mode. The way for future development can develop
the efficiency in magnetic response as well as photo
response. This research is the preliminary work for design
multi-sensor for magnetic and photo device.
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Abstract

This paper presents the MSM structure magnetic detector device that normally detects the electromagnetic wave. The device is
special design for magnetic field detector and still detects the electromagnetic wave as normal function. The schottky diode with
the split contacts structure allows us to reach this target. The device operates with the saturation current and the magnetic
response is the current difference between two contacts which 1s injected from one metal and deflected in semiconductor toward
to another metal. From the simulation result by Sentaurus TCAD, the relative sensitivity is 14.19 mT " at the current 0.3 pA. This
device is the first MSM multi-sensor for magnetic and electromagnetic wave detector.

© 2016 The Authors. Published by Elsevier B.V.
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Keywords: MSM; Magnetic sensor; Electromagnetic sensor; Hall Effect: Sentaurus TCAD

1. Introduction and Structure

MSM i1s the structure of electromagnetic detector device that composes of two schottky junction connected back
to back together as metal semiconductor metal [1]. This structure is simple and low cost but shows very low
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capacitance. The structure is normally designed in interdigitated structure for high sensitivity rather than rectangular
or square large area. The photo current generate from the junction area under the metal and the gap between metals
[2]. The bias can applied between two metals that one junction is forward and another is reverse. The interdigitated
structure, energy band diagram through the active layer and photo current characteristic are shown in Figure 1.

CURRENT (3,)

caTHooe Anape —

METAL Lightpower 3

Light pawer 2

+ — + — ) Light power 1

Dark
BIAS VOLTAGE (V)
SEMICONDUCTOR

(a) (®) ©

Figure 1. MSM photo detector (a) The interdigitated structure MSM (b) Energy Band diagram (c) Photo current characteristics.

The dual magnetodiode is the device for magnetic detection [3,4]. The structure composed of two diodes that
designed the suitable deflection length of carrier between the injected junction to contact. The anodes are commoned
and two cathodes are seperated. When magnetic field is applied, the induced force from magnetic field vector cross
the current vector act upon the injected carriers along the deflection length so the current of two cathodes are
difference A/. The current difference depend linearly on the magnetic field density and the sign of A/ 1s invertion
when the direction of magnetic field is opposite. The diode can be fabricated as pn junction as well as schottky
junction. The device can operate in forward and reverse bias and can be done both in hole and electron injected

currents. Figure 2. shows the structure of dual magnetodiode and the characteristics.

AI(mA)
13
I:
Il
| Al Magnetic field density(mT™)
(a) Top view structure (b) Characteristic of magnetodiode

Figure 2. Dual magnetodiode.

The MSM multi-sensor structure can be designed to reach this purpose because of the dual magnetodiode
structure. It is the merged structure between the MSM photo detector and magnetodiode. The core of the structure 1s
the junction so the schottky junction between metal-semiconductor is selected here rather than pn junction of
magnetodiode. The metal area must use for photo absorbtion and for magnetic response so the rectangular or square
shape of metal 1s designed. The gap between metals is defined as deflection length in the same time so the critical
length is determind by the length of carrier deflection. The current difference of magnetic response is cerried out by
fabricated the two contact windows W, and W, within the metal for connecting with the other metal contact layer
for two seperated current response. This structure is shown in Figure 3(a) and the 2-dimensions model for simulation
by Sentaurus TCAD program is shown in Figure 3(b). The area of metals are 400 x 400 pm” with the contact
window 50 x 50 pm” and the gap between metals and contacts are 100 pm and 10 pm, respectively.
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Figure 3. Merged structure of MSM Magnetic sensor.

2. Results and Discussion

Figure 4. is the magnetic response from the simulation at room temperature 300 K. The constant current is
applied from one metal fo the another metal that has 2 split contact windows. The output is the current difference
between contact windows Al = In;-Ip;. When magnetic field is applied in -Z direction, the output responses are in
positive with the relative sensitivities 7.9, 11.93 and 13.74 mT"' at current 0.1, 0.2 and 0.3 A, respectively. In the
opposite magnetic field direction, the relative sensitivities are 8.2, 11.62 and 14.19 mT™ at current 0.1, 0.2 and 0.3
uA, respectively. The current density distribution from the simulation is shown in Fig.5. While the magnetic field in
-Z. 1s applied, the induced force in —Y direction is induced and the current at the contact window 1 is greater than
contact window 2, Al > 0. In the opposite direction +Z, the induced force is in +Y direction and the current at
contaet window 1 1s less than contact window 2, Al < 0. Figure 6 shows the mechanism of the device according to
the discussion. Although the device has two split contact windows one metal instead of two metal contacts but the
mechanism still the same. The current deflects in the metal by induced force to contact windows causes the current
difference Alp. The output response Alp is still defined as

Magnetic field density(T)
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Figure 5. The current density distribution of MSM magnetic sensor.
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Figure 6. The mechanism of MSM magnetic sensor.
Al = J..d. AY (1)

where J, 1s electron current density in X direction, AY 1s the distance of deviation current m Y direction due to
Lorentz’s force and d is the depth of current. The relative sensitivity Sy is defined as

Sz = Alp/In-ABy. (2)

3. Conclusion

The MSM magnetodiode is proposed here first time. The device detects magnetic field and electromagnetic
wave in the same device. The structure is based on MSM structure for photo detection and dual magnetodiode for
magnetic field detection. The merged structure has two square metals that one metal are designed for two contact
windows within the metal for connecting with the other metal layer for seperate current. The magnetic response is
the diference of metal current from two seperate contact windows that treats the principal of dual magnetodiode for
detecting the magnetic field. It 1s a multi-sensor that uses the MSM structure for detecting electromagnetic wave and
magnetic field.
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Abstract. This paper presents the design for high sensitivity of magnetic detector device in
current mode that uses Lorentz’s force deflects current depend on the magnetic density via the
dual magnetodiode structure. The current mode devices have two symmetry regions for carrier
current receiving that injected from another opposite region. This design has a gap between
two carrier current receiving regions that causes some loss and reduce sensitivity. The
proposed design has one carrier current receiving region or gapless design that has no loss from
gap. The sensitivities of gap 5, 2.5 and 0 pm at 1 mA are 0.0010, 0.0028 and 0.0065 T~ for
split cathode structure and 0.00084, 0.0020 and 0.0051 T! for split anode structure,
respectively. This design can be applied to all current mode magnetic device for high
sensitivity.

1. Introduction

The magnetic sensors are the devices for detect magnetic field. There are various types and
mechanisms [1], [2], [3], [4]. The Hall effect based devices are a group that detect magnetic field by
this effect by ferromagnetic and non-ferromagnetic material (metal and semiconductor) [5]. There are
two modes of operation that are voltage mode and current mode. The voltage mode use Hall voltage
that 1s induced from magnetic field cross with current for balancing force between electric force gEy
and Lorentz’s force Fz = gv x B where q is electric charge, Ex 1s Hall electric field, v 1s drift velocity of
carrier and B is magnetic field density. The current mode use the Lorentz’s force F; that greater than
electrical force from Hall voltage deflect current or carrier. The structure of this mode device must
have two separate regions for receiving the differential current which drain from another region. The
output of current mode device is differential current A7 of the two regions. Magnetotransistors are the
transistor that detects the magnetic field [6]. They are both in voltage and current mode of Hall effect.
In current mode device, the collector must design in split collectors for receiving injected current
passed base from emitter. The output is the differential collector current AI. which will have some
value depend on the magnetic field density and direction.

The MAGFET (Magnetic Field Effect Transistor) [7] is one of the current mode Hall effect
magnetic field detectors. The structure is split drain for receiving current from source. The output is
the differential drain current Alp. This device shows output A/p = 0 when no applied magnetic field.
When magnetic field is applied, Alp # () depend on the density and direction.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
T
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Dual magnetodiode is the diode that detect magnetic field [8]. The structure has one anode and
two separate cathodes. The current injected from anode to cathodes. The output is the differential
current of cathodes Al. When the magnetic field is applied, the output Alx # () and when no magnetic
field is applied Alx = 0.

From the example that mention above, they use the Lorentz’s force deflect current from source
of current to receiving regions, collectors, drains and cathodes. The structure of each device is
designed for split regions that should have a gap between them. Even though, they are designed in
very small scale technology as possible but the gap still exist in these structures. This design is used
for very long time since the first device was created [9]. This paper will present the smarter design for
higher sensitivity of these devices. The proposed design has no gap or gapless and independent of
fabrication technology scaling

2. Device structures and TCAD

The structures of dual magnetodiode studied here are shown in Fig. 1. The name dual diode [8] is from
its structure that looks like two couple diodes that have one common anode and split cathode as shown
in Fig. 1(a) or one common cathode and split anode as shown in Fig. 1(b).

n-sub | [ p-sub '

gapleés Wao=0 ) gapless, Wa =0

Figure 1. The structures of dual magnetodiode.

The reason why it has to split cathode or anode is for magnetic field detection in current mode. The
split cathodes one is start from n-type substrate, 10"° cm”, and diffuse acceptor atoms for p+ anode,
10%° em™, on substrate and split anode one is start from p-type substrate, 10"* cm™ and diffuse donor
atoms for n” cathode, 5x10” cm?, on substrate. The ohmic contacts of substrate are formed by
diffusion the same dopant atom as substrate in very high concentration. Each anodes and cathodes has
a contact in the middle of region. The gap Wg is the distance between split regions, the distance
between anode and cathode is Lp and the width of injection carrier cross section area of diode is Wg
which all of them are shown in Fig. 1. In this study, the We is fixed constant at 8 um, Lp is fixed at 10
um but the gap Wg are varied in three values of 5, 2.5 and 0 um. In the case of Wg= 0 um is called
gapless design which are also shown in Fig. 1.

TCAD sentaurus [10], [11], [12] 1s one of standard commercial programs for device and process
simulation in micro/nano electronic industries.
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It has magnetic models for magnetic response of device. The current density with magnetic field
dependence model for this study is explain as

I =E, +ﬂnm[ﬁjx§a i BxuBxg, ) M

where a is n or p type of semiconductor material, J ., 1s carrier current density, g, is current vector

without mobility, u. is drift mobility, 4 is the Hall mobi]j‘ry,f} is the magnetic induction vector

and B is the magnitude of vector. This magnetic model with the conventional model of semiconductor
material is used for dual magnetodiode in this work for studying the device design and mechanism for
high sensitivity [13], [14].

awﬁﬁu

() Wg=0pm
Figure 2. Current density distribution of split cathode Dual Magnetodiode.
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3. Experiment and Results

The magnetodiode split cathode and split anode structures as shown in Fig.1 are studied by TCAD
simulation [15], [16]. These diodes are biased in forward direction by constant current source for
keeping amount of carriers in order to avoid carrier modulation from magnetic field. The current
density distribution are extracted out and shown as results. Then the magnetic field is applied in — and
+z direction and they show the variation of current density distribution with magnetic field. Dual
magnetodiode 1s the current mode device that the output is differential diode current Alp (differential
cathode current for split cathode diode or differential anode current for split anode diode) which varied
with magnetic field in amplitude and direction. Figure 2 shows current density distribution of split
cathode dual magnetodiode with and without magnetic field. The results of cathode gap Wg =35, 2.5
and 0 gm are shown in Fig. 2 (a), (b, (¢), respectively. The magnetic field in — direction is applied; the
diode currents tilt to the left cathode.

On the other hand, when the magnetic field in += direction is applied; the diode currents tilt to
the right. The cathodes current are equal when no applied magnetic field. Figure 4 (a) is the plot of 4Ip
versus magnetic field B of split cathode diode. Alp is I; - I, where I; 1s left cathode current and I 1s

right cathode current so the slope of graphs are positive. The relative sensitivities S, = %.%’ at 1 mA

(c) Wg =0 pum
Figure 3. Current density distribution of split anode Dual Magnetodiode.
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Figure 3 is the current density distribution of split anode diode structure. The same condition of
forward biased, magnetic field and gaps parameters are applied. The conventional currents flow from
split anodes to cathode. The plot of A, versus magnetic field B of split anode is shown in Fig. 4(b).
In this case Alp is I; - I where I; is left anode current and I is right anode current. The positive slopes
means that when magnetic field +z direction 1s applied, the anode current [; 1s greater than I> and when
magnetic field = is applied, the anode current I> is greater than ;. The relative sensitivities Sp =
1 Alp

.—2 at 1 mA of gaps 5, 2.5 and 0 gm are 0.00084, 0.0020 and 0.0051 T, respectively.

Ip' AB
4 4
3 —4—Spiit Cathode Wg =0um 3 —4=Split Anode Wg = 0 um.
2 ~@—Spiit Cathode Wg = 2.5um. 2 —8-Spit Anode Wg =2.5um. 4
1 Spilit Cathode Wg = S um. | 1 Spilit Anode Wg =5 um.
=z | 2,
20 =y —= N
C ] 1
1
| 2
2
| 3
; , ‘ |
] A _ _—
FR & = e = I 08 04 02 0 0.2 04 08
0.6 0.4 0.2 o 02 04 06 B(M)
B(D)
(a) Dual Magnetodiode split cathode. (b) Dual Magnetodiode split anode.
Figure 4. The magnetic field response of Dual Magnetodiode.

4. Discussion

Dual magnetodiode structure studied here is the normal diode that has one common anode and split
cathode or common cathode and split anode. This special design is used for magnetic detection field
rather than use as rectify. The current of dual magnetodiode 1s the same as p-n junction diode that can

be written as
P4 qaD,p,, A gD, \ XP[ qv, _1) 2)
1 3 kT

where ¢ is electronic charge, D), and D, are minority carrier electron and minority carrier hole
diffusion coefficient, L, and L, are minority carrier electron and hole diffusion length, pn0 and np0
are thermal equilibrium minority carrier electron and minority carrier hole concentration, & is
Boltzmann’s constant, T is temperature and F, applied voltage across junction. Equation 2 shows the
amount of total current that caleulate from the minority camer diffusion current densities at the edge
of space charge region. In the case of pn or split cathode n-substrate, the term 1,0 << p,, and can
be neglected. The minority diffusion cwrent is approximately hole injected across junction and
become minorty carrier which then diffuse from junction to split cathode terminals and recombine
with majority carrier. The minority carrier diffusion current decay exponentially with distance for
several time of minority diffusion length I, before completely recombine. In order to supply the
majority electrons that are lost by recombination with the injected excess minority carrier hole and
supply electrons that are being injected across the junction into p region, the electron drift into cathode
create the majority electron drift current. The same discussion applies to the drift of holes majority
carrier in p region in the case of pn” or split anode p-substrate [17], [18].
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B:
n-sub .
Majority [ Minority hole
electron drift diffusion current
current density density

(a) Model of hole minority and electron

majority carrier current density deflection.

(b) Conventional total current density
deflection vector.

Figure 5. Current deflection of split cathode when applied magnetic field in +z direction.

Majority hole I I Minority elecrmn
drift current diffusion current
density density

e

e ”

LR
A

(a) Model of electron minority and hole.

(b) Conventional total current density
deflection vector.

Figure 6. Current deflection of split anode when applied magnetic field in +z direction.

(a) Gap Wg =5 pm.

(b) Gapless Wg =0 um.

Figure 7. Comparison of total current density distribution of split cathode.

Figure 5 shows current deflection in split cathode dual magnetodiode when magnetic field is
applied in +:c direction. As mention before, there are two carrier current components. The holes are
injected from p~ anode across junction to cathode and diffuse in n-substrate to cathodes. The Lorentz’s
force is induced in x direction causes the minority hole diffusion current density J; tilts in the right
cathode. The hole minority diffusion current density J; of right cathode is greater than the left one. The
electrons drift into cathode to supply the electron recombine with excess holes create majority electron
drift current density J. from cathode to junction. The electron current density J. tilts in x direction
because of Lorentz’s force. The majority electron current density .J, of left cathode is greater than the



150

2nd International Conference on Robotics and Mechantronics 10P Publishing
IOP Conf. Series: Materials Science and Engineering 517 (2019) 012013 doi:10.1088/1757-899X/517/1/012013

right cathode. They are shown in Fig. 5(a). Figure 5(b) is the conventional total current density vector
of carrier currents in Fig.5 (a) by TCAD simulation. The total currents are the sum of electron and hole
currents. As the results A = I; - I, shown in Fig.4, I; is greater than I in this case.

Figure 6 shows current deflection of split anode when applied magnetic field in +z direction. In
similarly, the model of carrier deflection and conventional total current density deflection vector are
shown in Fig. 6 (a) and (b), respectively.

Figure 7 shows the total current density distribution selected from Fig.2. They are split cathode
diodes with gap Wg = 5 gm and gapless Wg = 0 gm with the magnetic field +z direction. The
deflection current density with gap in Fig.7 (a) is not smooth and continuous. It is observed that there
is low current density area in gap. The high current density deflection does not tilt continuous between
cathodes. There is some loss of output differential current. The gapless in Fig. 7 (b) shows the smooth
and continuous current density during deflection. There is no low current density area inserted in high
current density area. The current density tilts smoothly and continuously. There is no loss and
approach to the ideal. In split anode and magnetic field in —= direction, it can be explained similarly.

5. Summary

Dual magnetodiode is a current mode device that can detect magnetic field. The dual magnetodiodes
for this study are split cathode and sphit anode structure. It 1s current composed of two current
components. One is minority diffusion current from injected holes from p~ anode for split cathode
and from 1njected electron from n” cathode for split anode across the junction, respectively. Another 1s
majority electron drift current m cathode n-substrate for split cathode or majority hole drift current in
anode p-substrate for split cathode. The induced Lorentz’s force acts upon both currents. The current
mode device use Hall effect in current mode for current deflection. These devices have to be
designed with split current receiving region to support current deflection from magnetic field. It must
have a gap between split regions and has some loss in differential current A7. The gapless design is
proposed here for high sensitivity. It is not necessary to split receiving carrier current region anymore
because the current deflection effect will be continue within this region until reach to the inner
contacts. From this study, the sensitivity of gapless design is highest both in two structure. The relative
sensitivity of gap 5, 2.5 um and gapless are 0.0010, 0.0028 and 0.0065 T for split cathode 0.00084,
0.0020 and 0.0051 T for split anode, respectively. The gapless design is the ideal for the high
sensitivity current mode device.
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Abstract.

This paper presents a new magnetodiode so called dual magnetodiode for wireless sensor
application. The device is a current mode which can be integrated on chip compatible to
modern low power, low voltage IC. The structure and operation are completely different
from conventional magnetodiode. The structure is composed of two pn junctions that one
region is common and the others are split terminals for output differential current. The
mechanism is carrier deflection by induced force from magnetic field. The carriers are
injected from common region by forward bias. The defection carriers diffuse, deflect and
recombine along substrate through split terminals according to direction and density of
magnetic field linear and symmetrical. From the comparison of complementary structure
of the split cathode and the split anode structure of Lp = 50 pm, bias current 1 mA and
magnetic field 0.5 T. the relative sensitivities (Sz) are 11.01 and 11.19 T3, respectively.
This device is simple pn junction structure which is compatible for all Micro/Nano
technology.

Keywords: pn junction, magnetic sensor, carrier deflection, diode, magnetodiode,
Lorentz’s force, TCAD

1. INTRODUCTION

Sensors are very importance device for measurement system [1. 2], wireless sensor
network [3, 4], interactive multimedia system [5], automation [6], robot [7, 8], learning
machine, internet of thing (IoT) [9 - 11], artificial intelligent (AI) and others smart system
[12]. In general application, magnetic sensors are used for measuring speed detection,
proximity switching, positioning, current sensing, etc. The key feature of the magnetic
sensor is sensors that is contactless switching, so there is no wear on the contact, high
reliability and long live. When magnetic sensors are used together in many units, it will
result in a magnetic sensor network. From the advancement of wireless technology.
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multimedia communication and intelligent systems, it has created mobile multimedia
sensor networks (MMSNs) or wireless multimedia sensor networks (WMSNs) [13] that
have been applied in many applications, such as game, virtual reality, interactive
multimedia, smart environment monitoring, intelligent transport system [14], autonomous
driving, etc. Magnetic sensor is a kind of sensors that use to detect magnetic energy or
quantity and transfer to electrical energy by some phenomena. Among of all phenomena,
Hall Effect is one of the most popular effect to create magnetic devices [15, 16]. There are
two modes of operation of Hall effect, one is Hall voltage mode and the another is Hall
current mode. The Hall voltage mode is used to make Hall plate device that change
magnetic field to Hall voltage [17, 18]. This device is very popular in magnetic device
group. The current mode is also used to make magnetoresistance device [19].
Unfortunately, this effect gives the percentage of magnetoresistance not so high for non-
magnetic material such as semiconductor and metal material. The magnetic material
exhibits the so-called anisotropic magnetoresistance effect. In these materials the
magnetization vector determines the direction along which the current normally flows.
Because it gives very high percent of magnetoresistance than magnetoresistance from non-
magnetic materials so much so we call the giant magnetoresistance (GMR) [20].

Although Hall effect current mode for magnetoresistance is not as popular as GMR,
there are many device structure that adapt the Hall effect current mode for magnetic
detection. Magnetotransistor uses the Hall current mode for emitter current deflects to
collector by induced Lorentz’s force from magnetic density [21, 22]. This device must use
current to supply device more than one and it has at least four terminals [23]. There is a
proposed three terminal magnetotransistor but it is not naturally symmetry device which
have to adjust offset by external circuit before [24, 25]. It is not popular as Hall plate
device in voltage mode. Magneto MOSFET or MAGFET uses the MOS structure for
detecting magnetic field [26. 27]. There are still some researches until now. Magnetodiode
use Hall effect current mode with two different surface recombination rate of interfaces
and double injection of carriers [28]. Since it requires the two different interfaces, it is
difficult to control properties which depend on fabrication process so much to be the same
in each fabrication. It needs some voltage dropped on pn junction and response to high
magnetic field density. It is not symmetry device because the two different surface
recombination rate. Even though it is simple two terminals and a voltage supply device, it
is not so popular and interesting rapidly from the first time of introduction.

In this paper, the new structure and operation of magnetodiode is proposed. This device
uses pn junction diode for detecting magnetic field. The mechanism is carrier deflection in
bulk from Hall effect current mode. The structure composes of two diodes that one
terminal is common and the others are split. The pn junction is basic structure that
compatible to all technology. This will bring the magnetodiode back to the point of interest
again, especially the current mode device which does not have a simple structure device to
fabricate and operate look like in Hall device in voltage mode. From the current trend of
energy saving, low power, low voltage and low current, when the voltage is reduced, the
Hall device operating in the voltage mode has a problem with sensitivity decreasing. Using
current mode will have a technological advantage in reducing size. Dual magnetodiode can
be fabricated easily with PN junction in bulk. From the basic mechanism of operation of
the device, it will be used to design and develop a new generation of high efficiency device
in the future.
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2. DEVICE STRUCTURE AND FABRICATION

The dual magnetodiode are fabricated and measured for this study. The structure and
process of device are discussed in this section. It will be seen that dual magnetodiode is so
different from conventional magnetodiode even though it is constructed by diode structure.
The fabrication process is the fundamental process in laboratory in electronics department.

The structure of device is shown in Figure 1(a). It composes of one anode and two
split cathodes. The symbol for dual magnetodiode device is shown in Figure 1(b). The
symbol is diode that has one anode and two cathodes. The distance between cathodes is
gap (W) and the distance from anode to cathode is length (Lp). The substrate is n type
silicon which is cathode and two separate ohmic contacts act as two separate cathodes.
This structure is called split cathode dual magnetodiode. The key parameters for this study
are W, and Lp which the ratios W/L are 50/50 and 60/60 pm/um. The ohmic contact
cathodes are square with the dimension 50x50 umz. The width of anode (W¢) is equal the
distance of the outer edges of two cathodes. The dimensions are so large because they are
designed and fabricated in the fundamental laboratory as mention before. However it is
enough to proof the idea of device and can be scale down if it is fabricated in other
technology.

, K; K,
| Lp
X Prel =
v . / -
Wi
N - Substrate {
(a) Device structure (b) Symbol of device

Figure 1 Split cathode Dual Magnetodiode structure.

(a) Devices on wafer (b) Top view layout of device (c) Packaging device

Figure 2 Photograph of Dual Magnetodiode.
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The device fabrication starts from n type silicon substrate with the resistivity
3 -6 Q-cm. The anode P™ is formed by boron thermal diffusion. The split cathodes N™ and
ohmic contacts are formed by phosphorus diffusion. The aluminum is evaporated and
etching for device terminal. Figure 2 (a) shows a photograph of complete fabricated
devices on wafer and Figure 2 (b) shows the top view layout of complete device.
The packaging device for measurement is shown in Figure 2(c).

3. MEASUREMENT AND RESULTS

The device was measured for electrical and magnetic responses. The pn junction was
investigated for pn junction confirmation. Figure 3 shows the rectify characteristic of pn
junction diode. It is tested by anode and each cathode to confirm diode structure. The
measurement circuit for magnetic response is shown in Figure 4. It was applied forward
bias via constant current source which push current from anode to cathodes. This will keep

" 120 NI e 3
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(a) Lp =50 um (b) Lp =60 um
Figure 3 PN junction I-V characteristics.
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A

Figure 4 Measurement circuit for magnetic response.

the total current (Ip) constant in order to avoid any modulation from the magnetic field.
The total current is sum of diode currents, /p; and Ip; as follow

Ip = Ipy + Ip; 1)
The output ¥, the voltage between two cathodes, can be express as

Vo = Ip2(Rp2) — Ip1(Rp1) 2
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where Rp; = Rp; = Rp and Equation (1) will become as
V, = Al (Rp) (3)
and
Alp = Ip; —Ip, @)

The output voltages are amplified by instrument amplifier.

The output responses are measured as shown in Figure 5. They were applied magnetic
field density from 0 — 0.5 T perpendicular to device surface in Z and —Z direction as shown
in Figure 1. The bias currents by constant current source are varied at 0.5, 1, 2 and 3mA.
Figure 5(a) is the parameter of W = 50 um and L = 50 pum. It was plot between ¥, and
magnetic field density (B). The slope of graph is defined as absolute sensitivity (54) as
shown below

0.07 .
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—k— 2 mA E
003 | —e—1maA E
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= .01 I
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06, -05° 04 03 02 01 0 01 02 03 04 05 06
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(a) Lp=50 um
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06 05 -04 03 02 01 0 01 02 03 04 05 06
B(T)

(b) Lp=60 um

Figure 5 Magnetic responses of split cathode dual magnetodiode.
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From Figure 5 (a), the lineally dependence of ¥V, and B are observed. The biased
currents affect to sensitivity directly. The higher biased current gives the higher sensitivity.
The absolute sensitivities Sy are 0.0025, 0.0200, 0.0575 and 0.085 mV/T at the biased
current 0.5, 1. 2 and 3 mA., respectively. The device can detect the direction of magnetic
field by symmetry responses.

Figure 5(b) is the response of device parameter W = 60 um and L = 60 pm. The overall
looks similar to the case in Figure 5(a). The sensitivities are 0.0025. 0.0230, 0.0540 and
0.1200 mV/T at biased current at 0.5, 1, 2 and 3 mA, respectively. Comparison of
sensitivity between Figure 5(a) and Figure 5(b) appears that the sensitivity value of Figure
5(b) is greater than Figure 5(a). The device still detect quantity and direction linearly and
symmetrical.

4., DISCUSSION

This section will discuss about proposed model for mechanism explanation. Experimental
results will be confirmed not only by this model, but also by a simulation. Some aspects
will be discussed by this model and made clear by simulation results.

4.1. Proposed Model for Split cathode dual magnetodiode

The dual magnetodiode operates by forward bias pn junction. The diffusion hole minority
current density (J,,) from hole carriers are injected from p type to n type and diffusion
electron minority current density (J,,) from electron carriers from n type to p type combine
to total current Jp as diode current. It can be written as

Ip =J"px + Jiax (6)
Jox= qu%(e(%) - 1) (7)
e ‘”’—::L"(e(%) 2 1) @®)

where ¢ is electron charge, D, and D, are diffusion coefficient of hole and electron, L, and
L, are diffusion length of hole and electron. & is Boltzman constant, 7" is ambient
temperature and ¥, is applied forward bias voltage.

From the practical diode fabrication, Jp, is much larger than J,, in this structure at least 3
orders according the high p-type doping concentration greater than n-type doping
concentration. It is convenient to simplify as

)’D z.}’px (9)

The cathodes current (Jp; and Jp») are equal and balance with the value Jp / 2 as written
below

Jo1 =Jp2 = L";,_x (10)

When magnetic field is applied in z direction, Lorentz’s force is induced in y direction and
injected hole currents Jp from anode to cathode are deflected in y direction. The carrier
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Figure 6 Proposed model for split cathode dual magnetodiode when applied magnetic
field in +Z direction.

Figure 7 Active area of carrier deflection.

deflection effect by Lorentz’s force causes cathode current Jp; greater than Jp; created
output differential current A/p which is Ip; - Ip;. This discussion can be concluded in
proposed model as shown in Figure 6.

Figure 7 shows the active area of current deflection where d is defined as depth of current
according to current cross section area. The carriers are deflected by Lorentz’s force
causes the Lorentz’s angle 67 which is

A
tanBL=ﬁ=up-Bz (11)

and
Ay =Ly - Uy - B, (12)

where 11, is hole mobility. The differential current Alp is the integrating current density J,,
over the effective area d-Ay. It can be written as follow

Al =, -d - Ay (13)
By using Equation (12), Equation (13), it will become as
A‘{D=)";z:rx'r"""Ll‘l'.""-ju"Bz (14)
The sensitivity (S) of device is
Al
S=_D=)(px‘d.LD':up (15)

By
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The relative sensitivity (Sz) is defined as sensitivity per biased the current (/) which is

Equation (15) told that sensitivity of device depend on biased current, the length between
anode and cathode contact (Lp) and mobility. Biased current is the term Jpd which is
controlled by constant current source that is confirmed by experimental results from Figure
5. The length (Lp) is confirmed by the results in Figure 5 (a) and (b).

s
I

The cathode contact currents Jp; and Jp; are the electron majority drift current .J,,; and J,»
will drift by electric field to support hole minority diffusion current J,, which recombine
along the substrate and electron minority diffusion current J,, which injected from n-type
to p-type through pn junction as shown in Equation (6). The two contact currents density
while applied magnetic field in the term of Equation (1) while applied magnetic field in z
direction can be written as

J Aj
o= D\ A = (—P—; - —P—ZI + j—:") A (17)
Jpx | Apx | Jnx
IDZ=jn2=q,unn2-A=(%+Tp+T)-A (18)

where A.J, is deflection hole current , n is electron carrier concentration at terminal and A
is cross section area which is Ay-d. By using in the same way of Equation (11), (12) and
(13)

ﬂJD=fn2_fn1=£‘J’px'A=ij'd'LD'ﬂp'Bz (19)
which is similar as shown in Equation (14)
4.2. Simulation of split cathode and splif anode dual magnetodiode

The proposed model will be confirmed by simulation [29]. In this section, the structure of
split anode will be introduced. The simulation tool is Synopsys Sentaurus TCAD package
program [30 - 32].  All semiconductor equation such as continuity, recombination,
mobility, impurity ionization and Hall effect are available and used for simultaneous
calculation [33 - 35].

Device structures for simulation are shown in Figure 8. It consists of two basic
structures: the split cathode in the Figure 8 (a) and the split anode in Figure 8 (b). The
structures have a modified design to have symmetry for each other in order to compare
the performance. The common terminal is designed to have less space on both sides and
placed in the middle to reduce losses and increase efficiency. The split cathode starts from
n-type substrate with the concentration 10” cm” and p-type anode and n doping split
ohmic contact areas are doped with the concentration 10" cm™. In the same way, the split
anode starts from p-type substrate with the concentration 10"° cm™. The cathode is n-type
with the concentration 10'%cm™, and two anodes are p-type with the concentration 10"
cm”. The parameters are the length between cathode and anode (Lp) which is 5, 10, 20, 30,
40 and 50 pm. The width between split contacts (W) is 5 pm and the substrate thickness is
1 um. There is field oxide covered throughout all area in addition to make the current path
between anode and cathode.
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Figure 8 Dual magnetodiode structure for simulation.

The magnetic responses of split cathode in various parameters Lp are shown in
Figure 9. The responses are linearly dependence with magnetic field density and length Lp
according to Equation (14). The device detects the density and direction of magnetic field.
The relative sensitivities at biased current 1 mA, magnetic field density 0.5 T, are 0.987,
1.611, 2.870, 4.097, 8.076 and 11.01 T for the deflection length Ly 5, 10, 20, 30, 40 and
50 pm, respectively. Figure 10 shows the responses of split cathode at various biased
current of deflection length Lp = 50 pm. The relative sensitivities are 7.506, 11.09, 24.08
and 45.08 T for biased current 0.5, 1, 2 and 3 mA. The more biased current increase the
term J,,-d in Equation (14).
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Figure 9 The magnetic responses of split cathode at biased current 1 mA.



162

10

30

20

10

AT (nA)
=

-10

-20

-30

06 05 04 03 02 01 00 01 02 03 04 05 06

B (M)

Figure 10 The magnetic responses of split cathode of length Lp =50 um.

The two dimension top view of current density distribution while applied magnetic
field is shown in Figure 11. The current density distribution of conventional current,
electron current and hole current are shown in Figure 11 (a), (b) and (c), respectively. The
magnetic field is applied at 0.5 T and biased current is 1 mA. The left hand side of Figure
11 is the case of applied magnetic field in —z direction, the right hand side is the case of
applied magnetic field in z direction and in the middle is the case of no magnetic field. The
conventional current flow from anode to two cathodes equally when no magnetic field is
applied that we can see the symmetry color distribution in the middle of Figure 11 (a). The
current density is dense at anode contact and reduce from anode to cathodes and denser
again at cathode contacts. When magnetic is applied in z direction, the Lorentz’ s force is
induced in y direction causes the current defects on the right hand as shown in the right
hand of Figure 11 (a). In a similar way, the current deflects on the left hand when magnetic
field is applied in —z direction. It is easier to observe these changes when observing the
current distribution in circles that is made in Figure 11. Figure 11 (b) is the case of hole
current density. Holes are injected from p-type anode to n-type cathode and diffuse and
recombine along n-type cathode. The hole current density is dense at anode contact and
reduce from anode to cathode and denser again at cathode contacts. But the current density
at cathode is less than anode because the anode current is combined with electrons during
diffusion in n-type semiconductor, resulting in a reduced amount of hole diffusion current
that we can see the current density of hole current at anode and cathode in Figure 11 (b). It
differs from conventional total current in Figure 11 (a) because total current is created by
the sum of electron and hole currents which are constant throughout the device, as we will
observe the current density at anode and cathode in Figure 11 (a). The hole current
deflection on magnetic field in —z and z direction in Figurel1 (b) is in the same way as
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(c) Electron current

Figure 11 Current density distribution of split cathode dual magnetodiode.

the total current in Figure 11 (a). Figure 11 (c) is the electron current density distribution.
This electron current drifts by electric field from cathode to anode to compensate electrons
that combine with hole that injected and diffuse from anode to cathode. The electron
current density is dense at cathode and reduce from cathodes to anode and dense again at
anode contact. We can observe this change from the current density of the anode and
cathode in Figure 11 (¢) compared to Figure 11 (b). The current density of electron when
applied magnetic field in z direction, the current density of cathode 2 (Ip,) is greater than
cathode 1 (Ip;) because Lorentz’s force is induced in y direction or electron current drifts
to compensate with hole current in cathode 2 greater than hole current in cathode 1.

Figure 12 is magnetic responses of split anode that the parameters deflection lengths Ly
are varied at 5, 10, 20, 30, 40 and 50 um. The relative sensitivities at biased current 1 mA,
magnetic field density 0.5 T, are 0.989, 1.702, 2.936, 4.177, 8.106 and 11.19 T,
respectively. Figure 13 shows the responses of split anode at various biased current of
deflection length Lp = 50 um. The relative sensitivities are 7.606, 11.18, 26.09 and 47.09
T for biased current 0.5, 1, 2 and 3 mA. The more biased current increases minority
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electron diffusion current density J,,. In the same way as split cathode, the differential
output current Al in Equation (14) will become

Alp =Jnx-d L pn- B, (20)

The sensitivity of device becomes

Al

S=52=Jnd Ly by @1)

where u, is electron mobility. The sensitivity in Equation (15) is the slope of graphs in
Figure 12 and Figure 13 which are the same sign as in the case of split cathode because the

differential current now is
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Figure 12 The magnetic responses of split anode at biased current 1 mA.
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Figure 13 The magnetic responses of split anode at length Ly =50 pm.
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(c) Hole current

Figure 14 Current density distribution of split anode dual magnetodiode.

Alp = Ipy = Ipy = (= lp2l) = (=Hp1D) = 1l — pal (22)

The current Ip; and Ip, flow into the anode terminals which are opposed to the split
cathode case which currents flow out of cathode terminals. The current density distribution
of total current Jp from anode to cathode, hole majority drift current from anode to cathode
to compensate electron recombination in substrate and electron minority diffusion current
from cathode to anodes are shown in Figure 14 (a). (b) and (c). respectively. The biased
current is 1 mA and applied magnetic field is 0.5 T. The current density is symmetry when
no magnetic field is applied and deflected on the left hand for the applied magnetic field in
z direction which cause magnitude of Ip;, (|-Ip; |). greater than magnitude of Ip,, (|-Ip; |).
The currents are defected on the right hand for applied magnetic field in -z direction as
shown in Figure 14.
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Figure 15 Proposed model for split anode dual magnetodiode when applied magnetic field
in +Z direction.

The proposed model for split anode magnetodiode is shown in Figure 15. The magnetic
field is applied in +z direction. The device current is minority electron diffusion current
injected from cathode to split anodes. This current diffuses and recombines along the
current path in p substrate. The split contact anode hole majority drift current flow into to
support recombination current. The Lorentz’s force is induced in -y direction and the
conventional current Jy of device is in —x direction. The current difference A/p in Equation
(22) and sensitivity in Equation (21) is positive again as in the case of split cathode that are
shown in Figure 9 and Figure 12.

5. CONCLUSION

The new structure and mechanism of magnetodiode is proposed. It is different from the
conventional magnetodiode that used the two difference surface recombination. The
structure is like two pn junction diode so called dual magnetodiode that one terminal is
common and the others are split. There are two structures of device which are split anode
and split cathode. The mechanism is deflection of diffusion carries that are injected from
common terminal through pn junction by Lorentz’s force which is induced linearly from
magnetic field density cross with carrier conventional current. The diffusion current
deflection causes the differential output current A/, according to direction and density of
magnetic field linearly and symmetry. The device is pn junction structure that is
compatible with all technologies including low power low voltage integrated circuit. It is a
device with high potential for current mode magnetic sensor similarly to Hall plate in
voltage mode magnetic device.
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