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ABSTRACT

This thesis study 5-contact vertical Hall device base on deflection current
mechanism or called “current mode of operation.” In this work, Sentaurus TCAD is
used to simulate electrical behavior of the device under influence of magnetic field
for reducing research time and cost. The device is studied under the condition of
varying parameters: width, depth, current contact spacing, substrate concentration,
bias current and direction of magnetic field. The overall simulation result shows
existence of current deflection effect that follows in hypothesis of structure of the
device (the device is split current contact into three current contacts).
AWl magnetic response of current mode are linearity and depend on bias current. The
optimal device for operation in current mode should contain substrate concentration
in the range of 2x10" to 1x10'® cm™, depth is 40 um or higher, width is 10 pm and
length is 15 um that make maximum sensitivity 0.0476 A/AT for bias current 0.5 mA.
Therefore, the simulation result leads to possibility of development of a novel

device which relies on vertical current deflection to detect a magnetic field.
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sl nsunduigesuimanfiassanarsisiau i szgnalasulagaiuanaggn
urlUlyamdutamunug g seeens wionseualinn Faflvefie vuvu daunndede
wazquadnwneidefisufumaianismsaduiuudug Wuwesuimanaunsowuany
AuansalunsnsTuauuuamantadu 3 mj'mlmge] Low-field sensor (nT), Earth’s

field sensor (UT), kag Bias field sensor (MT) (gﬂﬁ 2.1) [1]

JUN 2.1 Wumesuszannng

Low-Field Sensors

guns alun Ej 1 lowfield sensor Usznaulunae superconducting quantum
interference device, fiber-optic magnetometer, optically pumped magnetometer LLae
search coil magnetometer

Qﬂﬂsajﬁhéaawwauauawmammmmﬁfﬂ,uﬂeju low-field sensor maﬁqmﬁﬁa
superconducting quantum interference device (SQUID) [2] Immﬁamwéa@ufmﬁ?m
fannglannudeuutasgumnd lutandnanauuuininasmisnnszudlsilagl
fiPununIu waransesne Josephson ﬁasﬂmumauﬁ’m Tawnazn nnszuasuooad



nduilsfunvosaunuimdniifany Fuduwesaunsanavausmeauuumanlaly
seau 1072 T

Fiber-optic magnetometer 93 l9idaulouniado audsuiuinefuwuy Mach-
Zehnder interferometer [3, 4] Tngqy ﬁLgulaLLfT’mﬁQLguﬁaﬂLﬂﬁaui’ammwaﬂ
magnetostrictive matenal szmamwwaﬂuﬁ]‘vmmiLUaauLLanu’]maqm'am Lmaaameﬂ,m
amawa%aqammmmaﬂ AswWasuudasiifos ‘vlﬂmﬂmﬂLLuumiLmaﬂaammmewmaq
interferometer Guu fiber-optic magnetometer mmmmmwaummeaﬂlmiuma 1071
f910°T

Optically pumped magnetometer a’lﬂaﬂiﬁﬂgm'ﬁm Zeeman Fuauallnnduves
DTADUIL Lﬂ(ﬂﬂ’]iLLEJﬂLiJB@EJﬂ’]EJIG]ﬁU’]EJLL&Jmaﬂ HIBLAIURN AR UV BTLT NN TAANTY
LADNaziin15Ua s UL YA AIILIN VB UL LI N optically pumped
magnetometer flvanssnsefifloutnlnguaziunduiees Tua1u15003295U
aunnuuwanlalurag 1072 8¢ 107 T [5)

Nuclear precession magnetometer lan1snevaussmeauuuamanvesiuadealy
sxmouveumnadlelaIAITueL W LWLl (benzene) losanluwududsiuvestusnouly
yesmmansadaisuuianslnsausindnla Wenmmslaauuilvamsuinges
TUsnsou fMlUImToUazITUmUAIRLAUILLIMENTOUY T,mammﬁmmmimumwzsﬁuﬁu
YUInTBELILLIEN Feufuaunsataauuwnndnlalure 101§ 102 T

Search-coil magnetometerﬁﬂgmsmﬁmu wansas lnsnsiasuidasdng
POIAUNLLIAEN TN ILUN AR T BN T LEG A aL Ul Tidhvesunaan
Tnevhluuariunaininaglaunudutan ferromagnetic iaifinuseAnsninmsniau &
guUnIRlansanTRTuauuumanlusgdu 1072 T %qﬁﬁﬁuagujﬁumsm?{ammawmw%'ﬂ%
wiwdn [6]

Earth’s Field Sensors
pUnIalnsIaTuAuINLIIMEN T io1BATA N UM UTLANAN STy (anisotropic
resistance) ﬁuﬁﬁaﬂﬁjm%q magnetoresistive sensor %ﬂaumuﬁmﬁﬂmﬂuaﬂ%L‘ﬁmwu
ﬂ'ﬁzLLaﬁLﬁm%uiu'?aqLﬁuma’Lﬂ;LﬁmmiL‘Uﬁlammawaaamwgmmu Tnusingnise
magnetoresistive ﬂ%ﬂLLiﬂQﬂé’ﬂmmwﬂui’a@ ferromagnetic [7, 8] Usingn1sniiasuans
ganunlugUaun1snyuIun1asaes (quadratic) fufvauuuman unnsaansanilniy
Judaaulalaslygunsaiiflassasiswuy barberpole [9] Fslassasisiagiiniamiyuiiv
aunmLIman feunsalasansaduauuiaivaniuy 101 fa 102 T [10, 11]
syuvuauuuledudfirende flux cate magnetometer %Qﬁﬁumamﬁiﬁgﬂis%ml,az
VAAINANMIUINE Y184 (pick-up coil) ﬂ’uagﬂjiam wnuIaR ferromagnetic fianmeouln
LLﬂLMgﬂ%MIé/QG (High-permeability) maﬁumﬁu%mw”[;v?l,ﬁ@ﬂﬂiLLﬂdqmaﬂﬁmmﬁmizwiwwm
dui auuuwEnn1euenzllsumuANaIInsTesd ik inAngsuein
ﬁaaﬁuﬁmamam%’u‘?ﬂé’iyﬁgm JuInesgsLeiafiaoszulsiutuauwmdniln 89

a

A11150n T UANNLLIanlaluYae 1070 89 102 T [12, 13] Qﬂﬂﬁm%UW‘UQJWQLLUU%U’]@



vy weniumsaUanla (macroscopic form) kaghuuvuInLanAtyluaudidnnsating
U p
[14, 15] uazilleisaq § aunsaiaillagny Taludonduelaglynszuiunts CMOS [16]

Bias Magnetic Field Sensors

miﬂﬁzqﬂsh{ijmuwNéj’mqmamﬂiimé’miwij\]ﬂ{ijwmé‘ﬂmumﬂmméaﬂ%ﬁﬂ
AULLIAN [17, 18] maaves bias magnetic field Tneviluoglusgdu mT Fagunsnid
mmsauﬁuaumumﬁnﬁﬂﬂ&juﬁ Ao uunilansudanes (magnetotransistor), winilnlalen
(magnetodiode), duwesuunilln-sedfinea (magneto-optical sensor), Fuweslaweun
wunille3gan (giant magnetoresistive sensor) LLazﬁg‘Uﬂiﬂjaaaé

wunillamsudaines (magnetotransiston) Lunsudamesiignasisuumalulad
CMOS [19, 20] Iniltaneaiannes (collector) dastn aurmuumanasuenazmisiuilv
Aannuluaunavenszuansataninossuliownnuianisus wndlansudawes
ausanTasunsmisnnanuumanlanids 10° T wasiloluuiusnilvenesndnluniu
offset maﬂqﬂmmgﬂ‘w Ivanawnesssnida [21, 22)

wunillalalen (magnetodiode) ulalenansisfunfifiusiiu p uag n gmLﬁa
wenfuneuianBuviuda (intrinsic vi3oTanouiignidsluszium vnuduviudnaziney
FuiuRavede s ufifiidnsn1ssadfifuRauanaieiy (surface recombination rate)
mEﬂéjﬁlaulmmsamwmmzé’uqa (high-injection) TneussaaisugaznilminnisiUasuuda
gasannuThii (modulation of conductivity) Tuudiiadunsudna Tnerluuunilalalen
gnasiluddneufioguuuenlng (23, 24] unesndlsiniuflafinsunauesagunsnifiass
mewmelulad CMOS Fsiimaaila (sensitivity) e 25V/T [25]

Guwesuunilln-eoufinea (magneto-optical sensor) T%ﬂsziwﬁﬂmmmgmiaj
Inalsiwduvessunsdeiiananisinanlswiuveanaszidsuluideindeoufiniuian
wiwdn [26]

Wuweslaweununiiln3dadiv (gant magnetoresistive sensor) L wAAINS
uJ?ismLLanmmméjﬂumuﬁmaqaﬁa 70% Fetufvauawmdndisar [27] gunsnila
LLamLmﬁIm‘%%ﬁWﬂizﬂa‘ulﬂf;wizwLW@IiLLmLuaﬂ (ferromagnetic) LL@%H@ULW@IﬁLL@Jﬂ
N (non-ferromagnetic) WUUTaNETU AU LTS UETSLNIURNUN S detunEs
mmummmﬂ’limsu@auauwxlaimmme mmmmﬂiuLﬂaauimmimaauwmLL‘m
Immummmaﬂ (magnetic moment) %wmv\laimmLumm]’mmu'mﬂmwumumm/m
(antiparallel) Lﬂuﬁﬁmuﬁmﬁuhmmmmmé‘ﬂmauaﬂ %guﬁﬁimuuémimﬁﬂsuumﬁuﬁ
anandululaflziinsnszidefifian funiniasiiszezmeneunissu (mean free path) 7
917 muummﬂwmmmumuamm TnepumuvestumnesiamiesnsyeynIsneunIsvy
yosdiinasoulutu Feusenan 10 wluwns [28]

Tusugramnssualngfiinislesueauuwuminilugeiiudumesseaads
annsolsunugunsallawouuunilaidadinl (29] Wuwesseaaiinimaeluusveanislasny
LaTEINT IV IBE NN indla qUﬂm}nﬁﬂiwmwéwa?ﬁﬁ’umﬁmmﬁ’u
auLmanvosuuvanadsdseglumslud mT M%m’mé’uaumLLaJlmﬁﬂﬁgﬂa;NImJ



nszualii nsninuvesiuadenisilesuuassungveanedmibninwsiuluiia
anfuiimanisinavesnseua mszaziulunislvnuiinesnisanuuauuumanluylg
mT Wugesgeaafedidoniinfaniuwaussansanlagsiy

2.1 gunsnigeas (Hall Device)
2.1.1 Usmgmmﬁﬁ’afsﬂuuunman (Galvanomagnetic effect)
ﬂifmﬂgmmﬂamiuumuﬂwmmLﬂumammﬂmiwLmaal,iusaﬂsmmawm ¢l
ndaadouiflufinans ussaeisuseussiinszmivounafiiuszgluaususindnlini de

LEASAIENNTS
F =eE +e[vx B] (2.1)

Tnofl e wansisUszqueseynn (@ WiUBIENATOU e =—q amiulea e=g 39 ¢ Aovun
v99Uszqdiannsou), £ ﬁaaummﬂﬁ, v ABANULSIVDININE, haY B ABUUIAVDI
auNLLmEn ouusnueslivuesasaglrensiaussmalniiain (electrostatic force)
uazineufiaosaziiuusiaaisut vasusenBonmeuiiaosmaiuradliviuazaiures
wwEneua1fy Tun1sfinnsanaiuuwinveaustaeisutiiioflaziungaunisassidoutes
g mf\]wu3vmmmmﬂ5”ﬂa‘1ﬂfumaammmmmivawmvmaaumamaau%auaamﬂu
mammnaumlwmmaLLiwuauq WA mmmmaawmmwmmmumLmﬂuLLauwnﬂU
Afimngauaie dauseannsowuiinnuiiveseyniawnasia (v Tuaunisil (2.1)
menudiaosideundsremingionun wziaglufiansaininedoudidninusou
(thermal motion) YoM Mg iioALALAINABNITIATIEINANTENUYBIAULLLIMANTITING
Wy
2.1.1.1 Usngmsalgead (Hall effect)
Usngmsaseaadndunidluunngmsniiieglunguuesusngnisaiiadan
Tuwnuuiin sgnaunulng 1Bedu soaa (Edwin Hall) Tul a.a. 1879 [30] gUnsain1naaes
Guaﬂaaaéé'?qLamﬁ?ufwlﬁz?t,l,ciuﬁamma%qmmmmwm (long gold leaf) LLéLﬁ@L%ﬂﬂgmim
ﬂiﬂﬂgﬂﬁﬂjaaaﬂﬂﬁuﬁmﬁu LsmzﬁﬂmﬂsmgmiﬂjﬁuumiﬁaﬁﬁqLﬂui’aaﬁgﬂmm
U'ﬁs&gﬂﬁ%ﬁ m%’uhmgmaaﬁmnﬁqm
finnsannsindeuiivemmgluunIa s UIaz (g‘dﬁ 2.2) A1 “om” lu
fiflmneennunianugnivesusy 1 famnnmanuniig w luueuansieiudinga
anunsnasasdviznavesialivhiiveulnununumsishuile Wesmnuinudinanlasaiy
Tngarilszesmeiiduisamalninnansznuiiuosauaziasla srazlnuauansieiaug
fsnangnnmundssinmduansisinueiin » uay p egsazuny TneiazluAanaiiin
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JUN 2.2 Usingmsaugeaaluunuansnadiu 1dn p uag n

Tuguit 22 E, feaunllwvhnisuen, B Reawuivdn, v, ferusiaesidou
VouNWE, F ADLIMNMEN, J Aoanunuiuuunsud, uag E, auialiviisean use
LLZi,JIL‘Vlgﬂﬂ%mﬁﬂW’m%ﬁﬁUi%@ﬁULLaS‘U’Jﬂi"dEQJJQSUE]UGZ:’JINUU“UENLLNI‘umiﬁﬂﬁﬁquﬂﬂ;{mﬂﬁumv%
aaaéﬂiﬂﬂQig%’i’]ﬂﬂigﬁ;ﬁﬁﬂ%%@ﬂLwiumi‘ﬁqé’au 1

mﬂgﬂamga’iﬂﬁaumlwwummLLmLLﬂu x (E,=E_,0,0) LarauNkmaniy

¢y & M =i N A A I ¥
ALY AIULTIRBLTUY (AUNT5N(2.1)) TBUNBULSNNILY FaRoNaNLTINIIANT k3N
Ivagnmlnniveniivsyyavassdouluauunulufinnienaswiuduy Waw x wag —x
& Wiuasneiu e p war n mua ) laeAnuSlaseideutiumlaein

Vdp = lupEe Vdn = IunEe (22)

B9 p udz u, AoanmanaeeadlsauasidnaTounNaIRy AINUANIIMUILLUNTELATE

Tame
J,=qu,pE,  J,=qunkE, (2.3)

B p uar n unuauiuLuulgauazdidnaseuluasisiiu dla p Lag 1 ANa 19U
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aunlniheeaa (Hall electric field)

Wedawuwumandaniusnuansnamuluiwinny y saudnineiduszyluwey
415090IUNIILYNNTENIAILUTIADLTUL VI DAY LUOIINLIEULAINATIVOIN N
VUALULNUEN SIAIY RN EL AL AIIUL SN TINTEN Mawve TulnuansNadIun
¥n n way p il

F,=elv,xB| F,=e[v,xB] (2.0)
wsemAnTuiunvzUsEluknuansAsiIusaerdnasiifieniaufediy 1Wewin e=gq
War e =—g @ Miulgauazdianasou AIUINELNTTN (2.2) way (2.4) aglan

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

Tnguseiminduiunmeglunnuasiaiu Weaeslinzegluuny z Jaunsaeusglugy
InvenaziILnudy

F,=(004quEB,) F,=(00 qukE.B,) (2.6)

(% [

wsstlagndnnmglunaveuauuuvesuruaIsisfiun dafuaaururesnvgiivey
PIUULYE LN LA IR TIANTY Turasfianuamuresme fivouauanaay Su
anag 5@8mqﬁmmamamaamz@%gﬂwmuLLawn%;ﬁaumlw%ﬂsmgwmfwua‘u
AIUULLAZATLAT auwmlﬂﬁwﬁﬂﬁﬂgﬁu (‘gﬂﬁ 2.2) 9gnsznneNIvin1daundeud
wudsrtuusmeusingn dwmaanauulihasndnmiveludsiafiazandssaauiuiivon

ulufgaussmslihaziinunnwefiazaunaiulsimnIauuman
elv, xB]+eE, =0 2.7)
] & A & a ! & o o a P ) P
NAIINUNINENLAFDUN LU LN UAITNIAIUNNIADIDLLARDUN LU UIVUIUAULAY X T4
WUV NN IA8UaNNSEN L AE9e10Ae7 @UU NN NAIRINAUNANI9YINTLLE
(E,) B020afiussavnaimanasisondn “aunliniseas”
EH :—[VdXB] (28)

naun1sN (2.2) 15azleaunluvrseaadu

E,, =—p,[ExB]  E, =u,[ExB] (2.9)
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yndeulugUvesunaluusas Ly
E, =00 -uEB) E,=(00 pnEB,) (2.10)

S UT UK LAY AIEIUINT N TERA NN TN TAPNIUYDIAUNLLULAAN AIULILAEN
Y8955 LAz Ul lUTA AUV UANUNTIYDIRI9819 (A BT “NNSAUNTEWE NN " YD
“pressing electricity” \unuifafignlalasieniu geaa)

ussgulwihgeas (Hall voltage)
Hansznuiidamsadunsslaosnndaauvesaurnlinigeaaifonisusing

[
=

w590U LN UL LIAIRIN T URAYDINTELATENI VD UVDILNUFITAIAIUN hSaeULANNAAATY
& = ' ) it s a a ¥ ) ! =
Hagsennuswiulinngeaa mniiennaegn M waz N NU9UATI0ILAUYRILNUATTNS
s nelateulviisansaessisvunvdngliviiiuile B =0 fuluussiulnigeaa
a1usautaann

N
Vy=|E,dz (2.11)
M

e mmmmumimmmwm n LLau p Quiﬂ QUVIULiﬁﬂuLL?{WQLQWW yUUInlAYaELaY
Lmawmaauhuav w M%J’]EJENﬂ’J’]ﬂJﬂ’J’N‘U@QLLNu%’ﬁiﬂ\‘m’Ju g)

Vip=#,E.Bw V., =uEBw (2.12)

maﬁsmﬂmmiwmaaaaLLa‘vmmulwmaaaamsﬂmLaauiéumimaaamamiuiﬂ1/1
22 Imaml‘dma Liammsmgmimaaaaa ”Luﬂﬁﬂgmmsaaammmaﬂwmkumum
a mzuamamwmuuﬂﬂa umaaaa

yugead (Hall angle)

ilofiaunuuanEndarIuLNYENSAT U foene aund i dwsTAnluLELEaSAY
fudanan E=E, +E, f\]Sllilg’elEﬂ‘uLLL!’JLLﬂuLaUUﬁUﬁU’mlWﬂ”mWuaﬂ E, Tunsdlun@
mzLLaIuLLduaWiﬁQﬁauwazgﬂmﬁmﬁﬂmqmmamﬂw%mauaﬂ lVAUIUILUUNS LA
oglunnuifsafutuauslahaiguen (Uil 2.2) iesnauslivhdwslaladfanesudty
LUAUALYBIAIAMLUUNSELE (WnunuYesaunLlnvin1euen) éfaﬁ?uﬂifmgmiajaaaéiu
LNUENSAIFILNE I LARINUNNSLE s swasawy v dws Aduwus fuaunu v aeue nuas
T Y TN T C T CUTA T B R VRt T IOR ymﬁﬁmmmmﬁm 6, wiFon “ymaaaé”
mﬂgﬂﬁ 2.2 mmmmymaaaéﬁmﬂ
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tan0, = — (2.13)

v v ¢

MNANNTIVIAULIIEIIN T ayuBeaa lanuA L duTusvosAiantsau o
uonanisvenaszyuseaniduymdsnuuveiaunuILiunsEua J AduTusiy
aunalindns E mug‘dﬁ 2.2 (Fesnanumuinuunszuauazaus v suenifama
Feiu) aeaunis (2.9) uae (2.13) 15181113058 YLLBDAAYEUHUAN T UTsda s in

vJu

tan@,, =u,B,  tan@, =-u B (2.14)

n—-y

ANYDIYUTOAR VL TUDY AUAUULUMANUATANINAADIVOIUTEIN NN LATDINUVDA
UFARILADAARDITULATEINUN8YBIUTEAN M TUUKUAITNAIY

aulseansgeaa (Hall coefficient)

INEUNIST (2.3) wag (2.9) 15181115058 YAUEURUSTENINAIUNUIMUUNTTUE
wazauylnvseaadiy

E, =—i[JxB] E, =i[J><B] (2.15)

En

@ (n)

U 2.3 U UAIINRRTYRIEUL NNz AN LUN SyualuLRUaIsAsFIUIgTTn
p (p) wazwiin n (n) loy J Aeanunuinuunszud, £, auwlwinieuen, E, auiy

Ivheeaa, E auulivdns, uae 0, Aoynseaa
PNANNTV1U @UN57 (2.15)) arunsasdeuludiduy

E, =-R,[JxB] (2.16)
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B R, fesulsniSonnduuszansoean aun1si (2.16) Wusunuangavesunaguiign

Y

a519lAYFPAANAIANNTNABDIUD LU

auﬂswa‘mﬁaaaaLﬂumwimmam (material parameter) 7 flosunednvaganuy

s
a a

uaziaFomnevessIngmIniseaaluianiants mnesvesdulstdvseanie Vind T

(%
=

(hanunsnewonulimaan) Ssunedrazuandusuuuuiingindauniudu Qmr(ony
wRsABlNAT) vielfisumiu mT " (@nuiAniumsnewmean)

MnMsiisuannis (2.15) uag (2.16) l51au150mANU sAVSs0aaveUHUAIST
diru TlSaviaaesyiiauiu

R, =— R, =—"— (2.17)

WS BINUN8UIANUTEENTI0aRLADAAADINULAIDINUIYYDININLVNUIN WASVUIAVDS
FUU52ANT80aakUINANUAUAINULVUVUYDININEVIUA @15 unisultulyasaty
wssrulnieeaaainsalsulneglusvesiulsdudseanseenalalagenduaunisi (2.11)

way (2.16)

R
V,= THIBL (2.18)

F9 ¢ AoANUNUITRNUAIINIWT, [ Aansewanlouluungunsuninivualay 1 = Jwt,
waz B Aeauruuumaniisiminiuszurvinvesgunsa (uidsazludaeiasnigees
wsamu )

auns7l (2.18) LLamﬂﬁLﬁuiﬁgﬂéwwaqﬁaqUﬂiﬂjaaaéwéﬂwa&iamaé’ulvxlv:ljwmﬁwm
Tnsgunsaiifienuunsaglanaresussuliviiiganngunsaiiifianumunmng
2.1.1.2 Usmgmmﬁmilﬁmwwaans“ua (Current deflection effect)
wmsmﬂsmgmmaaaawLﬂmuluumumsmmmau Lqumﬁmmm
fhegnamiunmeassiazdonndufinedovuamuiianinszuaiauesnvunaniu
fansussfinsgmimening fogsvetunuasisiiudursiandusy 2.4 Tnglyssuuiide
wazdaydnwalnileuruguil 2.2 earmiitiuusuansfsiaundy 7 <<w mﬂ,ﬁ'gﬂ%wuaa
wHua1sAIuIAate fuugulefivsenuiusenaedali luwnuansisiauidenans
UsngnsaseaaaialusUuuudaienusngnmsansidesuureinssua
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ib

F\

/
;

~
<< o

—

SUN 2.4 LHUE1SNFIUIFUT IS 2 e 25119 WU gNNTEaETE NI Y UL T URNIY

U

-~

(insulating boundaries, ib)

wrupe Ul (Corbino disc)

dieTiziuladnumefivavuessing msalseaaluunuasiaiuidy 1saefinnsan
n3difAuTauINAe WNLEANIATY "ﬁy’uﬁﬁiﬂéwl,ﬂuml,mu%ﬂLLﬁ@ﬂUiUVi 2.5 WHUFINATIAY
amﬁamw“umuﬂaﬂu” [31] LmuﬂauiumaﬂwmvLﬂuLmesmaLLmusuama@mamwu ‘L‘V\IWW
B U A15A6IUN mmmmamlwwmmmwuﬂwmmhmmaﬂuaﬂmau,avﬁauG]Lqu 01
mmsUaunsaiulirinsznnealilrieaes wudnelivin (equipotential line) il9nT2
guonaafeiunazaudlwvihazumeenmuuunad fedulunsdifludauuumin nsvua
sglvaluunnlumunnsaiivensnay Wellauuwumdnsamusiannfuwnunseuaassey
dleflsusufianiavesdad (mﬂﬁ 2.5) Tuunuposluiuerluivsnareuiiduauidlmmme
mmsaavamaalmmmauﬂmsmmumimmmm'mau‘vimu muuaumlwmﬂvimﬁmg
08N 51%1mumiﬂmmamamqLL:umaﬂaqmaiwwmvammmqmeamumwumuwmﬂ
Laumwawqm

wruansieiau alusuil 2.4 annsoueaduusuaestluiifsativuslvgludugn 1z
diilmesnsnaunauneluressiesns (A) Swnsanveuiiduauau (ib) mssmilewsiu
yaunuADITluTseq fetuluunuasiunduiuerluflaualnvhseaaiiniuunazinng
Jeauuvenszuaintuuny
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JUN 2.5 unupestlu iuunuansishuinauiifitmiddiegnsinansuazBndiogaousauian
5aUvaNy TuurupasTluauulin £ szunniusaiinaulagluduivauiuuumin
AIUANUVUILUUNTELE J egnm Tlntaannuyugeaa 6,

nsnussaulnvigeaaludsinglunkuansisiiurdudsaiunsassuielaely
LUU180903935 L Anukuuataesilussiulniseaassluusinguszwsanioulininig
WimaAn (magnetic electromotive force) YNaN9aIAILT I NTivwnlngy

n1sdeauunseud (Current deflection)
pouiilsaza I ANLEuTUEUTIasEsauL W LA I UL LUN TELA
isaglsnsUssanuanfinaluneuninisnadaiufe 1arluaulansiedouiidsnuseu
YIMIMELaEANL AN LA Ul 19aN 1L AND N8 lAN1INIENNUBILTI ADLTUT AN
(2.1) annsaidoulvsndy
F, =qE+q[vp><B] F, =qE—qlv, x B] (2.19)

B9 v, war v, mnefiinnuiileauazdifnaseu NannnmnNuIwmeLIwe F, uay F,

Welumsiianszuaeludaauiu tsasunuussaeisue F, uay F, luaunisi

(2.19) ileumfuusamaloivi qE, uay —qE, \Ju

qE, =qE + q[vp x B] —qgE =qE+ q[vn X B] (2.20)
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wingazassioulilosanauinliianya (equivalent electric field) £, uag E, lu

AEaufedfUNLTIeeITUINTEN UleW 1 4, p UAE — u,n AuVsEesaNNISIU (2.20) avle

J (B)=J,(0)+ 1,7, (B)xB] (2.21)

%1 J (B) war J,(B) femvumnuuunszualaanardidnaseulunsdiifauuwininga

NIU B $11a 19U

JP(B)zq,uppEpz,upprquvp (2.22)
J.(B)=qu,nE, = u,nF, =—qnv,

waz J,(0) uaz J,(0) Fornunuuiunszuaaesideuiiesnawlivh £ e B=0
J,(0)=qu,pE  J,(0)=qu,nE (2.23)

aun1s (2.19), (2.21) way (2.23) szhanseonuiduwnunmlugui 2.6 firn1aves
VNS E Uay Birdennasdiuiuil 2.3 Faawulininieuen E siifieviannuuuiwny
x auwumaniifaluwuauny v wazauyinauulihaisuenuarauiuwimaniiang

wa a v PN A c >
AnantRnaIfyroununnluguin 2.5 Aonwesvesauiulivinisuen £ wagaiy
nuwuunszuaietu J (B) waz J,(B) aglulnegsiuunuiieaiu amsuunuaisia

FU NAAUNULIWIA N DB LN STuANEUNsUN AR maun v

gmaaaé (Hall angle)

Jy(B)
o #plJ(B)xB]
X)B g JOE x

-qlv.xB| F\ 1O E x
Wﬂn [J.(B)xB]

(n) Ju(B)
JUM 2.6 UNUAIMYBIANNTTINABT (2.19), (2.21) uaz (2.23) Miindulunnuaisisdiudu
a Miuansneviln p (p) wewila n (n)
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fefuluunuansiaudulnngnisaseansuanseenilusUmadeauuresay
yuuuunszua J(B) anawslwhaieuen £ sprmesmiadeauvueyusesa 6,

Tu extreme case T03unuAastTuLy luflauulnvseaniintuiasuagautulin
meugnagiiuaualindns duyusosaffeyunsdsnuuresnmuisuunssuaioy
fufinvesauiylardnsluusuiiesns aaifaeuresyuseaaazmilousuiiaueliney
il (aumsdl (2.13) Bslunmifumenislsusunmluzud 2.6 11agla

tan@,, =u,B, tan0,, =—u,B, (2.24)

mmé’mﬁuéﬁmm@mu,azm%wmmamﬁuaaaéiumumiﬁa@hmmuLLazé'ju%mﬁauﬁ'u
(@unsil (2.13) uag (2.24))
Tusadunalunisefsereuvesusngnisaiiatuluuauasfeiudy 1

alalananifsanumuiveauny ¢ Tugu 24 dumneaulumilounsdvessingnisa
goansssuaT gUnsfiendusngnisanindeauuvenszuaotaluanduneaduuny
(plate-like) ol wnosnslsfiniugunsaififiniuuisenilviaaununugauasniln
PoeNINTEUAlLNNTNITLAT (;{wmamaﬂfgﬂilwﬁﬂgwﬁuLwiué’amLﬁuimqagwﬁmmsau
a Wiugunsaiftendemaideauurasnsyua

2.1.1.3 Uiﬂﬂgﬂ'\‘mﬁuuﬂﬁiﬁﬁ%mmuﬁ (Magnetoresistance effect)

91NN1IATIAUUKUNNIUTY 2.6 Liwvé’qmmLﬁudmmma%mwwumﬁu
nIsua J(B) aflvuiauesnn J(0) uu‘wmamﬂmﬂmmumimmu NUUAUALLINEN
fan luimusngmsanfiuiu Tasusngnsaiiindun Thaumuuiunseuaanas

V = constant

A

I = constant
>

X) B

(@) (b)

‘J‘L]‘VI 2.7 ‘Ui’]ﬂg;]ﬂ?imﬂﬁiLUEJ\‘]LUWU’eJ\‘lﬂiuLL?{I‘L!LLNuﬁ’]iﬂQWM’lﬁu%ﬂﬂUQUWJSLLN@‘U?]WI (@)

X) B

2 AANNN

MK

LazNIZLAA (b) LﬁUUi"’ﬂ@LﬁUHT’JLLaW B=0 SLL!GUEN‘”VILﬁu%ULLﬁﬂﬂﬂﬂLﬁUHivLLﬁVI B#0
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Ui’]ﬂi]ﬂﬂimﬂ’]iLUﬁNLUuGUENﬂiuLLﬁ% ammmaa‘lusﬂm 2.7 muamimﬂw 2.7(a)
ﬂ’J’]lJWU”]LLUL!ﬂ'iuLLaLNBMaUWNLLQJLMaﬂﬁ] uaammauwiuuammmmaﬂ NITAANDUAIN
MUUUUNTE LLaLﬂumau’l’ﬂ’mﬂi’lﬂQﬂ’limm’iLUENLUU‘UENﬂi 15| I%Lauﬂimammumwu
5899t YN8 N0 8N E BT ABEUNINSAUNTELATIENI T TuineAI1an
SuazamalnauaL U HUF g UAe mmmmumamwgﬂl‘uaam&JLLimu
asil illefaunuuumdndanuaramalvnszuailnaniuunudiessanas lurasiuny
fhogsiignludanenszuansitazasualuussdulaivifinn aseuunuiiossgedu

Wieftagymnaumuuuunszuaanadliiilesanauuiumin 15919zmnaiaasved
aumsdl (2.21) @ dvausLIwEnTisian E-B =0 walaasvesauns (2.21) agiiu

J,(B)=0,,E+0,,11,|ExB] (2.25)
Jrl (B) = O-nBE - JnBlun [EX B]

1ng

O
20 T (2.26)

Opp= 14 (,UPB)Z Cup = 1+ (,unB)z

Wuanmwu A (effective conductivity) Y0IUNUENSNHITEN p waz 7 Tuvued
= - ! ¥ ' o’
LAUUWITANAANIU dIU 0,5 WA 0,4 Wuanmunlwvheeuluflauuuuman Wsansu

NduUsEANS o, @uIT (2.26)) TyanSunruasasiudy eswinsifansanunui
fdulaevBuinanaiuvenuaestly duiusazSondulsydns o, Manmuiliivi
y83n9351U (Corbino conductivity)

nAuNST (2.25) uae (2.26) Inannsneynulannssuanielugunsniasiaanas
Sloauuusimaniangetu fedunuisesdaunumindanuanimnlivhvesfanas
anas anmaunulihiineuauiewesuwmanansadeulaidu

pPB_pPO :(/upB)z Pur ~ Puo :(#nB)Z (227)

nadutuvesaninauniulinilutannisladnsvesauiuuniminaziioni
“ﬂi'mgﬂ']'ﬁajl,mﬂﬁim%'%al,mu%” nafisturesanmaunlsiidosinmnnnisainis
LUsmLuueuamivLLaIuLLmumasmammessJfm “U’i’lﬂgﬂ’lﬁmLLmﬂuImi%aLmeUL?jﬂL‘ﬁsU’lﬂiuG]
(geometrical magnetoresmtance effect)” AT BTVIAGRdENaUT A1 97197
UifmgmimmmﬁuaqﬂumsLUaSuLLanmaLimﬂmmaqLauﬂizu,amLLamﬂu'gU 2.7
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2.1.2 Taseadregunsnizand

TnssarsesgunsaiseaaignimuuuimeluladansisiiuiasuiuuiAaunanuas
shunilslunimnaesteseean (gUnsniiltlunimaaestesseaaaznsaduauuuuminia
Tufiedidsanniuiufiuarivnifinauilivihseaaluwunsufivuuiuiiui 13enaden
aﬂﬂiﬂjﬁﬁﬁﬂwm LLUU‘%’] Hall-plate w‘%aaﬂmaﬂaaaéum%u (Horizontal Hall Device
%39 Lateral Hall Device)) [32, 33] Tnednunglassasnsasiiguniaiazgnoanuuulng
SnunirAasuRuYaiILIUY GeenaaTmenisBalas miLstmmamamﬂmmuiaq
Jusgunsailaenss wamsunsassuumealulad CMOS [34] azfouamadute (well)
Pen3BedasEanTenITuNng WIIZARNIOAIUANUTLIUNI (active area) GU@QGI’JE]Uﬂim
ln fgunsalazUsznaulumeda 4 dafignasisasuune Lmavmwﬂwamammwmum
Hossadusssduialondn mwuwammLLaﬂqagiugﬂm 28 41 CC1 uas CC2 9518
amiunsludanszuaFenin “danszua” (current contact) @2uda SC1 uay SC2 ¢ly
a mumstaussulivhsendidoni “425U3” (sense contact)

N-well

P-substrate

5UN 2.8 1nseas199UnIaigoan sy

nsas1sgunsmseaauumelulad CMOS Tnsaulugavassasuugiusessin p
domnnisassigunsnilmduansisiunedn n dvefffe arsfsuieda 2 Janm
AapsINIEiiginein p Sudufuusiiamalnensimeussiulnrinons (aunisi
(2.12) gﬂsﬁwaaﬁaqﬂmaﬂé’ammiaaaﬂLLUUIﬁﬁgUi'NﬁsiNﬁ’uaaﬂlﬂLﬁ@lﬁl@?ﬂflsmauauaa
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g [35] m‘w%"uLmé’fulwmaaaaﬁLﬁm%uuuaﬂﬂmmmiaaﬁmalmimaﬂﬁﬂgmmaaaa
flofuselunouny LLG]Luaﬂ’i]’lﬂﬂ’liaaﬂLLUUIﬂiQﬂ'ﬁNVI@’]%Mﬂ%aﬂ‘wiu ENNNUNINVD
gUnsaifinuunnaeiy LWE]ﬂ’J’limﬂG]ENLS']’i] ﬂ’Wi‘LmWJLLUi‘U‘IJJJ’]LWZJ@ﬂWJLiEJﬂ’J’]

“Geometrical correction factor” (G) muumnammiw (2.18) %1@
V, =G—1IB, (2.28)

e R, Aoduuszdndgoaa (Hall coefficient), G AsuWALADILlATIATIN (Geometrical
factor), ¢ fieAunUIVIRUNINERaa, B, ABAIUNUIMLLAUINLILIENTARINAUNUR"
V099UNT

175U Geometrical factor ﬂ@ﬂiﬂiﬂﬁ%’]ﬂﬂ@ﬁéLLUULLBJU%LV’G‘%EJMVL@?ﬂﬂﬂWU'JMIWEJ
Lippmann wag Khurt [36] Way Haeusler [37] PE3an5 conformal mapping Fslanauans
G‘I\ﬁ‘ﬂ 2.9 Li'mumJQJG]’N‘U’JﬁUﬁJGU‘NW‘ILaﬂll']ﬂLLau’J’N@EJIUG]']LLMMQHQ?\@'N?:;M’JNGU’JﬂiwLL’d‘V]ﬁ
GRN "'U\‘iLLWF’]L@@iiﬂi\‘iﬂi'm’i]uLﬁUWQ%UﬂVWJuﬂU@G]i']ﬂ’JUFYJWEJ'YJ (1) G]@ﬂ')']llﬂ’]’]ﬂ (w) uag
qmaaaé‘ (6,)

1.0

0.8

0.6

0 0.5 1.0 15 2.0 2.5 3.0
) . v . P
JUN 2.9 unAweslATIaTNveLNLBRRAMALY

amsuuNusaansegUnIuseaa Nldnwusdudvasunazddrsusnianuinsanise

Y

UszanuawiAmosiassasalaain
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16 7wl 8 7wl 6>
G- o~ Z L 1= S e[ - Z L[ 1-C (2.29)
22 [ 2 WJ{ 9 ( 2 wﬂ( 3

e 0.85<//w<oouaz0<6, <0.45

a Muukugeaaninewue 1/ w>15 wazluuindisugdn s/ w<0.18 (s fianiu
N19eTITUg (5UN 2.10) Auwvlamesvasgunssiasivilng 1 Wednsiatu //w>3 uaz
s/ w< 20 [37]

Gz 1—1—Eexp(—zij Ou 1—gi Ou (2.30)
7 2 w)tan0, T wtan@,

T 16 (7l) ©
v+ T L G=(l-—exp ——— | |X
B e, oy T 2w)tan®,
{ ://///////] Twtan®
]| s =R+ T 1+H17
T T | B ey s: contact width
[: length
w: width
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v, =G [B, (2.31)
gnt

laa? r, Ao LNALKOIN19NT2L9U0980aa (Hall scattering factor), G AounALmDS
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(1) Conventional Hall plate

(2) Contact transformation

(3) Single ended devices

JUN 2.12 1A59a57199049UnTI80RARIAMITRILILNANLATIATI9URUNTUTRAAULITIU

[ '
v a

lassasvesgunsugeaawulfdlaeiluszyszneuliuaietd 5 939gnasieasuy

gusedlagnseavseaseasuuvelumalulad CMOS (FUN 2.13) unazdI98gniieniunin

Y
v v ' v v & ' 1
o

wuvugaieasdusesduialoniia danszuavesdigunsnasiioy 3 97 (CC1, CC2 uay
CC3 Tugui 2.13) 1e9a1INN15EN I MLATULIUUT UL U TN S kaogAuana
3 Wuresenesndu 2 91 mlngunsugeaawuAdida i fiindunndn 1 Tadledisuiy

€
&

QUNTAILUITIU drudauzgIegiananssevanstaluiiisann aarefugunsaiseaa
WUITIURY (SC1 waw SC2 Tusuft 2.13) amsundnnismauresgunsneseaaiuaneasly
nalnfwmileurugunsaiseaauuisutuifeusingnisaisean Weflaumuumandaniui
gunsmgnlmAnmsazaum e inadiiustaesdiminfnauniliivsoadiuaosdily
Snwaefifidansauiu Wesnaunlwriniiaesgnoynsumegiusennisaiunintn
wsaulroaannaulinvisaosiitasusle nusngnistatalusuniudndinaluly
Favenounuiiasiiulainiiogunsueoanegnisladninave sauuimanuenain
Uﬁfmgmsmaaaammﬂsuuum&quﬁwﬂgmmaﬂaaqamwLﬂmumma IELPREEIOINER
Uiﬁﬂgmmma 08199z ungfunsoenuuulngUnsaiiauatnsalunismevauem o
Usngmaniiug larualmy



24

N-well N*

P-substrate
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WOMIAILUANAITBINTTUAL TN INAUINWIWAN N3lrareinszuazgniletuuniuy
0, Muauns

AZ
tanf, = uB, = A (2.33)

A5UALULUAIDINTERALUNDNTELALTDIINNS gL UUYDINTLHEANNNT0A 1UTLARIN

Al, =J,.,T,AZ (2.34)

nx,2
NENs (2.33) uay (2.34) 151a¢le

Al =J

nx,2

T,uB,L (2.35)

BN (2.32) way (2.35) wiawnsauny J, , idulenduves 7, 1u

Al, =1,,uB, WL (2.36)

z,2

naun1sil (2.36) awnsamiveseunquildvieuniemy (trapezoid) Fadumnuninewes
nenszuandululavivnun ae W, .., = D+d /2 dwandlugl 2.17 dasunisiuaeuuias
nszuallosINauILWIIMAN B, 78397 CC2 anunsailieudy

Al ey =1eer0K (2.37)

p
We K =uB 2l y

v adrz WO Teca = el [D+%)
swaztunaresmsiUasuulaaiiosnn B, WeunAe
Toco =1 ceap (1+K) (2.38)
loes = Iccs,o (1_K) (2.39)

N B, =0 N38udl rpg =L oegp AUUNTEUAIIALAIZININY

Lecio = 1o +Leczo =2l ceap (2.40)
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« > < >
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(b)
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ﬂiﬂmaqqﬂﬂszﬁaaaéuuaiw (@57t (2.31) é’qﬁumamwmsqmmh (sensitivity) Tu
n1sneuaussneaummanlulnunussdulaniuaunis aullunisnevaueane
auNLUIMAN AoA1fiuonAlIuaIn1savesfinsIaduauINLIMAnIasaUAsY
aunukswdnlUunsssuliriemnrionssuaeawalanuasuali)

_AVH

S =
T AB

[V /7] (2.42)

Tunsalmialudagunsumenseualnviasisgnilasainsassyanubnduiusiunsswal
luda (current-related sensitivity) lamuaunis

S, = [V /AT] (2.43)
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wselunsalfludagunsaumiswssduliiind wiauisassyauhilunisnevaussne
awuwuwanTiduiusiuws sy

Sy, = [V /vT] (2.44)

windanisnevauevesgunsuseaalulruanszuasetaszyaullumneuaueme
awmwmanTesINgnIsaM s s uuvenseuay

Al
b= [4/7] (2.45)
4B
vizoanvsvyluguussiulidioninisu dmnmulunenitinseuangnuuseeniduaesds
(CC2 wag CC3) U InNan19val T IAUAANIINANULANANNTLUE

AV,

S, =
Al AB

[V/T] (2.46)

satunullunsnevausweauILLIMANYadlLANTEIa RduRusAUnsLaludaaunse
seylanuaunis

[4/ AT] (2.47)

wavAulilunisnevausmeaukIwANTIduRUs UL uETasEylanNaNns

Al

V{45) [4/VT] (2.48)

A) a1, =
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3.1 Sentaurus TCAD

Technology Computer-Aided Design %38 Technology CAD (TCAD) Qﬂ‘-?f@ag's[,u
Electronic Design Automation (EDA) 39019138071 Electronic Computer-Aided Design
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(1w n138edaUseq, 15UNTANSIT0) LLagmiﬁ]’Ia@\‘lLLUUwqmﬂiiiJ‘I/l’]\‘]vLWWWGU@ﬁQ‘Uﬂiﬂﬂ@ﬂ
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Sentaurus Lﬂuﬁmm%qaﬁa TCAD 9 "ﬁaqmvmum'ﬁa;mLLavmﬁmmumaanﬂﬁaj
ansnas ﬂmﬁnmmamammmm Sentaurus TCAD mmamwaaamﬂuﬂau 3 ﬂawaﬂq
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editing Wunguanniulsiulassassesigunsalnedatuneunssuiunsassasdiedosde
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" 1:'1 Frame work %Q‘d s¥nau by 991}’3 8 Sentaurus Workbench, Sentaurus Visual tta g
Sentaurus PCM Studio

5UN 3.1 yaLATesileves Sentaurus TCAD
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W Sentaurus Visual é’Qﬁ?uLﬁjamiuahuf:m%wﬁﬁaLLhm’%aaﬁaﬁm‘l{fmu

3.1.1 Sentaurus Workbench

Sentaurus Workbench 10y graphical environment U84 Sentaurus TCAD gl
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3.1.2 Sentaurus Visual
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gﬂﬁ 3.4 Sentaurus visual ﬁLﬂﬂﬂ’JEJiWﬂUWiJaqa tdr
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[ [x=72 fr=571

gﬂﬁ 3.6 Mu’lm’mmiw 1911884 Ligament Layout Editor
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pdsntusulasaasnenis Lisament Sousesuar ardunalufienisnimun mesh
N30 grid @1MTUNTEUIUNIT finite element N1TATUUA mesh awmiamlf;ﬁmmq
graphical user interface wioluuduads (command line) L51811150N1UUAIIUIUAIY
awiBun UM UATUNTIVEY mesh la Tnenaaniien mesh BflinuumiuaziBeniosds
amaRnensAUINNsedamans wafnewaniniuszsrnatlumsnuniiiniy amdy
n1sNLATLIATEY mesh luumazuLAue1BImsnnualninuesnmidudvesni
Ut 9 UONAINY mesh IxsdINananIsuanIAINaLBEAT8Y doping profile U842
Qﬂﬂiﬂjﬁ?ﬁa idlenmun mesh La%ﬁ]éijg’J%uGlauGi@iULi”lGTENﬂ’muﬂ%ﬂWﬁﬂ%ﬁUﬁ’Jqﬂﬂiﬂj
deflaglranuiunisludanszuanazuseiu TnsdalurihiinmusaznesUszmadeuazaunus
dieflazu Tlulluedestio Sentaurus Device 3nafanils

g‘lJ‘ﬁ 3.7 Sentaurus Structure Editor

3.1.4 Sentaurus Device

dlelalassasafignnivun mesh wag dalviFousesun tuneunelagidunisun
Tnssassduluassuuunginssunisiirilagly Sentaurus Device daaglaluguvosnds
(command) 11U Sentaurus Device @ansnaaasngAnssumalihiduiuaaauTAng
RAnaAm39 1wu A1usou uas uuwdn Wuay mifmaquaﬂﬂiajé’hﬂéné’fmmﬁaimmaw
fanafmunzaueae é’aﬁ?uiumimaaaLLuuqﬂﬂiajsTaﬂmﬁaﬁﬂmLﬂamﬂﬂ%ﬂéﬁmmzam
a MiugUnIaItug melaue a 1ugnA 1dsva Sentaurus Device Usznauluame

" File LﬂuéauﬁizqivdéﬁuwmmzLm(ﬁwma U Sentaurus Device

File {

* Input Files

Grid = "nmos_msh.tdr"
* Qutput Files

Current = "'n1_des.plt"
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Plot = "'n1_des.tdr"
}

Tuauves Input file %Lﬂuh\lz;_msh.tdr Fslaan Sentaurus Structure Editor Twa
ﬁLﬂﬂW&ﬁﬂiﬂa;’NﬁQﬂmwuﬂ mesh L%{EJU%JQEJLLE?’J A Output file ¥®3 Sentaurus Device
awvsznaulunmslila_desplt Fudulraansulvnseaounsmaudnvasnsliiives
gUnsnl uarla_des.plt Fadulwadilsuans contour vasauasiAiIeiAndnen (3U7 3.8)

(% (%

Ul 3.8 dalWadunnuazie1AnAved Sentaurus Device Wda91NoBNLULIATIATIINIY
Sentaurus Structure Editor (@593 usosuarlua_msh.tdr azgnuilulzidulnaduys
@13U Sentaurus Device Lﬁammimaquaﬂiiwwlﬂ/\m’] Taedlna des.cmd idulva
mddlunismnisaaemsouaslia des. par mﬂui%lamwimm vadlunaneitanadily
Tun1sanaes an1uglunisanassuvuuaztefinnatafiinduazgnuanseanily log file
(_des.log)

" Flectrode Lﬁjumuﬂsﬁm “memlwmwaw 159 mmwaﬂmm Tumumimﬂmm
mwummmmuiﬂ/\lmmamm LLﬁlWWWLimumma m mmmmumuwmiﬂﬂq
ﬁ’mmmmmqwmﬂ undnefiseune (barrier)

Electrode {

{Name="source" Voltage=0}

{Name="drain" Voltage=0 Resistor=100}
{Name="base" Voltage=0 Current=0 WorkFunction=5}
{Name="HEMTgate" Voltage=0 Schottky Barrier=0.78}

}
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Tun1snmuadlun 1snesUsenadslrasnrassiunaunnmuat ity Sentaurus
Structure Editor mag

" Physics Wuaunlaninualumanisiidnaniazgnuinilylunisatasswuugunsa
WU LURENINARBITEINTYE WILAANTNAINANELUUBEIIATLY Lnansiinkazn1s
renduvesnvy Jnadusnwve iuau

Physics {

Mobility ( DopingDep HighFieldSat )
Avalanche (Okuto)
EffectivelntrinsicDensity (Slotboom)
Recombination (surfaceSRH)

}

N1591309LUURUNAIY mﬂuﬁﬂzé’]}auﬁaﬂiﬁimLmamaﬂaﬂéﬁmmzamﬁ’uqﬂmalwiaz
siinmnunluinauiseseraiilaenaliuanang Ainssuu1iee190onin 8nd0E1NTY 113
3 radlalenuuusesns p-n mnlilaluwanmsimansuuvesnausaly Iumﬁﬁﬁlmiamgﬂ
lué’al,wuna‘”uéjmaé LiWVImumiﬁwmaqua“mmwﬁuﬂiﬁ/\lﬂmamﬂﬁmﬂw%ﬁlﬁ
waqmﬂmsmaamw NLaumwaﬂumawwﬂaﬂaLﬁumuwammﬁﬂ%ﬂuLmaiﬂLLUUlwu
U AIUANINARBIVBININE Liﬂ,ﬁzﬂmmaamwmam‘uumuﬂummmmwaamima
(DopingDependence) LLawﬂﬁaumwamﬂ%w\hmmwmqa (HighFieldSaturation) Junu

" plot WuaiufinnunanIswans contour YeAMELURNIAANEA19Y 1EI191NNT3
3188 MUUETIAULTIE@ T TANITHAAINE contour VBIAMELTURNIITANANIY
Sentaurus visual Asiilanalunaununi

Plot {

eDensity hDensity eCurrent hCurrent

Potential SpaceCharge ElectricField

eMobility hMobility eVelocity hVelocity

Doping DonorConcentration AcceptorConcentration

}
d7U Plot 1518137150 1MUARMANURANINANAN19 T108IN159EATINIADUNGIRINATT
9 T@IMVUETIFUA LU ANURLIRUUTRIITzwAazin auuliivh dnelnn aanusives

W 3 W Ionlnwasysu iusu

B Vath Wuaiuiin MUAGILUSUDINITA TUTUINNAGINFENS
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Math {
Extrapolate
RelErrControl
NotDamped=>50
Iterations=20

}

Sentaurus Device %mmaLaaamaaammiL%qauﬁuﬁ‘éaaiulmaz mesh G;"Jﬁlﬂ’lﬁ"lus?.gij’]
am%‘umi’;usz?%wiazﬂ%’jﬁwﬁmﬁmmmgaﬂmwam (error) ag Sentaurus Device 9%
WaﬂﬂﬂugﬂlﬂﬁwaLaaﬂﬁﬁ%aﬁmwmmﬁaau%’uig Tuauiisanunsan %um"aﬁmaﬂﬁ’mﬁﬂﬁym
(solver type) AVUANYBRANER (error criteria) LLavéf’gLﬁaﬂ?im lngnne éhasmlfﬁu
Extrapolate LﬁumiﬂmmeumuwmGluf\]’mmiaumumaLaaﬁlsuaqaawumaumuﬁm (m
#1n3) RelErrControl LﬁjUﬂ’]Sﬁa‘Uﬂ’]iﬂ’J‘UszUEJNW‘Wﬁ’]ﬂiuM’JNﬂ’]i’Ju%’m’mﬂ’ﬁI‘U internal
error parameter LUUY physically meaningful parameter (ErrRef) Lﬁumu

' d‘ ) ay Yo o ¥ e ¥
" Solve WuaruiinmuuaaiduveskaaasilasuainmunUymuaznivuagunisily
Tunsundaym

Solve {

Poisson

Coupled {Poisson Electron}

Quasistationary (Goal {Name="“gate” Voltage=2})
{Coupled {Poisson Electron}}

}

Poisson Lﬁuéauﬁizq’iwaLaam‘%MTu (initial solution) Lﬁu%aﬂammiﬂ’mmmmﬁu
Fuduilosesaien Coupled {Poisson Electron} WU uRUrUIANNI5AIINA OB
(continuity equation) vesdidnaseulurasifideulunislusasuny %Qﬂiﬂﬁﬂ%gmﬁﬁ@%’]
lﬂﬂauﬁﬁuammiﬁwaﬂmﬂsgizlﬂsu‘iﬁﬁaéfu (Newton Method) a&3 Quasistationary 1w
maazqi%m%ﬁ%maLaaaﬁaésluamazau@amﬁa (steady state ‘equilibrium’) @1 Goal
Juaun wusmnemslusanaalii ‘?jﬂ%’ﬂ‘l/\h/]lﬂﬁwgﬂiUgﬁLﬁmﬁﬁuf\]ulﬂﬁﬂﬁﬂﬁQﬂ@zﬂ’jﬁﬂﬂ
Tyaunsmumeiiloazaumsthgesunsmualaas

3.2 N13E1RBIMUURUNIRisaARULARILUY 5 9a%28 TCAD

A UMY ROIMUUEUNIABBARILIRILUY 5 97 FalaseasneasgunsniazUsznon
Upeda 5 drilaseguugiuses Tneil 3 Pududramiulvnszualvaiviossn 151as
Zon “danszua” (current contact) aruBnansiafiimdeionan “423u3” (sense contact)
whlvaniunsiaussiulnviieas lunisnassuuuisagludanszualnvineilniugs
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gunsaiflevEnidemannusngnisauundlaidaunue fnlvnszuaiilvanugunsnionas
Slelusameusasulivimei LﬁaﬁﬂmmamﬁmauauawiaamuLLaimé‘aﬁﬁsﬂaﬁaqﬂmaﬁ 1519
mmiﬁauaumLinmé‘ﬂiﬁﬁﬁﬁﬁmmuﬁ’uﬁuﬂwaaqﬂﬂiaﬂuazg’qmﬂﬁuﬁﬂmwmmwa
ndurgmnsUFuasusuysnieg Lﬁag]mamimauauaaﬁaaumLLﬂLMﬁﬂmaqqﬂﬂsajiw
unueLAly %qﬁLiwzmwaauiugﬂLméwmﬁ'mauauawiaamuLLﬁLwﬁﬂﬁaéaaﬂé’ﬂwmz
asi’mLLiﬂﬁﬁaLmé'fulwlu’]aaaés‘c’fﬂgmﬂﬂifmgmiajaaaééuul,a’]@?wm%ﬂgﬂLLUUﬁﬁam'm AN
GU’eNﬂiuLLﬁﬁ%’miuLLﬁﬁ@ﬂ%’J%x‘iLﬁﬂﬁ]’]ﬂUi’]ﬂgﬂ’]ﬁﬂjﬂ’]iLﬁEJ\‘iLUWUE]\‘lﬂivLLﬁ s?iuméwmmwu
Maquuuaﬂmﬂ%amiusﬂmmLmﬂmwaam walauan aqmmimﬂiuiﬂmaQLLiamu"LWW’]im
mamﬁmmmumuLmiﬂmawmﬂﬁuL.Laaaaﬂ“qLLa’;mﬁamimmamwmLL'NM,V\IW'MM
ATEUFIAUNI

mamaa@LLUUQUmzﬁaaaéumaaﬁwiﬂmmm Sentaurus TCAD 45198 bU4N13
andunisidu 2 @y dauusnazidunistulasasisuaznimun mesh ‘Lﬁﬁ’ué’hqﬂmaﬂﬁw
Lf‘ﬁ'aﬂﬁ@ Sentaurus Structure Editor ehum'amwé’wm%ﬂmaa%m%a £319ENINTTANABY
ngAnssundlulvinlniugunsaiaisiadosile Sentaurus Device sdunpunisanansuuy
annsassuglanuvensluil

3.2.1 NM1398NUUY layout Ya3gUnsnizeaduufILuL 5 o

Tun1se9nLuy layout maqqﬂmzﬁaaaéumamw 5 97 JuneuLINILBUINNIS
PONWUU layout Tﬁﬁaqﬂﬂiiﬁ e layout azasslagly Lisament Layout Editor ﬁagﬂu
Lﬂ%l’ejﬂﬁa Sentaurus Structure Editor n13aanLuy layout Lﬁumﬁmaaamﬁagwmmmwu
nszanAuLUY (Mask) amsunszuaunistnlnalnnsafl (photolithography) Mé’qmmsﬂ’]qj
Ligament Layout Editor a7 Susuusnisnesnmuausaiiazaiascuuidy 3 39 (gﬂﬁ
3.9(a)) U'%nmﬁaﬂ%ﬂmummmaaﬁaqﬂmtaj Feapduvinaiunugiuseswosiigunsa
Tneseenuuulnianueramiu 75 lulaswaswaznang 45 llaswnswaznmuadedy
SIM3D %’jusiam 1519ENINTRBNLUY layout %@QU%Lﬁmﬁﬂzﬁgﬂﬂ%’Jﬁ'ﬂ 5 1AYNIT08NLUULT)
aavm‘viuﬂu'%nzuL%amiLﬁawﬂﬁiaaﬁ’uﬁaiv‘wﬁﬂﬂawLLavawﬁq@]’auwLﬂusaaé’mﬁauwhﬁ
m wu layer wmam IMP2 mmumﬂ’mua g1unfiu 5 lulasuns (iiJ‘Vl 3.9(b)) uazin
fonunazametu 5 lulaswns dauszey mﬂmmammamﬁaaulﬂmmaumumwm
guUnInlRgilszegmng 15 llasiuns TurnisdiszozmesymnsinfursuuuLaryauaiwe s
Qﬂﬂiﬁﬁ%gm vusdu 20 Talaswns 9ntusiazn wue layer Juandnnilsdu do M1 e
u layer amsvassulanglunsmududalivilntugunsal Tnsageenuuulniinuinmm
9 ﬁ’wmmaw%nmﬁgﬂlﬁammam%mwumuﬁuamﬁ’u (U 3.9()) ndsannmun
layer waralassas1wvasLaay layer asuy layout AduduaSatuneuniseanuuy layout
@ WMUgUNTAIBRALUARILUL 5 1 (layout ﬁlgfmﬂmiaamwngﬂu Adlaluenu pattern
U3 Ligament Flow Editor %q%zaﬁuwaﬁluﬁﬁaﬁiaiﬂ)



(a)

(b)

(@)
§U17'i 3.9 layout %@ﬂqﬂﬂimaﬁ)aaLLU’Jax‘iﬁgﬂﬁiNﬂ’m Licament Layout Editor
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3.2.2 m’sm‘vnuﬂafmunﬁvuqumsa‘maﬂnimaaaau,mmu,wu 5 m

Somn1seenuun layout 1A59L38UTBIAINONNTINEADINIMUATUADUNITATIY
gunsnilngllal Ligament Flow Editor Ssluguilimanunsnidenlanszuiunsmag sn1vu
process flow Liloasnsgunsniduun Tnsarfunszuiunsilvassgunsnisoaauuanly
Lisament Flow axiiseazidennsnie smeldil

" Fnvironment Lﬂué’;uﬁmwum%maaqﬂﬂiﬁﬁ, AMVUAUSNIANADILUY 3 TRTIMD4

nsefiuTeiinmualu Ligament Layout (SIM3D), nuuaia3esilefiaslyarasuuy

(157n19ualMA1809HI Sentaurus Structure Editor (SDE)), wagdaanunsanmun

AnumueILKugIuTestadnae (n mualmiun200 lailaswns) (Ui 3.10)

b [ ervironment

Arguments I

LA

Hame | Type | walue Uniit
String Magnetic Sensor
Boalean true
Boolean true
EBoolean false
{+) check1d EBoolean false
- analytical Boolean false
-} simulatar Simulator sdle
hask
String 3IM3D
Boalean true
String mEnoded
String E@noded
Side front
Boolean true
e {) depth Distarce 200 umn
feefer) User_grid Grie default
) gricl_refinement CriciFRef
) tsupremd _delta_vertical Distance 0.5 umn
+) tzupremd _delta_horizontal Distance 0.5 um
) tsuprems_min_vertical Distance 01 um
L o) tsuprems_min_horizontal Distance 01 urn

KT I~
5‘1J‘VI 3.10 mu Environment & 1%Un 1MuaaUsuay Lﬂﬁ@\‘iZJEJVIIGUIUﬂ’]iGUUiUIﬂN?ﬁ’]\‘]

= substrate Wuamiilinuaguandivestaniludugiusesesagy slinvestan
(material), @15430 (dopant), mmm]lm‘?]lu (concentration), amw@?mvmui%lv:llﬂ
(resistivity) Wags£UNUNAN (orientation) S?fam’[,%"ﬁ’aagmsauﬂu%ﬁﬂau (silicon) 71
Qm%ﬁwﬂaaﬂa%’a (phosphorus) Liten i ugiuvesuia n [GELRIERREENT
n uslniinaauy 1x10'° DYMBNNDENUIANLTUALINT (AaziUdsuuUainuns
NA983) A8TEUIUKEN (100) (LﬁawmLsmmu@gmsaﬂugﬂqummL{fu{fu
mszaztuaiuresan iUl dsluandunesnuanseful svansd
Arudustusiuoguan) (U7 3.11)

— ETe

Argumems ]

Mamne \ Tvpe \ Walue Uit |E
povefeee) mriaterial String Silicon
() dopant String phozphorus
concentration Cancentration 1e15 ferm3
(o) resistivity Fesistivity [1} ohm-cm
orientation Tumber 100
R R Type clefault

JUN 3.11 @y Substrate Mlan muaauantRvesTaniludugiuses
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al

" Comment Wuaiudilyszyveaiumns 9 Feaziiunadlunislufiunadluile (U
3.12)
— (;D comment
Arguments ]

arne \ Type | Walug Unit \E
i......(---)texj String Ardded process flow ‘ ‘

JU# 3.12 @31 Comment #lyseyvenIy

- v v

Insert anunsniduamiflydoundamivszyanuautuvesasidoasaudn
19350890 FusnnuslinAIILTLAI T SeeanetafivrgniFedannidy 5x10%
gMBUNDYNUIANLEUALLAS Lﬁaﬁ%a;ﬂuﬁw%nmﬁﬁmmL%uﬁgwuaamsﬁaqa (N¥)
arumuEnYessesne 11azUsznaamduiiuys xj Tu Sentaurus Workbench R

A e lrimiudn 1 lulasuns (gﬂﬁ 3.13)

Ei} insert

(define 13FType (lambda {Daping (< Doping 090
(define I3sMType (lambda {Doping i (not (lsFType Doping )
(clefine Choose Dopant
{larmbda {Doping Dopantlist) ; DopantList: {Donor Accepd
(if {lsMNType Doping )
({list-ref Dopantlist 0
(list-ref Dopantlist 13
1
]

)

(define Active Concentration {lambda {Dopant ) Cstring-appe
(define DopantLlist {list V'Phosphorusy” V' Borony” 3

(cdefine sj E&xsjiE )

{clefine NDope Sel9)

(define FDope -1e20)

(define NDopant {ChooseDopant MDope DopantListh
{clefine PDopant {ChooseDopant P Dope DopantList))

[

5UN 3.13 @ Insert Nlyseywiln, a9, ANULLILIDIETTITR, LAXAIIUANTEUNE

Insert ayunannduaiuilydounideszygluuuniside (doping profile) Ineis
deonguuwuuina@ey (Gaussian profile) Fedunisnszaiediludnwaenisunsd
auuns wazdinisszyuszinnvesnisidedunisideasyia n lngletonisideidu

¥

“DP.IMP2” (ActiveConcentration NDopant) A1A31utvsvugsantdy 5x10%
0¥ mamaaﬂmﬁm%uﬁmm (Peakval) (memﬂmuﬁmvmﬂiu Insert &Iuusn)

v v

GI’]LLVUGWJJQ'J’]QJLGUJJENEIW (PeakPos) mmwumﬂu 0 uuﬂammmmumawumm

v

mwuwawmiaﬂumwmwaﬂLﬁ]a mmmmemuMﬂmmuaﬂiawa
(ValueAtDepth) 9 zgﬂﬂ']%UWSLﬁLﬂ/l'lﬂUﬂ’J’]mL‘*U?,JSUWUGQE'M'WQ Fsmwdnvessesne
gnmuanuRIRUsTUTENIAlU AL Insert NBUNUT (X)) WATAIUFANIELT

n uebnnnesNIINsEewuUMadeudy 0.8 (U7 3.14)
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P inzert
({zcdedr define-gaussian-profile _\
VDR IR P2Y {Active Concentration NDopant
V'PeakPost” 0
V' Peakial” fabs MDope)
Vifalue st Deptht” 1815
VDepthi” Hj

VErA" VFacton” 0.8

(scledr define-gaussian-profile

VDP.IRPTY {&ctive Concentration PDopant )
V'PeakPos" 1]

1V Peakh/al” fabs PDope)

Vialue At Depthh” 1e15

WV Depthn” i

VErA" VFactar” 0.8

5UN 3.14 @ Insert 1lY52YFURUUNSIIDENS

Pattern WugunsnusaInateveiunmiunszuunsinlnalnnsillaeensds
aIna1831n layout ﬁlgaamwuﬁiu Licament Layout Editor maué?u Ima%ﬁlmmﬂ
layout A layer 989 IMP2 Faduvsnaiiasmnisdearsadly luarudansa
ﬂmumﬂszmmawﬁwmﬂm% layout (maaﬁu poLarity)iﬁ%ﬁlﬁLﬁuqu light field
%39 dark field Tumiagwmmmamm layout ‘1'7imaaﬂLmewﬁmia;ﬂa%’juﬂwmh
wassdauan Mntunsuamariay vhuawenauinduainans (wﬁqau%umauﬁ
%Lﬁﬂmmmﬁuw%uﬁﬂmhLLEN) UBNIINES IENUNTANTAUAAUALT (thickness)

YU e buaanY (side) N9en MsasaInanglande (U 3.15)

ol pattern

Arguments ]

Harne | Tipae: | Value Unit Iy

String IMP2

Folarity clark _field

Distance 2 um
Sice front

Type clefault

5UN 3.15 @7u Pattern & 19Wun WuATTIMAILYNII0ENS

Insert L‘{jumsvuaumaﬂmmﬁaﬂivawm £Aua15, 39900 N AUINYY 5x10'
awmamaaﬂmﬁmwmmi aﬂfdmLLmummmmﬂaiwmmmammummawu’]
(p1939munsUsENATBNTSIE0 DP.IMP2) muumnmwmuhLLaQUﬂﬂquaga}m T
Lﬂu%’uﬁaqﬁ’umiL%amﬂﬂ;ﬁugmﬁaq éauu’%nmﬁ%uhLLaqgﬂﬁ’ﬂaaﬂﬁ%Qm%amuﬁ
1519 (gﬂﬁ 3.16)

Ei} insert

|{sdepe:implant VDFIME2A" ) |E

5UN 3.16 @ Insert lyszyun1sdalauseq



45

" Anneal \Juniseunnunienuseu laarsdduninisueatiangamad 900°C U1
30 wI¥ NANUAUUTIEINA 1 atm Lielnlassasawaniignmanendinisdelelsey
Aan1sdus@uslug (U7 3.17)

......... s: anneal
Name | Tepe | Walue | Unit |_j
Time 30 min
) temperaturs Ternperature 900 deqC
Fressure 1 atm
Gas 0 limin
Gas 0 limity
Gaz o Limiir
Gas 0 Limiir
Gas 0 limin
) steam_temperature Ternperature 0 degC
) watersteam Gas ] %
) pyrosteam Gas 0 %
; () sicle Sidle: both
fnefeee) type Type default

5UN 3.17 @ Anneal @ wiunsyuiunmsieuilandagadausey

" ftch iunisinduuneliuas (Resist) NoguuiIgIUIINImuneen (strip) ien
ANUAZDIANURITENTYUIUNTUUABLY (FUN 3.18)

Mame | Type | Walue Unit _;\_
String resist
Distance default
EtchType atrip
Tumber a
String default
Sicle hoth
Type default

U 3.18 @u Etch @ 1Wun wuanTintuu 1e1leneuasatulans

" Deposit LiunTsas19tulanglnunszuIunis deposition Tats1azasiestulans
avgillilounun 1 lulasiuns easinisweunemalivhindugunsa (5Un 3.19)

A Y
Argurnents I
Marne | Type | “alug | Unit |B
o) material String alumninum
) thickness Distance 1 um
) dopaint String lefault
() concentration Concentration fem3
) sice Sicle both
DepositionType izotropic
Type default

5U# 3.19 @ Deposit lya 1unisasetulane
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" pattern Wiun13aseaInateny layer fivgloasiadulaz (M1) Tnely porality
Uszinm light field (3U% 3.20)

, ......... ﬂ pattern

Arguments I
) Tipe | Walue Unit |E
[ y— Strirg M
) polarity Folarity light _field
 thickness Distance 2 umn
) sidle: Sidle: frant

Tiepe defanlt

Iame |

5U# 3.20 @3u Pattern @ WiuNsas1aalnvh

" ftch iunisintulangauainate (Pattern) NUsenialaludunsunaunui (U

3.21)

Arquments ]
Type | Walue | Unit \S
Y riaterial String alurninurn
) thickness Distance 1 uri
Y etch_type EtchType ahisotropic
Y overetch Murnber i]
) etchatop String default
Side hath
Type default

Marne |

sUfl 3.21 ey Etch Ailvfndulans

" ftch anugamedunisiadun vilwasiiieenvionun (3UN 3.22)

etch
Marne | Tipe | WValue Urit |_;\_
String resist
Distance clefault
Etchlype strip
Number o
String clefanlt
Sidle bath
Twpe clefault

JUN 3.22 a7u Etch Yugamea 1miuinduu nenbuadiiiesnivun

n§eannmuatunouly Ligament Flow Editor wagatidun1s (Run) auLasa
Byusesuan wafilnazusinglassasemseutudalivhmuiislasenuuuly (U 3.23) T
Tnssasafilaazdluusing contour vasmsideansiuuinafisilammadoasly fesan
rdslulanvunaIuges mesh tules dunoudaluisiasninisasnslasminie (mesh) way
n muavuTaiiasliwiuietaluih (contact) Tufusigunsal
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£%
Y

JUT 3.23 Funsun1stugUlnssaseguninigeanuiifemie Lisament Flow Editor

3.2.3 NM1383519 mesh uaztmuanthdudalwihessgunsalzeasuuaneuuy 5 99

n13as19lATI98 (mesh) amdunisaiuimmessdeuilnluneiun (Finite
Element Method) 91519z munauaziBenvas mesh Tagly Utilities Function iy
pdsfiasnstuuniielnnisass mesh fnsdsuudasmiuasdenmunisudsunlases
ALY LAEANEY Refinement Boxes %qmmammum%nmmma Lﬁwﬁ;@)amﬂ%
\s19gmuslnALasBeaes mesh managi 0.1 lulasiuns LLa”aﬂﬁﬂﬁj‘&J‘Vl 2 lulmsiuns
(EmSunnuuILnu X, v, 2) mauaamummmlﬂﬂma girgrusosianun Tasudmiifnng
Wasuuasweseaay (U 5) vgﬂasﬁﬂmmmau@m mesh mmqmiunﬂ
wuaknu (Mvusluanu Utilities Function) telvilaauaziBenuazgnaadunisysyanana
Meadinmans nda91nn1vun mesh l@iaAunad tuneumollisasidsunduiiessy
sundudamsiiriluiudigunsa TnsszyBouasmuuaduiifalussasuuiunulnesluay
vosialanena 5 Mimasetuan Quauiisasmmsauietalanzesnifioanszernatluns
assnvuaniosndalansamiusesdudalenfieamisnninuaduauniuniule
Tnemssluanuas Sentaurus Device) 1A33a3199099UNTINAIRINNWMUAlATIANY DA

winduialiniasouaivziansegluzun 3.24

JUT 3.24 1A59a5197099UNTUNAIINA MUARTIMIIELAEINFURA LAY
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1A59d5 19N AN INNIUATEUIUN1TA199 TU Ligament Flow Editor WagHIunng
A MU mesh LLavaé’uﬁaMW%Lm szuanslmiuiausnaingnidoasBuandluguin 3.25
LwamwaaummmmaqmmmsamﬂLmummami (Doping profile) suaqmaﬂﬂimiﬂmu

widesilely Sentaurus Visual Ssazuandnifiufisnisnssneivesnnuirmauiifniuuiina
Falwvln (Ui 3.26)

JUT 3.25 1A59a57197099UNTUB0RALUIAILUY 5 TILAENARATINTIRAAIUTINNNITDENT

1E+20

1E+19
1E+18
1E+17
1E+16

1E+15 = = = = = ]

Doping Concentration (cm)

1E+14
0 1 2 3 4 5

Depth (um)

JUN 3.26 JULUUN131T9E15 (Doping Profile) TUalvvasUnIMEAaUUIRILUY 5
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3.2.4 nMssassuuUNgAnssIsiivesgUnsalsaaduuaRIUY 5 19 Fae
wuUTIRRIWNelEnd

‘Mé’ﬂmﬂlmyiﬂNa;ﬂwaaﬁaaﬂﬂidﬁaugﬁlaLLETJ Funounslazdunisnmsaasuuy
wqmﬁamwlvh/\hma Sentaurus Device ‘Nﬂ’ﬁmaaﬂLL‘U‘U‘Wqmﬂiim‘ﬂ’]ﬂlWWWaﬂaUﬂim
LADITY Uimmamwﬂaﬂam mmm%maamqmmsmmm Tneluimanisfandaviu
aﬂﬂﬁmaaaaummmﬂima THAlATIET U N LTINS 1 (energy band
structure and band gap) Iumaamwmamawmu (mobility), TulnanIsNaNASUTDINIE
(recombination) waglananisuuvin (galvanomagnetic) Feannsnasunglasmoluil

B Physics { EffectivelntrinsicDensity (Slotboom) }

1AS9ET U UNFINULALYBNINANIUTgNNMURegly EffectivelntrinsicDensity
Tngwsnaziaantyluinavad Slotboom QULAaNInuAaLTaNWULMTBUNY WANANSAUN
WITIALNDT) ¥99INNANU (band gap) WALAITUNUINLUUFD UL NVDUVDILAUNH U
(band edge density-of-states) agn3iu8gluAUNUIMUUBUNTUTA (intrinsic density
U nd! L% d‘ ' =)
n,(T)) (@ whuansnedau 1Mlgnide)

2kT

E, (T)J

(1) = IV, Dep [

o n,(T) AomunUILLUBUYSUTA (ntrinsic density) (lufn bandgap narrowing)
N, (T) Aernmunuuuaniugvesinuu 1(Conduction band density-of-states)
N, (T) ABAUMUILLLAN UL YOILOUILALT (Valence band density-of-states)

L (7) Aevernandanuduniuda (ntrinsic band gap)

E
k Aeaasiluanasiul (Boltzmann constant)
T fogumad

]

LLa AUNUIL UL TS UEAtHa (effective intrinsic density) (mm bandgap narrowing 7
Fufunside (doping-dependent bandgap narrowing)) %iu‘uma

My =1, €Xp P (3.2)
: 2kT
oR R, o Aona1uvuIwuudunIudadena (Effective intrinsic density) (A® bandgap
narrowing)
E,,, R Bandgap narrowing
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WU EInUAUNUIRUUBUNSUTATUNSAUNTNI510052AUaILLAANAIIN bandgap
narrowing AaLLS1EINITONIYBIININGIUSwa (effective band gap) Avdun1sanasves
9419NE1ULAY bandgap narrowing laanaung

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

5%
v

= A ! ' (% =2 a a
%1 E (T) fevenamdsnuiiuivgumgiivesandia n 1wialag

aT?
T+p

(3.4)

E(T)=E,(0)-

log E,(0) Aevesnnandsnuiigumnil 0 1nadu @iu o way B Aeaasi (seylupnsne
3.1) AP NNANUAINTOMNIARIN

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

g

[y

% E,, udz SE,, vodliaa Slotboom @ 1iuTanganeuavgnszylun1snei 3.1

% [

& U bandgap narrowing #ufunsidelu Sentaurus Device H3UnuUAsl

E,, =AE; + AE;"™ (3.6)

bgn

4 AE; %Qﬂ'ﬁz‘@mﬂuLﬂaﬁlj”ﬂ,ﬁaﬂ%ﬁuﬁa Slotboom (Bandgap narrowing (Slotboom))
AE;™ wunslvadfives Fermi uwnuadfves Maxwell-Boltzmann LiloanvaRanainlu

N13A 1MUY bandgap narrowing

18 bandgap narrowing & 1uluaaues Slotboom [42-43] A

2

N
+ || In| =2~ || +0.5 (3.7)
ref Nref

tot

0
AEY =E, | In

W N, ABAUINVUNISIADNIMLA (Total doping concentration, N, =N, + N, ;)
E
3.1

WAz N, AofuUsn1eian (material parameters) @ MUTAABULALAAIRINITI

ref ¢f
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[ aa

M1319% 3.1 Fudsa WIWATIEN bandgap narrowing @ 1MUlAnTAADY

Symbol value for Unit
Slotboom model
Ey 6.92x10° eV
N,, 1.3%10" cm’
a 4.73x10* eV/K
B 636 K
E,, 1.1696 eV
OF,, 4.795%10° eV

WazA1 bandgap narrowing A1NaRRYeY Fermi (Uszanaumgaumnil 300 1nadu)

. N,N N N
AEgFerml = k300K In (V—C} + }71;12 [_AOJ + ]71;12( D0 J (3.8)
A,OND,O NV NC

F9 N, Feanununukuuaniuzlulauiaus (Valence band density-of-states)

N, feanumuuuaniuzluuauu 1(Conduction band density-of-states)

2

P

v v ¥

N, ﬁammmmummmaﬁag%’u (Chemically active acceptor concentration)
Ny ﬁammmmu%maﬁﬁaﬁiw (Chemically active donor concentration)
F,,, AoUsWusvoalsdunnisnszatsatniuanfesil (Integral of distribution

function; for Fermi statistics) #3aUsnusinesiounu ¥ (Fermi integral of order ¥5)

" Physics { Mobility ( DopingDependence (Masetti) HighFieldSaturation (Canali)
CarrierCarrierScattering (ConwellWeisskopf) ) }

amWﬂéawmwmz%izqﬁaamé"q Mobility e?iaLﬁjumiﬁzqamwmamqwqmﬁ%
idnnseuuarlsa Inslundsilisanunsnszylnaanweaoswesmvglaunnnuiduna
51ﬁmﬁszqamvméwuaawmzmﬂﬂimﬁﬂmma ANNARBIVBINMETUANANTY (11, 15,
L) @mduiieans (bulk), anmaseswesniveiing (Surface mobility), LL@%%UU’NG] (Thin
layers) 3z9nu mi’mﬁﬂ%ﬁﬂg%aﬂ Matthiessen (Matthiessen’s rule)

=4+ —+.. (3.9)

wazandinslylunansdudinauulnninnungs (High-field saturation) @n1mAaeIves
wvztuganezgnaadudesiuneu Sudulsnanmaasivesmveauulniay
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WUAN (42,,,) JTYNNIMUANINANNITT (3.9) SUFAUABUNANTNARBIVBININETUGANIEAZYN
A 1mngesmidulanduvesusedu (driving force) (F,,)

p1= [ty Fr) (3.10)

Tneluwmagninaassve sz fausnisdenlafie DopingDependence daiiiu
TUAANITANAIUDIAN TNABBIVDININY (mobility degradation) dlosnmsnsuieiuansie
wiedudauu (impurity scattering) t51aidonlalumaaninaasswes Masetti daduluna
1nsgIua U Tanansiadu 1Fmeu

lumannsgiuiignlelag Sentaurus Device {DIABIANINARDIVBININENTUAY
n13t30 (doping-dependent mobility) ludidaaugnu Neuelay Masetti wazansy [44]

luconst - luminZ lul

c + - (3.11)
NA,0+ND,O] 1+((NA,0+ND,O)/Cr)a 1+(C.S/(NA,O+ND,O))ﬂ

/udop = /umml exp[

ANINPADY .., A, WA 4, AMNANIUNISLEE (doping concentration) P, C, Way
C,, Wagfienn 104 kag B QNN MMUARIATIN3.2

M157991 3.2 faUsansgIuE WEULIeaYed Masetti

Symbol Electrons Holes Unit
Hiint 52.2 44.9 cm?/Vs
Hoinz 52.2 0 cm?/Vs

A 43.4 29.0 cm?/Vs
P, 0 9.23X10' cm’®
C, 9.68X10' | 2.23%x10" cm’®
C, 3.43X10%° | 6.10X10% cm’
a 0.680 0.719 -

B 2.0 2.0 -

AIUANINARDIVBINIMENNTITBTEAUM (low-doping mobility) ., 3¢aNTEUAIElLLAG

4N1MARBIAST (constant mobility model) Faduluinaaninaaesuiunisnszideann
Inugwniu (phonon scattering) Aetiumluinadsuivgaumgiivesuaniiviiiesosnaiie?

T <
=4 | —— (3.12)
luconst 'uL(3OOKj
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F9 g, ADANINAADIVEININZLLDI91NN1INIZIRIAUTHeuluLleas (bulk phonon
scattering) ANNINIFINVDL L, wAZAINN 189 ¢ Awgnuantlunisned 3.3

M151991 3.3 faUsUIRTEIUE WUTEADUYRLULAGANINARDIAIY

Symbol Electrons Holes Unit
U, 1417 470.5 cm?/Vs
¢ 2.5 2.2 -

TUMAENINARDIVBIN e NAUUIANIAMUINAT UBNAINLUARANTNARDINTUNY
ANUILVUYBIATIIBLAY 1dadanlulunaanineaoddnlunatuffoluadNINAABIYDY
WINENIUAUNITNTLLIITERINININEAUNINE (carrier-carrier scattering) laglaluinaves

Conwell-Weisskopf

-1

D(T /300K)™"

My = \/E

T ? -1/3
In|1+F| —— 3.13
"I (BOOK] (pn) 513

fuwds D uaz F aggnssylun1sned 3.4

A19719% 3.4 dndsvesling Conwell-Weisskopf & 14uTaADU

Symbol Value Unit
D 1.04x10% | cm?Vvis?
F 7.452X10" cm’?

Fuiulunaaninaaewe e inuuaud s fuaiazdseneuluaie Tumaanin
ﬂéaﬂﬁsﬁuﬁu impurity scattering, carrier-carrier scattering ag phonon scattering (N9
ﬂiuLf\]\‘ﬁ‘ULLUUUﬁ]uﬂﬂﬂ"l‘MumJEﬂuINL(ﬂa“UEN impurity scattering) 1NN Matthiessen 9%
7 ﬂ/ﬁ‘vuamwmawaﬂmemamaﬂwmmmLsum Alamnaeu s

1 1.1 (3.14)

lLl Tow lLl dop ll'l ch

am%’uimmaﬂ'ﬁéuéﬁ'aaﬂﬁwﬂéaqmaaWﬁwzﬁauWNIWﬁWﬂawuLﬁgugq (High-Field
Saturation) IuauWNIWﬂWﬂawuL%uqq muEaeesideuvesnnzarluladudaaiulaenseiu
aunnlwrinannold LLm'mmL%ﬁ%@luﬁaﬁm'}m%amﬁm Vi Tunanisduiadiaunslnlvinaany
Lﬁi’fuqq%ﬂizﬂaulﬂﬁ?aaimmaéaa 3 Tanafe lunadn nAaesase (actual mobility model),
TUAanN15UFI0IALLE (velocity saturation model) Lazlunaueuwsidu (driving force
model) ImsﬂuLma:u'1m3;§méuaqmfimﬁ’ﬁﬁumlWﬁmumLégqumﬂuimmaﬁuaq Canali
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lutnaves Canali [45] aéjwﬁumﬂgmmm Caughey-Thomas (Caughey-Thomas

5%
[y

formula) [46] s Usituivaamgl (temperature-dependent parameters) 1w1lU

9 Y

1
'LI(F;‘/A): (a+ )Iulow ; = (315)
o+ 1+((a+1)'u’"”’Fh‘9J

sat

B9 p,, vureisanimaassiauiuliniaiuwun (low-field mobility) idulsiaaanin

! dl * ! ¥ U U U dldg{ a
aaesvasnmgilyluneunun (u,,, wag u,) frennide g dududsidudugungd

~
bUBDNIN

T

Bexp
N 3.16
P ﬁ‘)(sooz(j (3.16)

Tngavesiiudsluaunisn (3.16) uagiuds a luaunisi (3.15) asuandeglunisnd 3.5

M1319% 3.5 Faudsvedluina Canali (AU195gIUE MTETAY)

Symbol Electrons Holes Unit
Bo 1.109 1.213 -
By 0.66 0.17 -
a 0 0 -

a Muluwanusidud v, vedluaa Canali (unaa w@aaeu) 9zgnn Muabe

sat — Vsat0
T

Vsat exp
V.. =V [%J (3.17)

FIAAWUTIUFNNTTN (3.17) FLHAAILUANTIN 3.6

o (Y a v <
A15199 3.6 AILUTNITOUAIVDIAINULID

Symbol Electrons Holes Unit
Viaro 1.07x10’ 8.37%X10° cm/s
vsat,exp 087 052 -

' (Y A v A [ .. . R a s @A
LagAININTFIUAMIVAUNNNVUNTBUTIVY (driving field or driving force) 8LanNAT8UNAD
(Wrsaanensilansnadiiu 1da n Mgnlvlunuide)
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- ' ¥ ! a s o Sa A . .
Faprunsgruasunuawin i luaiuinsifeunvesdneieosiitalou (quasi-Fermi
potential, V@) fiegnelutiuaiu mesh Nduiaiuda

Fiyn =|E] (3.19)

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

quﬂﬂm]aaa5LLm?ﬁm%ﬁmsmwaﬁuaamimamé’uﬁLﬁmmﬂ{amwéaﬂumﬁﬂ
Lﬁaﬂmﬂdﬁa@ﬁmLﬁaﬂ‘[ﬁglﬂu%ﬁﬂaw’?}uﬂu indirect band gap semiconductor Fatfunns
NAUNSUTENINI3EHU valence band uaw conduction band Tnensedsilemaiintulagin
ﬁywm&ﬁmswamﬂé’uﬁLﬁﬂsﬁuﬂy’wmiu%aﬂauﬁaLﬂumswamé’umu trap level siadu Tng
isnazlelumanisuaunduvas Shockley-Read-Hall (SRH) Tumaiilyesunanisuaunduniy
sEfundssuaniiinainvounnseslundn (deep defect levels in the gap) Inglu
Sentaurus Device %I%EULLUUW'@IUﬁ

2
np —n
Ry = P it (3.20)
z,(n+n)+7,(p+py)
a9
n,=n, . exp Evay (3.21)
1 ieff kT .
Ll
pL =N, . exp Ly (3.22)
Lo kT '

B4 E,,, AONAN9TEINNTEAUNGINUTDUDUNNTEY (defect level) WagssAUNEsuduns-

WA (intrinsic level) AuAsgILE WS@aReuRe £, =0

trap
a4 1MuN153 1@muumenslyatifveanesiiaunisi (3.20) avgniddeuntasdu

2
RSRH _ P = V0¥ pMier

net (323)
t Tp(n—'_]/nnl)—i_z—p(p—‘r?/ppl)
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o y, uay y, awgnazydu

" E, -E,
_ " ep(en ), g, = orn e (3.24)
T = p(-n,), 1 e
E —E
P 14 F.p
e Tl ) (3.25)
"P TN, plm,)., kT

[

pszAUNAIUAuesivedidnnseu (electron quasi-Fermi energy)

DITAUNAIUNIWBSHVIlEa (hole quasi-Fermi energy)

aurTIanve (ifetime) vosdifinaseu ¢, uaglea 7, wduiudsnaududade

Y9IN15L139a15 (doping-dependent), @13l WA (field-dependent) Lag gyl

(temperature-dependent)

S(T) (3.26)

T g (F)

= =
W ec=n v c=p

1ngv29%In N REUD9 Shockley-Read-Hall (SRH lifetimes) 13ufun15138a151U Sentaurus
Device 9¥N1809AINANUFUNUSYDY Scharfetter (Scharfetter relation) WaRIAIANATS
(3.27) a@ Wwiunsisenleauazlua 1dluauidnadu SRH (DopingDependence)

T =T, .
Tdop(NA,O + ND,O ) = Tmin + = e (327)

V4
N,,+N
+ A,0 D.,0
N

ref

FIANNINTFIUVRINILUTN) Aeuanslunngan 3.7

%
a [y

A9197 3.7 AFILU TR T IUYR9YTARNME Schockley-Read-Hall ATufunsiTeans
(doping-dependent SRH lifetimes)

Symbol Electrons Holes Unit
Tonin 0 0 s
T nax 1X107 3%10° s
Ny 1X10% 1X10% cm?
v 1 1 -
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wazarunTuivgamngdesgnnivualaefanduiivuiugamgll £(T) (@unisi (3.26)) &4

WaRaRaaNnTs (3.28) (Euilludagtuiinisedusluassguuuuniunisveass [47-48)) & 14U
ma3enlvauazlen 1&sluauidnadu SRH (TempDependence)

f(T)= [LJT (3.28)

300K

visouandluguvetenalmuuiua aglym 1d@0dusrRH (ExpTempDependence)

o R
f(T)=e (o3 (3.29)
F9A1V03 LU T, uae C %LLamagﬂumiNﬁ 3.8

M131991 3.8 ANNINTFIUVDIAIMUTAMSFUYIITIANINE Schockley-Read-Hall N1TuUAY

BRIVRI
Symbol Electrons Holes Unit
T, -1.5 -1.5 -
C 2.55 2.55 -

aruaaneiduaiuiidufvauulinvienisfintuvesauiulnmi (feld
enhancement) §99zany1983nNsHaNNdUI8S Shockley-Read-Hall TuuStanididauailvivia
Aranauge ilumsagiasanauliiuiuaUssang 3x10° annewuiiuns Tuuis
U%L’Jmmaaqﬂﬂszﬁ

Tuwaluauiaraunsossylagesguuuuie lmansmzgnraislnedfudnwngeg
(trap-assisted tunneling) 183 Schenk [49] uay Hurkx [50] 3slatmaves Hurkx Saanansale
mSnsIN1sTusazUanUasenine (capture and emission rates) lame amdunisiSenly
suaglyn "dsluaufdnaidu SRH (ElectricField (Schenk | Hurkx))

luwwauas Schenk %Qﬂizuluﬂﬁ%’uﬁéﬁuﬁummL%maaaum g.(F) Tuaunisvas

Finvomme Shockley-Read-Hall (aun37i (3.26)) lunsdlvesdidinasou g, (F) sgaglugy

(3.30)

g, (F)= {1+ (n@)*? \/ﬁJ; (oY (E —E, (h@jz

Eha, 2\E E, kT

E —FE —kT 2E —kT  E E
: 0hwok+’kln—’—oln

xexp| — +
hao, 2hw, 2hw, g, hw, &, kT 3

3
ﬂ_i_Ez _EO _E[Et _onz
he
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Iy E, ningfmdsnuvesmsasuseavlusussuvluaumaiviagaunan (Energy of

an optimum horizontal transition path) #aufiuaunvesauInlinLaraungily
anwazimelUl

Ey =2e, |er + E, + 5 ey |- (3.31)

Failnau &, = Sho, FeNdIUKEUAAIBYBILANTIY (attice relaxation energy), S fAod7
U32n9 U89 Huang-Rhys (Huang-Rhys factor), fiw, Wassnulnusudina (effective
phonon energy), E, ﬁawﬁuwé’ammamuémmmwmamé"u (energy level of the
recombination center), la¢ G)=(q2F2 /2hm®‘n) Aomduiilnasluvin (electro-
optical frequency) 7@ m,, Juniavesdidnasouvaziinanisganzaldlufinniswes

aunu (electron tunneling mass in the field direction) wag F fAeadnsivuvesauwnlumi
dwaumuaunisi 3.19) amduleaaunsamilalagunu my, A8 my, Loz E, A7y
E E

t

goff
amiudlanaseu E, asduiusiuszdunasnuaesseunnses (defect level) E

trap

¥99aUN15 (3.21) wag (3.22) lny

1 3 m, /4
E =ZE,, +-kTi| == |-E,, -(32R.-1*®*f (332)
2 4 m,

%9 R, AoA1nanIaldsndena (effective Rydberg constant) Wag E, , ADAIY83719

=E,~E,,)

an

g.eff

NalUL NG (effective band gap, E,

Tuluaa Rydberg vosfuauvukuudidnaseu n luaunis (3.20) sxgnunuiiaig

(3.33)

lng E, uaz E, wanmannuaunis (3.31) wag (3.32) @i p Naggnunuiludnvasiinaneiy
auiuds y, wag y, sl y, :n/(n+nr¢,-) wag 7, :p/(p+pref) AnsuA

unsgululanaves Schenk n,, uay p,, wlanniu 10° sgneunegNUIANLILALLAT,

o
E,,=0eV, §=35, uay hw=0.068eV

lumaved Hurkx Nignssylusulenduresdiusenaunisnsaneaismiuiudnnineg
(functions of the trap-assisted tunneling factor) g(F)=T

tat
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Nn 2 [ 3
r,= Iexp LA P (3.34)
) 3
Ianalaaslnguszuna
\/;E-exp[lfz} 2—erfc 1 EN” ~-E ||, E< En
3 2\ E
L =~ (3.35)
tat o _ N _ E3 N _ N _ N _
JrE-EY'exp| - E, + EAE, +%_VE erfe [E,}“‘\/E—Ej/“/\/E], E>|E

fwls E uaz E, avgnsvymn

E 1 \8mym k°T?

E= ny Eg=~—> (3.36)
E, qh
n
0, kTin 2> 05E,
ni
~ E 0.5FE
E ==r= c_m2,  E, <kTlhl<05E, (3.37)
kT kT n, i n, ¢
05E, FE
e _Zww o S kThh-
kT kT ? n,
39 m, Aewnansnzanzansvemmy (carier tunneling mass) uay E,,, Aendanuuas
JEAUNUANNINE (energy of trap level)

Tulinanisuaundy SRH filananunfavuetu amiugunsaiseasuuifgae
finnsanfissnsuannduitufuaurururesninieissesnadonnidu Weswnluns
9 PoslvULIRzaziasowesguvnll InsaranassuuugUnsalugainiingiif 300 tAadu T
9 Amneniidutvenmad £(T) Tuaunis (3.26) fAnfu 1 (9198wmuaunIsil (3.28) way
(3.29)) arumendidusuauiulnii esainnisludagunsnlusedunilulanilviia
ﬁUWJJlWﬁ/:JJWﬂ?WNL%Miﬁﬂﬁdﬁ’]éjwaﬁ (3x10° V/cm) 1513913150 Uszanaanauiid uy
aunlinl g(F) oy 0 dhififerasiiavesnvzamiunsuaunduiuy SRH atufunis

\OANSLNEDNNALD 7, =T,

yanaAlnanSHELNSUTES Shockley-Read-Hall finandluansmunansdudents
Tuwanisuaundudnuidunatiuife lumaniswaunduvedtonsniussiuiudn (Trap-
assisted Auger recombination (TAA)) Faidulamanisuaunduniu trap level wiloufu
Tunaves SRH waaziisrvestunneanusa Inglumadimuunanlunansuaundy SRH
Wz Couple defect level (CDL)
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BNIINTNAUNAUBUULDLTALALDUNUDBASINISHNANNGU SRH wa lifetime vasnvigluaunis
a oY
#1 3.20 AggnuNUInIY

—— (3.38)
1+7, /7"

T
—— (3.39)
1+z, /7"

[
[y

Tne TAA lifetime Tuaunis 3.38 wag 3.39 %?ﬁuﬂumwwmLLﬁusuaqwmsmmmsﬂszmm
1A [51-53]

1

TAA
n

~C*(n+p) (3.40)

1

TAA4
P

~C™"(n+p) (3.41)

Fayunvesdudseans TAA (TAA coefficient) CI* uay CI* aglinansgnumiu

1x107? cm®s!

FAUUTRIINTANUNSULUU TAA azitiu

2
Ly (3.42)
Tipm (”+”1)+(r"m](17+191)

1+7,/7, 1+7 /7

n

SRH __ np—n

net

Lﬁam1ﬂ’[,uﬂszmumsa';wquﬂiajaaaémaqa%ﬂazﬁmﬁa%uw%guaaﬂlﬁdﬁﬂ%nmﬁuﬁa
yudutudosiu feulugiunsnaunduissafinlumansnaundunuy SRH fienaiintiu
USamuNduiasEninsansnssiuazeenlee waznnuanundulaseninedianeunLas
sonluavosdanounlunme Tnglun 4

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

Tuwansuaunduiiidulimaiivaunuiainluma SRH esnfiiviesesneves
5&@6{8@%1’3@%Lﬁﬂﬁuﬁzﬁmw%a%mﬂwéaqmﬁﬂéﬁu (dangling bond or defect) fau3a
ﬁmmwléj’im'%LameéﬂﬁLﬂuQusjﬂaNmimamé’w%szﬁuﬁ’uﬁﬂ (recombination center
or trap level) Tnglunaiianunsowlulelafumnduiassmnsansisinun asaesuuas
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#1309 Yaud InendudassinislyansiiiuiugaillasasauyafunsHaunauLuy
SRH Tuiileans (bulk SRH recombination) Ans@sIN13
2

np—n’,
RSMI Ll 3.43
surfnet (n+nl)/sp +(p+pl)/sn ( )

2013

Era _Era
no=n,, exp[ ktTp] Waz p, =n,, exp[ k]t’pJ (3.44)

a mivadAulesidaunsazgnivdsuuladudnuusiforfufuaunissasnismaunduuuy
SRH Tutileans (aun1s (3.23) Inealuuaraualunissaunduiiinastufun oy
199a19,3071A7 (81989m1uNaYDS Cuevas am%’u%ﬁﬂauﬁQm%@?wwgam%’a [55])
Tnstanglunsdifinraurunisdefinisudsuulasiunumnduia lunadssdanus i
non1391aeIwUUDE1en Tu Sentaurus Device lunanuiiansuaunduiinafiduiuns

LI0ATILUANIAIEUNTT

N,
§=15, 1+ Sref N_l (345)
ref

g N, Aernuudvuvesansidengnlossluy (ionized dopant concentration) a3usauys

1

duq @ whulueaN ISNENNAUNRILUU SRH azuanslun1sen 3.9

A15199 3.9 FILUSVRILUARNSRNANNGUNEILUU SRH

Symbol Electrons Holes Unit
So 1X10° cm/s
S ey 1X107 -
N,y 1X10'6 cm?
v 1 -
E,. 0 eV

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

d 1ﬂz%’umﬁmewwamwumﬂaumLLaJmﬁﬂiuquﬂimmsﬁﬁam i519zlelunanis
YUAIWIMELUUNA1EN (Galvanic transport model) FadulumafionduaunisauRuILULY
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NIEWANITHNT-a0eLAa U ALWaNNTUAvaWILLIMANY U TaedsNnsenineaunIsyuas
(transport equations) vesdidnaseunazlaaiiiaiuniglugunsaiu iurauiainusas
Suefiinewve [55-57] memaiaunisenuukuunszkaivanunsalioudu

J, = 1,8, +u,

£

1 * 2 — * * —
— [,uaB xg,+Mu,Bx (yaB xg, )] (3.39)
1+ (,uaB)
dlo a=n o p
H, ADENINARDIVDININE
g, AennmesnszuailufnaninAaesvesv (current vector without mobility)

[, PRANNARBINIYMZYDI80aa (Hall mobility)

B ﬂanmmaimumu ﬂeu’mummaﬂ (magne‘uc induction vector)
B @ammmammmaimumu NAUNLLULEN

IPYENINARDIVDITDARILFUNUSAUANNAGBIVUTARELADU (drift mobility) AuaunT

Wy =T, WAE g0 =14, B9 r, WAy r, ABRIUTENOUNIINTEIT9Y0980AA (Hall
scattering factors) Tunsdlveailoddnou (bulk silicon) Alaenaliazing r, =1.1 way
r,==0.7

3.3 auuamﬂumﬁﬁaamuu

mifmaamuuaﬂmmaaaaLmeiumu’;%u 2zgnananinielanluiay
aurusimdndeus 0 9ude 0.5 wae JudusirusuaamEnvewimdna s 9
10 imselasanuduidsuatgunsaseaainazgnurlulvivuumdnansssanlng &
Q"LJﬂiﬂjfwgﬂLU%EJULL‘LJ@J&II’JLLUWiN 9 Ifﬂ&JL%Mﬁ]’]ﬂﬂﬂiLlJ?ilEJL!LL‘LJ@QWJ’]@JL%M%U“U@QgﬂUim
dosnmuauduiusvesssiuliinisoaa (@un1sit 2.31) uway nssuadeauu @unsi
2.37) MAntulugUnsalkun Ty Tanuie1eeme T AL NTILTa N IVZLAT AN W
ARDITEINIY FaiumenmamnaululnunnszuaTegUnstsoaauIRT fulsaiiiens
AwanenIInpUauBIDALMLIAN AT WAEITY PaewniinTnssaulafiuusiidudy

[ 7 ' ' (%

AULILVULALANINARDIVBIN VT UARD mmmu%usuaqgmﬁaa Togluauiduazninig
MassuvugUnsaiiifinnaoururesgiusedlurag 1x10° e 1x10' 93ABNABYNUNAN
wuRwas susunoinasdunsmiulsmelassasaimunzaunenismaululnunnseua
19l snslassas e duii s ananen1sn e UAUD IR BE UL LLLIAS ANIUNS
geometrical factor datiulunismaululnunussdunielnuanszuaresgunsnisoaa
wuhs Muuslassanssouiinanaioanmvasgunsal tnslunuidesdunnsguanes
auEnfidnenismalulnuanssuawazusail Feezmnswasuulasaiaudnluge 5
f4 160 Tulasiuns wWisununiswisuiisuseninansaiiasiaduvsuarnsdliasnsasuy

g1uselaenss neu1vzdunisiUisunlanlanunivesdigunsadaug 10 4 45



63

lilasiuns uagaameazifunaisuuasmenueniuiessesmassmisianzud 91nn
nasiadanszuaniureisass Tngazninisivasuudasaiadiueanaun 15 i 45
lalasiuns wdsanmandsmsdesiassfivmnzanads aoluandumvasedudanseua
AsfiaIme 9 esainusiunseualudaduiuy silamalagnssmegunsaiiiondea
UsngnisaimadeauunssuauassingmanseaalunisnevauemoauIukiingn faiy
navesUTnainszualusaiienatinansenunemevnalulvannszuavesgunsaiseaniuaf
ne TaglumsnassuuusasUAsuulasanszualudalurag 0.1 fa 15 faduond amiu
augameandunsnaeumInoUaLemoAUINLENTInTEMLLAS 1 TesgUnsalsena
wRsimnululnanszuawasnuaussiy e ndagunTainTI9d uauImuMANTA
wnesamsan T duauuumnlalufirnnaiiaonanosunsgnaswnoyuiiauiuusman
nszmlmiAnnismevausgegn uieffearnenduluniungveausmisuiminiioznos
nevauedlndiaelunsdifiauuusmnfintuiiamenisinavesnszua Tnglunimeansas
v MsAsuLUaITRIENILIMANR LA 0 B9 360 e TussuudBITEUNUAEY Tufe
SHUIU Xy WAYITUIY y-Z MBTLIAALILLIVANEDIAIAS 0.25 WAy 0.50 naan

| 75 um
|

L A

45 um

v CcC3 SC2 CCl SCI CcC2

' v ¢ s ' LY v
JUN 3.27 lassasevesgunsngenauuifeilylunisessds

Tun1591a89uU U MUAILe1fEN1591989n s A undamislasiast e A
gUnsngoaauuAsTiiuslaTIasenIagUTl 3.27 Hufte fienudn 5 lulasans Amun
a5 lulasiuns A1ue17 15 lulasiuns Tnguinvestananuaiini1uninauayend 5
lulasiues wazdan 1 lulasiums
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NAN1SA1a9 U

Tuunileznanfemanisaiasiuuugudnuuznisiriuasnanisnouaussme
AULIEN 99 UNIlE0AALLIATLATINAITAIABIUUTALY Sentaurus TCAD F9NaNTs
noUAUBINDAL LA Izgn I sl UTeTsUlrivnsaaauAALLANA TN TEUA
yiofifonsmeuvesgunsalulnuausedunagiunnszuanuaidu Tngnan1sanaoiuud
nazuandlmfiudsusngnisafiistunielugunsauazieanavesgunsaiinialulnue
WiEos wenaniaziinmseAusenaiinunensiasunlasiandsena 9 wazuansliuds
ArwduiustesiauUsiidinentsm mululvnvisaos

4.1 wan1sassuuuAdnwuzIslWiwasgUnsalzaaduuateuuy 5 1

NOUNIT9IADIUUUNITADUALBINBALINLILNANITIILNINTATINADUALE NI
ANIENTEUA-LIIRY (HV Characteristic) wasiigUnsnisoaanuafs lasisagninisuou
wssfudaum 0 9uds 1 Taam wluiidh cc1 Tudnwarludaluansun (forward bias) uay
ludageundu (reverse bias) uazianseualnlvinfids CC2 way CC3 wavesnmAnuMENI
lyviwesgunsniifouanulasiasnsonsds (sUTl 3.7) waefigousesmnuiouay 1x10' cm™
szuandaglugui 4.1

2.5
2 \
1.5
1
0.5
0 S
-0.5
-1
-1.5
=2
-2.5

Current (mA)

-1 -08 -06 -04 -02 0 0.2 04 06 08 1
Voltage (V)

JUN 4.1 SnuaiziannIeua-tianuYegunsugeaaluIfiuuy 5 93

AN YAUZIANIENTZUE- LLiaﬂumaanﬂimaaaaLLu’mwﬂmmﬂm'ﬁmaaqLLUUTusUm
4.1 FanwarmiouiuanAN Y UL IO IALYLETIIAT Luaqmﬂ’sﬂumsmaamw (TRl T2V
mlvxl%hmmmugﬂmmmaEJﬁMﬁsm*JNIﬁW (azqilily) uazasAeiiun @aneu) 1u
sesduianuuloniia uazaeiigUniniseaauuandilulafinisasssosduiale 1 lui
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gunsal uenainsesduiaszninslansuazarsfefiuiuinmds dufudigunsaieded
AudnuazsliiILuuFIa NIy nedgunsafinianumiunumiiu 496.25 leva
am%’umsmaaqﬁwumﬁaLLﬁqUﬂsaJ%gﬂLU?iauLLUmﬁaLLUwha 7 Lwiamé’ﬂwmzwmlva
yosgUnsaamunvzInf

4.2 wansINABILUUNIIRBUALBARRLNWIMANYasUNsRlgRRdILAAILUY
5 4

& MFUN3T RBIUUUNNIABUALDINDAULILIMANYOI9UNIAITOAALUIAS FIgUnsal
wgnludanszuanaiiniida cc1 mifuasmmsussdulvinseaadida SC1 uaz SC2 au
ANLLANANIYRINTE ARz TATITy CC2 uay CC3 MunuAMANFUT 4.2

©

JUN 4.2 MyTaussiulnhaenauazanuunnavaensELaniiniuuugUnIgenauuIf

dnn1sMauiiuguYesgUnsalseaauLIA axnumeTruaveausiiy Tasende
UsingmaniseaanilmAnnisazanuszanmzuinnta sC1 uay SC2 mlmsianunsnda
wsstulivingeanlafiaosdadinans @unsi 4.1) Fawanisanassuvunisnovauesne
ALIIENYBI9UNTRIBIRAALUIAILUY 5 9298 Sentaurus TCAD AlanngAnssuyesnis
AaUsingnisnieaalamamdnnisienan (U7 4.3)

y

it = Vser = Ve (4.1)

NAN1591ABIUUUNNIABUAUBIRDEUILLIIMANYeIgUnTIERAALLIR TugUT 4.3
wandlfudangfnssunisazauuszgnme taelugd 4.3 Wumsuansuinadiiinsazas
U5¢9 (space charge) Tuvaizluflauuuuimdndauiunuguil 4.3@) 1saglunumsazay
Usggnamzunda SC1 uay SC2 unmnndiaumdaniudagunsnludia y nugu 4.30)
meluigunsnlasuandmfiuiamsazanyszanmeuinada SC1 uag SC2 (Wnanseud
und) Tnslanduasiinssvnstauansdenisarauveaszquin luvnsilandvdesasuans
nsdzaNTeIUTEau
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(a)

(b)
JUT 4.3 n13azanyszann vz veagunIngeaauwiIfwuy 5 97 (a) suzlufiauiuwumansna
H1Y (D) VausTlauuLIaNARANI

ANNNANITINADILUY mmma%mamimauﬂiaﬁgwmﬂﬁmmalﬂmﬂﬁﬂ
Uiﬂﬂgﬂﬁﬂjaaaéé’qgﬂﬁ 4.4 dioludansvuaniitn CC1 luvaeiith CC2 wag CC3 m i
uns1ae wmedidnnseuazindouluiin —x uay x F9euNRuifnsELE MBnISNTEN 19T
usamalayin F, mnfaunuuumandanulufie v awuwinndnasnioi AAasLmE
F, Sulufie z uay -2 538maﬁ?’iwﬂﬁwmz%L’Sﬂmaugﬂmé’ﬂlﬂmuLLmLLiaaaLsu%éﬁuﬂu
LsadNssEMN SISl LAz LS N auamEn aum‘lﬁlﬁﬂmsazamaqwmwﬁ’aLLamﬂugﬂﬁ
4.4 Msavavvesnvedidnmsouasnieiuilninyssarsafuriutu ddusisamnso e
wsaulnwnAAnUSada SC1 wag SC2 Tn 1ilpsannsenansdasanarniouiaiioud
L%élﬂﬁ/;lu'laaaéhéaayasuﬁ’u&aagmamagj (NSaUALAT) mswmulu'gﬂLmuﬁwwzﬁaﬂfh
Wy “msn Mululnuansaiy”

UM 4.4 ununmnsiinUINgN1IueeaalugUNINERaaLLIRILUY 5 17

mamsmaaaqumimauauaa%ammmmﬁﬂmaaqﬂﬂsajﬁmmﬂu‘lumLLiqéfw'%a
LmﬁwmiugﬂmmLmﬁulWﬁwaaaéﬁmauauaqéaamuLLﬁLMﬁﬂﬁ]xLLamagﬂugﬂﬁ 4.5 91n3Un13
nevausdvosfigunsallulnunus sy LARINTADUALB LU AU TR UTUIAYe Y
auuuswiniiveu Fadulumuaunisussiuliheoaalneund (@unsi (2.31)
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-1.5
-2

q
-2.5
-5 -04 -03 -02 -01 O 01 02 03 04 0S5

B(T)

Ul 4.5 manpuauweAULLIVANTesUNIleRTLIRUY 5 12 Tulnuaussy
TuNANT3ITABIUUNNIRDUALDIRDAUINLLIMANTBIUN B RAKLIAS TilAT9mu
uenNUTINgMIABaAaTIARTuL Savuniiusingnmsainadesuuveanseuaintume
MINTINTUINITNTEBFIVDIANUVLIUUUNTEUA (current density) AFUT 4.6 aznu
Tuvasdilufauuunmdndnmunuguil 4.6(@) MInszarefivesnumILULNELaUS A
Tadh CC1 asfinanseaedludmosdiludnunsfiaugadu uaLilofgUnsaignauuLLivan
dinruludia y mugU 4.6(b) MsnItefveInNUILULN ST LI Tdn v AR5 T8
ugsdmiannn Ssamaluimnanszuaiiluaniuia CC2 way CC3 RnAuANA9fuTY
FruFannsnssynssuaiifaniadsaudlean

Al =1 oc—1ees (4.2)

(b)
JUN 4.6 AMUVLILLUNTERATRIRUNTANBRAARIRIUY 5 U7 (a) vaugluflauuuumnandn

N1 (b) VUZTAUIULIAANAANIY
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Mnauyfgiuiinaluluunay wilaynfanisuvsdanssuavesgunInisoaauuaia
fagnuustanszuasoniuanuda iesnanvnainesnisiaugunsniissasasanan
unugeaa Tnannsoamatvanuuminlusuuuiuiivesgunaila Smiludigunsal
pofinIsuUITINSEuALAzENTUNNULSTIIUAY iWlelnienenisassuuimeluladnaiun e
wntlgUnsniseasufaisdiiuuiinssuaiimniugunsaifiendenindsnuuresnsyualy
nsRpUALBITEALILILVAN TegUnsnilssnniinesiiinnszuasensuasanudn Tnediviieds
amsuludanszua uazdnasstiamivlaianuuanasvonszua ffuuainuuanmng
voanspuafintuisannsneiuislaandnngmsnnadosuuveansua

nuan13a PosvuiiAntuluzui 4.6 aunsneluisnngmaniiiatulugunsn
lanusuit 4.7 desgunsnisenauuinsgnlusamenseuansiiinnfits cC1 Tuwneiida cc2
way CC3 mniidunsnig wasliaumuuimmindamuiagunsaluiie y wmedidinasoud
\eufiiosanusemilaiilufie z Tada cC1 asgnusmausmdnnsenilufin —x awaln
mmgfinmdnadoufignidsnuvulunmuuuinsassusiduusdnsssrnusmliiuag
LSVNAUINEN é’qﬁuuéjfmwnﬁmﬁqﬁﬁmnszLLaaugaﬁLﬁ@mﬂwmz&ﬁﬂmau awfinnsanla
ilmadsavullufiefinsausunnedidnnsou femanaiinanutammiuim i
ATILANANIYINSELATonszuad LT DsN LT UG CC2 way CC3 Tasmsnauauasme
AUAIMANMBANILANATDINTEIAIT IS enT Ty “nameululvaenszua” g
novauodnuzdvmadudnauituiurnaveseuwdneuieiunismalule
w5y (5UT 4.8)

UM 4.7 ununmimsiiausngnisunsidesuuvenseualugunsageaauuifsuuy 5 9

23U 4.8 N13meUALDINEAUINLIIMENYDIUNIIBEARKLARILUY 5 47 Tivnanu
Tulnuanseua vieordedsngnisainnfenuuresnsuuadiiatuuuuuinslunisneuaues
poAuLIwENTY fdnvurnsnevaussiidudaay wileusugunsaiftendenmaideauy
yosnszualuuuasiuii 9 W [75] fafuuarusingnisumadoavurensualunuife
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ety Fearuisawrlyivaundugunsaanisiendeusingnisailunisnsiady
AUNULIMAN TSR UL Y UUAURA LA NATe
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-15
2
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0

05 -04 -03 -02 -01 0 01 02 03 04 05
B (D

JUN 4.8 N3neuaueImRAUINLIIANYEtRUNTBDRALLIAIMUY 5 17 Tulnunnseud

1%

HAN1ANABILUUV A UN L UIRUALSIAULAL I RUANTY LA Lﬁumamimaauwwm

UNTAIBDAALUIRIUY 5 TafiTivualaseasemuguil 3.27 fgiusesnaney 1X10'
08ADLABYNUIANITURLLNS Qﬂiué’aawﬂimamﬁ 0.5 finduany Wit CC1 uardinns
povauBIRDALINLIIMANTUYIS 0 i 0.5 waan Tudie y wag —y Faduiirfiauiausmanmm
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4.2.1 NANTINABILUUNITABUFUDIADFUINLAIWANYDIgUNTAlgaadLIRILUY
5 Taifignusesenanduduuandnefiu

M152IADILUUNTADUALDIABAUILUIMANYBgUN TAITDRRULIASTITgIUTDIA L
N9y asninanaaesiaglylasasnseonsdaniuguil 3.27 uarludanszuansd
vu1n 0.5 fadwout wilia CC1 Tasdgunsaiazgna neantelamuiNaILImENRILe

0 Ude 0.5 waan luiid y uae -y uazdiguninazgniuisuiuaininuuuvadgusodsaue
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gﬂﬁ 4.9 UNUNINLLEAINITY 'aaaqumimauauamaammmmﬁﬂsuaaqﬂﬂimaaaml,maﬁﬁ

v v

FIUTNATIU LYLVULANAIIU

mamimaaqLLUUmimauauaamaaummeﬁﬂiﬂ,ﬂmmLLsQﬁumaaqUﬂsmaaaaLLmﬁa
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(2.31) Adupruduiusuuunndy JmnlngunsagoaauuiffiiAuNIYeIgIUseegadl
wserulrivheeaananas aewgilanulilunsnesvaussamivinunuswiuisanaiioniny

Y v

\UNYUYBITIUTOIGUY (AN5199 4.1)

A19197 4.1 freeneanulilunisnevausweauiuwumantuluunusiuvesgunsugeas
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WUIFRAWUY 5 97 NHIFINTIANLINVULANANAY

Concentration
e lel5 5el15 lel6
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Current-Related
Sensitivity of
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Voltage mode

(V/AT)

d MUNIIADUALOIRNDAUILLILWANUIANANTZULATEIUNTBORALUIAIUY 5 137
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11UTDIANUILIUA 9 zuanseglugun 4.12 uay 4.13
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Icci: 0.1 mA > 1.5mA
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1. Crystal properties
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PROPERTY VALUE UNITS
Structure Cubic
Space Group Fd3m
Atomic weight 28.0855
Lattice spacing (a, ) at 300K 0.54311 nm
Density at 300K 2.3290 g/cm’
Nearest Neighbor Distance at 300K 0.235 nm
Number of atoms in 1 cm? 4.995 - 10%
Isotopes 28 (92.23%)

29 (4.67%)
30 (3.10%)

Electron Shells 15°25°2p°35°3p°
Common lons Sit st
Critical Pressure 1450 atm
Critical Temperature 4920 C
2. Band structure properties

PROPERTY 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)
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PROPERTY VALUE UNITS
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 3.4 eV
Energy separation (Er) 4.2 eV
Intrinsic Debye length 24 um
Intrinsic carrier concentration 1-10% cm”
Intrinsic resistivity 3.2.10° Q-cm
Auger recombination coefficient C, 1.1.10™ cm®/'s
Auger recombination coefficient C, 3.107" cm®/s
3. Thermal properties

PROPERTY VALUE UNITS
Melting point 1414 C

1687
Boiling point 3538
Specific heat 0.7 J/ (g x°C)
Thermal conductivity [300K] 148 W/ (m x K)
Thermal diffusivity 0.8 cm/s
Thermal expansion, linear 2.6:10° !
Debye temperature 640 K
Temperature dependence of band gap -2.3¢* eV/K
Heat of:
fusion / vaporization / atomization 39.6 / 383.3 / 452 kJ/ mol

4. Electrical properties

PROPERTY VALUE UNITS
Breakdown field ~ 3-10° V/cm
Index of refraction 3.42
Mobility electrons ~ 1400 cm’ / (V x s)
Mobility holes ~ 450 cm’/(V xs)
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PROPERTY VALUE UNITS
Diffusion coefficient electrons ~ 36 cm’/s
Diffusion coefficient holes ~ 12 cm’/s
Electron thermal velocity 2.3-10° m/s
Electronegativity 1.8 Pauling's
Hole thermal velocity 1.65-10° 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
5. Mechanical properties
PROPERTY VALUE UNITS
Bulk modulus of elasticity 9.8-10™" dyn/cm?
Density 2.329 g/cm’
Hardness 7 on the Mohs
scale
Surface microhardness (using Knoop's 1150 kg/mm?
pyramid test)
Elastic constants Cyy = 16.60-10" dyn/cm?
Cy, = 6.40-10™ dyn/cm?

Cyq = 7.96-10™

dyn/cm?
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PROPERTY VALUE UNITS
Bulk modulus of elasticity 9.8-10™" dyn/cm?
Young's Modulus (E) [100] 129.5 GPa
[110] 168.0 GPa
[111] 186.5 GPa
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AMANUIN V.
Adeaiildlun1ss1asauuudle Sentaurus TCAD

IumimaaaLLUU‘Imaa%}Nu,agn’13mmusuaaqﬂﬂiajaaaéum€ﬁLLUU 5 44 15198l
adsiuvseanidy 3 @ Ao 1.adeilalunisasddaseasne 2.adsilalunisnisun mesh
waztaluilniulaseasns wag 3.adsamsuaasmeinssunidlwinlniulasasa Tog
froenan Hailuazuansanolu

1. Ardefildlunmsadralaseasng
1.1 mdsidlunsimun layout Tiulaseadng
============== Layout Dimension ===========
( Written by Prolyt-ISE on Tue Oct 29 14:08:01 2013 ),
( Prolyt dim: 0 65000 75000 100000 );
LM1;
( Prolyt M1 #00ff00,stipplel );
P 1000,9000 1500,9000 1500,8500 1000,8500;
P 2000,9000 2500,9000 2500,8500 2000,8500;
P 3000,9000 3500,9000 3500,8500 3000,8500;
P 4000,9000 4500,9000 4500,8500 4000,8500;
P 5000,9000 5500,9000 5500,8500 5000,8500;
LSIM3D;
( Prolyt SIM3D black,stipple1 );
P 0,10000 6500,10000 6500,7500 0,7500;
LIMP2;
( Prolyt IMP2 #ff0000,stipple1 );
P 990,9010 1510,9010 1510,8490 990,8490;
P 1990,9010 2510,9010 2510,8490 1990,8490;
P 2990,9010 3510,9010 3510,8490 2990,8490;
P 3990,9010 4510,9010 4510,8490 3990,38490;
P 4990,9010 5510,9010 5510,8490 4990,8490;

1.2 frdeiilFlunsiuntunaunszuIunsadig
========================= Process Flow ===========================
environment (title : "Magnetic Sensor", save : true, grid : true, debug : false, check1d :
false, analytical : false, simulator : sde, mask : Struct {

masktype : prolyt;



107
maskfile : "";
scale : 1;
domain : "";
dimension : 1;
stretch : "
}, region : "SIM3D", coordinate_shift : true, output : "n@node@", node : "@node@", side
: front, graphics : true, depth : 200 um, user grid : default, grid refinement : Struct {

dios : "repl(cont(maxtrl=5,RefineGradient=-6,RefineMaximum=0,RefineJunction=-
6,RefineBoundary=-6))";

Sprocess

sde : "";
tsupremd : "
}, tsupremd _delta vertical : 0.5 um, tsupremd delta_horizontal : 0.5 um,
tsuprem4 min_vertical : 0.1 um, tsuprem4 min_horizontal : 0.1 um);
substrate (dopant : "phosphorus”, concentration : 1e16 /cm3, resistivity : 0 ohm-cm);
comment (text : "Added process flow header");

insert (dios : "

", sprocess : "

, sde :
(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 @xj@)
(define NDope 5e19)
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(define PDope -1€20)

(define NDopant (ChooseDopant NDope DopantList))
(define PDopant (ChooseDopant PDope DopantList))

" tsupremd : "

");

insert (dios : "

", sprocess : "

, sde :
(sdedr:define-gaussian-profile

\'DP.IMP2\"  (ActiveConcentration NDopant)
\"PeakPos\" 0

\"PeakVal\"  (abs NDope)
\"ValueAtDepth\" 1el6

\"Depth\" Xj

\"Erf\" \"Factor\" 0.8)

(sdedr:define-gaussian-profile
\'DP.IMP1\"  (ActiveConcentration PDopant)
\"PeakPos\" 0
\"PeakVal\"  (abs PDope)
\"ValueAtDepth\" 1el6
\"Depth\" Xj
\"Erf\" \"Factor\" 0.8)

" tsupremd : "

u);
pattern (layer : "IMP2", polarity : dark_field);
insert (dios : "

", sprocess : "

, sde :
(sdepe:implant \"DP.IMP2\" )

" tsupremd : "
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");

anneal (time : 30 min);

etch (material : "resist", etch type : strip, etchstop : "default");

deposit (material : "aluminum”, thickness : 1 um, dopant : "default"),

pattern (layer : "M1", polarity : light field);

etch (material : "aluminum”, thickness : 1 um, etch type : anisotropic, etchstop :
"default");

etch (material : "resist", etch type : strip, etchstop : "default");

2. Ardeildlunsivun mesh uaztalndinlviulnseadag

================ Mesh Refinements Box ===============

(sde:open-model "n@previous@.sat")

(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))
)

; o= ======= Reﬂnements oS-SS =—==—=====

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



)

; Refinement Boxes

)

(sdedr:define-refinement-window "RW.CC2"
"Cuboid" (position 14.5 94.5 198.5) (position 20.5 100.5 200.5) )
(sdedr:define-refinement-size "RS.CC2"
2.0 2.020
0.10.10.1)
(sdedr:define-refinement-function "RS.CC2"
"DopingConcentration” "MaxTransDiff" 1)
(sdedr:define-refinement-placement "RP.CC2" "RS.CC2" "RW.CC2" )

(sdedr:define-refinement-window "RW.SC1"
"Cuboid" (position 24.5 94.5 198.5) (position 30.5 100.5 200.5) )
(sdedr:define-refinement-size "RS.SC1"
2.0 2020
0.10.10.1)
(sdedr:define-refinement-function "RS.SC1"
"DopingConcentration" "MaxTransDiff" 1)
(sdedr:define-refinement-placement "RP.SC1" "RS.SC1" "RW.SC1" )

(sdedr:define-refinement-window "RW.CC1"
"Cuboid" (position 34.5 94.5 198.5) (position 40.5 100.5 200.5) )
(sdedr:define-refinement-size "RS.CC1"
2.0 2.020
0.10.10.1)
(sdedr:define-refinement-function "RS.CC1"
"DopingConcentration” "MaxTransDiff" 1)
(sdedr:define-refinement-placement "RP.CC1" "RS.CC1" "RW.CC1")

(sdedr:define-refinement-window "RW.SC2"
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"Cuboid" (position 44.5 94.5 198.5) (position 50.5 100.5 200.5) )
(sdedr:define-refinement-size "RS. SC2"

2.0 2.020

0.10.10.1)
(sdedr:define-refinement-function "RS. SC2"

"DopingConcentration” "MaxTransDiff" 1)
(sdedr:define-refinement-placement "RP. SC2" "RS. SC2" "RW. SC2")

(sdedr:define-refinement-window "RW.CC3"

"Cuboid" (position 54.5 94.5 198.5) (position 60.5 100.5 200.5) )
(sdedr:define-refinement-size "RS. CC3"

20 2020

0.10.10.1)
(sdedr:define-refinement-function "RS. CC3"

"DopingConcentration” "MaxTransDiff" 1)
(sdedr:define-refinement-placement "RP. CC3" "RS. CC3" "RW. CC3")

(sdedr:define-refinement-window "RW.Sub1"

"Cuboid" (position 0 75 195) (position 75 120 200.5) )
(sdedr:define-refinement-size "RS.Sub1"

20 2020

0.10.10.1)
(sdedr:define-refinement-function "RS.Sub1"

"DopingConcentration" "MaxTransDiff" 1)
(sdedr:define-refinement-placement "RP. Sub1" "RS. Sub1" "RW. Sub1" )

(sdedr:define-refinement-window "RW.Sub2"

"Cuboid" (position 14.5 94.5 195) (position 60.5 100.5 200.5) )
(sdedr:define-refinement-size "RS.Sub2"

1.0 1.01.0

0.05 0.05 0.05)

(sdedr:define-refinement-function "RS. Sub2"
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"DopingConcentration” "MaxTransDiff" 1)
(sdedr:define-refinement-placement "RP. Sub2" "RS. Sub2" "RW. Sub2" )

—- CC2 contact:

(sdegeo:define-contact-set "CC2" 4.0 (color:rgb 1.0 0.0 0.0 ) "##" )
(sdegeo:set-current-contact-set "CC2")

(sdegeo:set-contact-boundary-faces (find-body-id (position 17.5 97.5 200.5)))
(sdegeo:delete-region (find-body-id (position 17.5 97.5 200.5)))

-~ SC1 contact:

(sdegeo:define-contact-set "SC1" 4.0 (color:rgb 1.0 0.0 0.0) "##" )
(sdegeo:set-current-contact-set "SC1")

(sdegeo:set-contact-boundary-faces (find-body-id (position 27.5 97.5 200.5)))
(sdegeo:delete-region (find-body-id (position 27.5 97.5 200.5)))

;-- CC1 contact:

(sdegeo:define-contact-set "CC1" 4.0 (color:rgb 1.0 0.0 0.0 ) "##" )
(sdegeo:set-current-contact-set "CC1")

(sdegeo:set-contact-boundary-faces (find-body-id (position 37.5 97.5 200.5)))
(sdegeo:delete-region (find-body-id (position 37.5 97.5 200.5)))

;- SC2 contact:

(sdegeo:define-contact-set "SC2" 4.0 (color:rgb 1.0 0.0 0.0) "##" )
(sdegeo:set-current-contact-set "SC2")

(sdegeo:set-contact-boundary-faces (find-body-id (position 47.5 97.5 200.5)))
(sdegeo:delete-region (find-body-id (position 47.5 97.5 200.5)))

;-- CC3 contact:

(sdegeo:define-contact-set "CC3" 4.0 (color:rgb 1.0 0.0 0.0 ) "##" )
(sdegeo:set-current-contact-set "CC3")

(sdegeo:set-contact-boundary-faces (find-body-id (position 57.5 97.5 200.5)))
(sdegeo:delete-region (find-body-id (position 57.5 97.5 200.5)))

- substrate contact:

(define dfbool (sdegeo:get-default-boolean))
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(sdegeo:set-default-boolean "ABA")

(sdegeo:create-cuboid (position -75 -120 -200.0)

(position 75 120.0 @<200.0-Thick>@) "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 BND file
(sdeio:save-tdr-bnd (get-body-list) "@tdrboundary/o@")

: Save CMD file

(sdedr:write-cmd-file "@commands/o@")

; Build Mesh

(system:command "snmesh n@node@ msh")

3, Ardsdmsusiasmginssumsiniildiulaseadng
======================= Bjas Constant Current =======================
#if @lcclVecl@ ==

H#noexec

#endif

I(

if { "@Type@" == "n"}{

set Sign 1.0

set HFS1 "eHighFieldSaturation”

set HFS2 "hHighFieldSaturation”

set HYDRO "Hydrodynamic"

set IMPACT "eAvalanche(Okuto) hAvalanche(Okuto)"
set EQONS "Poisson Electron Hole"

}else {

set Sign -1.0

set HFS1 "hHighFieldSaturation”

set HFS2 "eHighFieldSaturation"

set HYDRO "Hydrodynamic"



set IMPACT "hAvalanche(Okuto) eAvalanche(Okuto)"
set EONS "Poisson Electron Hole"

}

)

Electrode {
{ Name="CC1" Voltage=0.0}
{ Name="CC2" Voltage=0.0}
{ Name="CC3" Voltage=0.0}
{ Name="SC1" Voltage=0.0 current=0.0 }
{ Name="SC2" Voltage=0.0 current=0.0 }

File {
* Input Files
Grid = "otdr@"

Parameter = "@parameter@"
* Output Files
Current = "@plot@"

Plot = "@tdrdat@"
Output  ="@log@"
}
Physics {

EffectivelntrinsicDensity( Slotboom )
Mobility (
DopingDependence(Masetti)
CarrierCarrierScattering(ConwellWeisskopf)
HighFieldSaturation(Canali)
)
Recombination (
TrapAssistedAuger
SRH(DopingDep)
)
MagneticField = ( 0.0, @BField@, 0.0 )

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

Plot {
eDensity hDensity
eCurrent/Vector hCurrent/Vector
Current/Vector
ElectricField
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 {
lterations = 25
Notdamped = 100
RelErrControl
ErRef(Electron)=1.e10
ErRef(Hole)=1.e10

Solve {
* Initial Guess

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

Coupled { Poisson Electron Hole }

* Initial base ramp

Quasistationary (
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InitialStep=1e-3 Minstep=1e-5 MaxStep=0.3

Goal { Name="CC1" Voltage=!(puts [expr $Sign*@Vccl@))}
)X Coupled { (puts SEQNS)! } }

* Change base to current mode
Set ("CC1" mode Current )

*- Ramp base to Ibmin

NewCurrentFile= "lccl newd 01"
Quasistationary (
InitialStep=1e-6 Increment=1.5
Minstep=1e-8 MaxStep=0.3
Goal { Name="CC1" Current=!(puts [expr $Sign*@lccl@]) }
){ Coupled { I(puts SEQNS)! }
CurrentPlot ( Time = (Range = (0.0 0.2) Intervals=10;
Range = (0.2 1.0) Intervals=20))
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Abstract

This paper presents a simulation of 5-contacts vertical Hall
device by Sentaurus TCAD. For study the effect of deviation current
which affect to output voltage of the device. A simulation of magnetic
field response to device was shown the deviation current which linearity
response to magnetic field. For n-type substrate concentration 10" em”
and 10" cm_s, the deviation current created voltage about 20-40 percent
of the total output voltage that mean the effect of deviation current is
one of the importance mechanism for 5-contacts vertical Hall device.
Sentaurus
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The Effect of Deviation Current to 5-Contacts
Vertical Hall Device
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Abstract— This paper presents the new model of 5-contacts
vertical Hall device. Despite of the induced force from Hall
electric field act upon the current along the contacts for induced
Hall voltage, there are some deviation currents from the middle
contact that contribute the Hall voltage. The deviation current
pass through the bulk resistance causes the voltage drop between
the voltage contacts. From this study for n-type substrate, the
deviation current created voltage about 20-30 percent of the total
Hall voltage that mean it is the importance mechanism for
vertical Hall device. Thisstudy used 3-D simulation by Sentaurus
TCAD.

Keywords—5-contacts vertical Hall device; Sentaurus TCAD;
carrier deflection

I INTRODUCTION

The 5-contacts vertical Hall device (5C-VHD) is usually
used for detect an in-plane component of magnetic field based
on Hall Effect and devised by R.S. Popovic [1]. The potential
applications range of 5C-VHD is large. They are widely used
in the fields of automotive and contactless current sensors. A
Hall device appears to be the most popular integrated
structures for sensor applications.

In the past, it has been analyzed and smulated 2D-3D
vertical Hall in a various ways [2-6]. They explained that the
Hall voltage was induced by induced force act upon the
horizontal carrier current in converse direction. Analysis and
simulation of 5C-VHD regularly neglected about the carrier
deflection which generated unbalance current to form
deviation current. Voltage of this effect may affect to output
device. However, the explanation about this effect is not
mentioned up to date.

This paper concentrates on a simulation of Hall device to
analytical study the effect from deviation current of this device
by using Sentaurus TCAD.

Il.  STRUCTURE AND SIMULATION OF 5-CONTACTS OF
VERTICAL HALL DEVICE

A. Sructure

The 5-contacts vertical Hall device basically consists of n-
doped silicon with five n+ electrodes at the surface forming a
sguare structure. The three electrodes (placed at both side and

Amporn Poyai
Thai Microelectronics Center,
National Electronics and Computer Technology Center,
Chachoengsao, Thailand

middle) serve as current input and current output contacts are
called current contacts (CC), whereas the signa electrodes are
called sense contacts (SC) which place between them.
Structure and dimension of 5 C-VHD is shown in Fig. 1.
Normally, device is fabricated in CMOS well which is into p-
substrate; therefore it is smulated at thickness 5um because it
is normal thickness of n-well. Concentration of n-well is 10"
cm® and n+ electrodes are fabricated by ion-implantation of
phosphorus 5x10%* cm for forming ohmic contacts.

P 65 um _
A Sum 5um
3 [] [] g
Q o
Y
L cc3 €2 ccl L1 CC2
&
0 n-type

Fig. 1. The configuration of 5-contacts vertical Hall device

B. Smulation

In a conventional uses, the device is biased constant current
thru contact CC1 whereas contacts CC2 and CC3 are grounded.
After applied a magnetic field in direction of paralel to the
device surface can be generated Hall electric field (E4) under
both sense contacts (SC1, SC2) in a z-axis (Fig. 2). This
electric field can be explained by Hall effect. Output voltage
(VMouput) Or Hall voltage (Vi) can conseguently be measured by
measuring the voltage between both senses contacts express as:

Voot = Ve —Ve, =V, (1)

output

where Vg1 and V2 are voltage of sense contact SC1 and SC2.



For analysis of magnetic field effects in 5C-VHD by
Sentaurus TCAD, the transport equation governing the flow of
electrons and holes in the interior of the device must be set up
and solved. To this end, the commonly used drift-diffusion-
based model of the carrier current densities and must be
augmented by magnetic fiel d-dependent terms that account for
the action of the transport equations governing the flow of
electrons and holes in the interior of the device, the Lorentz
force on the motion of the carriers[7]

1
1+(uB) )
Bx

g, )

@l

J,=n4,
[,u Bxg +u, Bx(lu

where

a=norp.

J, = carrier current density.

g, = current vector without mobility.
4., =the Hall mobility.

B = the magnetic induction vector.
B = the magnitude of this vector.

CC3 2 cc1 1

I CC3

© z

Fig. 2. The Hall effect in a 5-contacts vertical Hall device

Enal

The deviceis biased by constant current 0.5mA thru contact
CC1 and a magnetic field is applied along y-axis and varied in
the range of 0 to 0.4T which are conditions for 3-D simulation
of 5C-VHD. Afterwards, output voltage and deviation current
are plotted versus magnetic field.

I1l.  SIMULATION RESULTSAND DISCUSSION

The device model for this simulation is shown in Fig. 3
which is related to dimensions in Fig. 1 and the concentration
doping as mention before. This structure is designed as non-
conventional structure which has 5 contacts, 3 current contacts
and 2 voltage contacts by do not consider any mapping from
conventional planar structure. The potential distribution of the
device under applied bias 0.5 mA and magnetic field intensity
(B) iny direction 0.4 T is shown in Fig. 4. It shows the equip-
potential line that can be measure in the term of Hall voltage
output. Figure 5 shows the plot of output voltage (Vouput) OF
Hall voltage as defined in (1) to the magnetic field in y
direction between 0-04 T. The output shows linearly

dependence both in y and —y direction with the value of current
related sensitivity (S) is 84.2V/TA. The output voltages occur
from the induced Hall electric field in z-axis. As shown in
Fig.2, the voltage at SC1 is positive (for electron carrier case)
and SC2 is negative when the magnetic field in y direction is
applied. It causes by the induced Hall electric field from
current cross magnetic field vector. That was explained by this
model for 5 contacts vertical Hall device mechanism.

(1) (1)

Fig.3. 3-D Doping profile of 5-contacts vertical Hall device

Fig. 4. Potential distribution of 5-contacts vertical Hall device for
|c5120.5mA and B=0.4T

10

Vour’;}u{ (m V)

220 L L L L

-0.5 -0.3 -0.1 0.1 0.3 Q.5
B(T)

Fig. 5. Output voltage response of 5-contacts vertical Hall deviceto
magnetic field.



Fig. 6. Current density distributions of 5-contacts vertical Hall device for
lcci=0.5mA and B=0.4T

The current lcc; and lccz are measured during applied
magnetic field for investigation of the deviation current. The
current density distribution in the same condition is shown in
Fig. 6. It shows the equip-current line that can calculate the
deviation current 41. The deviation current is given by

Al :(Icczglccs) 3)

where lccz and | cc3 are current at contact CC2 and CC3 which
can be written as:

I e

looy ==+ A1, oy =522 (4)

Ccc2

where lcc is total biased current at contact CC1. Icc; can be
written as:

e = oo +lees Q)

CccL

Fig. 7 shows the plot of deviation current versus magnetic
field. It is linearly dependence. It means that magnetic field
induced force affect to some current under the middle contact
CCL

As device has some more affect from carrier deflection
which leads to equation (1) that can be rewritten as:

Voutpul =V301 _Vscz =VH +VAI 6)

where V, is generated voltage from deviation current.

Table 1 summarizes the simulation responses, Voupu, and
deviation current, 41, and generated voltage, V., from
deviation current which are calculated from (3) and (6),
respectively. The percentage of V, calculated from (6) is
shown in table 1. It shows that the voltage from the current
deviation has a significant of output voltage. The percentages
arein the range between 17.62 to 35.24 %.

0.8

04

Al (mA)

04 |

0.8 L L L L
-05 -0.3 -0.1 0.1 0.3 0.5

B(T)

Fig. 7. Deviation current of 5-contacts vertical Hall device to magnetic field.

TABLEI. Resultsof Simulation, Output Voltage (Vou),
Deviation current (41), Generated Voltage from Deviation
Current (V)

(1) 1)

B (T) Voutput (MV) Al (@A) | Va (MV) %V
0 0 0 0 0
0.05 2.10 0.10 0.74 35.24
0.10 4.20 0.10 0.74 17.62
0.15 6.30 0.20 1.48 23.49

e——6)
0.20 8.50 0.30 222 26.12
0.25 10.50 0.40 2.96 28.19
0.30 12.60 0.40 2.96 23.49
0.35 14.70 0.50 3.70 2517
0.40 16.90 0.60 4.44 26.27

Fig. 8. The mechanism of carrier deflection.

The deviation current caused by carrier deflection
mechanism is shown in Fig.8. The figure shows the carrier
electron of n type substrate flow from CC3 and CC2 to CC1.
The conventional current isin the opposite direction of electron
current. When applied magnetic field in y direction By, the
deflection current from the induced force F. in x direction
cause the carrier in the middle under CC1 deflect some currents



in x direction. The current lccs is greater than lcc,. The
deviation 41 is now negative value. This causes the current lccs
increased by 41 and the current Icc, decreased by -41. The
deviation current pass through bulk resistance R between
current contacts CC1 and CC3 creates more extra voltages drop
at voltage contact SC2. In the same way, deviation current —41
pass through current contacts CC1 and CC2 create less extra
voltages drop at the voltage contact SC1. The part of output
voltage from deviation current can be written as

Vi = (DR~ (4R @

Vg = 2(4NR. (8)

So the Hall voltage in 5-contacts vertical Hall device includes
the output voltage from this effect.

IV. CONCLUSION

The deviation current from induced force from magnetic
field of 5-contacts vertical Hall device was studied. It found
that there was the deviation current during applied magnetic
field. In spite of the output voltage induced by Hall electric
field, there were some voltages from the deviation current
including in the total output voltage. The percentage of this
effect by calculation is between 20 to 30 percent.
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Abstract—We studied the five-contact vertical Hall device using
TCAD at various depth of substrate. Two main mechanisms of
Hall voltage are induced voltage from Lorentz’s force and
differential current. At low depth, the percentage of voltage from
Lorentz’s force is much greater than the voltage from differential
current. The depth does not only affect Hall voltage by Lorentz’s
force but also affect contact differential current. The Hall voltage
and sensitivity of device are increased with substrate depth until
the critical value. The sensitivity of device is saturation when the
substrate depth is more than 70 pm. The output voltage from
differential current is 45% of overall output voltage at saturation
condition.

Keywords- TCAD; 5 contacts; vertical Hall; parallel magnetic
field; diffential current

. INTRODUCTION

The Hall magnetic sensor have widely been used in field of
automotive, medical, smartphone, and various industrial which
they are fully compatible with integrated CMOS technologies.
The most common Hall sensor topology is the vertical Hall
device [1], such device is a one type of magnetic sensor which
sensitive to a magnetic field in the plane of the chip. It is
resemble to the parallel field Hall microsensor [2]. Both
devices can detect a magnetic field in the same direction. But
both devices are difference structure which the vertical Hall
device consist of five contacts whereas the parallel Hall field is
designed as three contacts. Therefore they have a difference
principle to detect a magnetic field. Nevertheless, structure of
vertical Hall device was similar to the parallel field Hall micro
sensor cause additional phenomenon inside the device that is
extracted by TCAD simulation in [3]. Actually, such device is
designed with the deep N-well of High-Voltage CMOS
technology [4] or N-well of standard CMOS technology [5] to
prevent current injected in the substrate of a CMOS circuit and
also allow define active region. Furthermore it’s also fabricated
within N-substrate for discrete device. The vertical Hall device
is fabricated with difference technology cause a different depth
of active region, which affect to sensitivity of device [6]. For
this reason, the active region of device depends on depth of N-
well for each CMOS technology.

Generally, the output voltage of vertical Hall device is
described by Hall effect [1]. In such device, a magnetic field
also has an additional effect, it causes a differential current
affect to output voltage of device. Overall output voltages that
consist of both parts are Hall voltages from Lorentz’s force and
voltages from differential current [3]. The depth of device is

978-1-5386-0449-6/17/$31.00 ©2017 IEEE
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the significant parameter influence to differential current and
Hall voltage. It determines attribute current distribution and
canceling voltage at the rear side [6]. The principles of the
conventional five-contact vertical Hall device and additional
effect in order to let reader familiar with concept of device are
described. Then we concentrate on influence of depth effect on
differential current and overall output voltages, that extracted
by simulation. Finally, we conclude the result of the depth
effect to the device.

Il.  VERTICAL HALL DEVICE

A. Principle

The structures of conventional vertical Hall device (VHD)
consist of five contacts at surface. Each contact is heavily
doped to form Ohmic contact (Fig.1). The three contacts are
located at middle and outermost middle contacts. They serve as
current input and current output contacts which called current
contacts (CC) and both contacts are placed between current
contacts which called sense contact (SC) used for measure
output voltage of device. This device can detect a magnetic
field in direction of parallel to the device surface. In the
presence of a magnetic field, Hall field will appear beneath
both sense contacts. The Hall field was generated by
accumulation of carriers which drift through both sense
contacts. Such carriers are accumulated at upper edges and
lower edges of device between three current contacts (at both
sense contacts) in the antipodes direction. It is well known Hall
effect. Thus we can extract the Hall voltage from voltage
difference between both sense contacts (Fig.2a).

Owing to the device was designed to resemble a parallel
field Hall microsensor include three current contacts. Parallel
Hall field microsensor can detect a magnetic field based on the
current deflection effect. This effect cause imbalance current at
both side current contacts (CC2, CC3). Output voltage
responds to a magnetic field of the parallel field Hall
microsensor that can measure by connecting resistor to both
current contacts.

Fig. 1. The structure of vertical Hall device.
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Fig. 2. (a) Principle of conventional 5 contacts vertical Hall device. (b)
Principle of parallel field 3 contacts Hall microsensor.

The current deflection effect cause different voltage drop on
connected resistor (Fig.2b). For this reason, the vertical Hall
device with three current contacts (located outermost of both
sides and middle) and two sense contacts (placed between three
current contacts) cause both effect (Hall effect and current
deflection effect) in one device.

For structure of vertical Hall device, current deflection
occurs, it is unnecessary to connect a resistor to current
contacts. Because bulk resistance between sense contacts (SC1,
SC2) and current contacts (CC2, CC3) represents as resistors
(R12, R23) that connect between both contacts. Consequently,
output voltage measure at both sense contacts are consist of
Hall voltage from Lorentz’s force and generated voltage from
differential current.

oc— \p —>0

—

SC2 SC1

Ros

Rz

n-sub

Fig. 3.The couple equivalent resistor between sense contacts (SC1, SC2) and
current contacts (CC1, CC2).
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B. Sensitivity of vertical Hall device

As mentioned previously for the output voltage of the VHD
consist of Hall voltage (Vu) and generated voltage from
differential current (V.4) express as

1)

where V1 and Ve are voltages of sense contact SC1 and SC2,
respectively. For above equation can be used to define the
sensitivity of sensor (it is the capability of sensor to transform
the magnetic field into an output voltage or output current). We
have two sensitivities Sy and S, which depending on both
output quantity, Hall voltage and voltage from differential
current. Sensitivities of device can be express as

Voutput =Vsc1 —Vsc2 =Vh +Vy

S=S, +S, 2

here, S and S, can be given by
LR VA @)

\Y
Sy =—a- [V (4)

Since the current deflection effect causes the differential
output currents. Thus we can express sensitivity in the terms of
differential current or deviation current (A1)

A4l

Sa = [AT] (5)

The differential current can extracted from different
individual components Iz and lecs through contacts CC2 and
CC3 whereas Hall voltages and generated voltage from
differential current are extracted from overall output voltage.
We can discriminate V, from Vouput With roughly estimate by
Ohm’s law, which V, can define by differential current and

equivalent resistor between sense contact and current contact as
V4 =Vri2 =Vras = lccaRiz = lecsRas (6)
('ccz )(Rlz _AR12)_(ICCS)(R23 +AR23) (7)

For roughly estimate, we assume that the resistance Ri2 and
Ros as well as 4Ri; and 4Rj; are identical values since
symmetrical structure of VHD (in the absence of magnetic
field). The differential current is given by

VAI

leer — |
Al =—cc2 ~lees
2

The existence of magnetic field, a resistance of a VHD can
be changed that depends on the magnetic field. It is the
magnetoresistance effect. This effect is influence on the
resistance of Ri; and Rqzas well as 4Ri2 and 4ARzs, hence the
bulk resistance R1, and R2s are changed by 4R1; and ARzs.

(®)

1. SIMULATION, RESULTS AND DISCUSSION

In this section, we present the simulation of magnetic
response of VHD. The simulated structure of VHD depicted in
Fig. 4. The current contacts (CC1, CC2, CC3) and sense
contacts (SC1, SC2) are identical with dimensions Ic =5 pum,
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Fig. 4.The simulated structure of VHD

de=5 pum, and t= 1 um. The contacts were doped 10°cm3,
The gap between overall contacts is equidistant (5 um). The
effective area of VHD is thickness ds = 25 um, the length of
device is s = 75 um, and its depth is t. The depth of device t;
will be varied to achieve purpose of this work.

For simulation of VHD by using TCAD, we use galvanic
transport model to simulate the magnetic respond [7]. The
VHD have been simulated in 2D under condition of varying
magnetic field up to 0.4 T and biased constant current 0.5 mA
thru contact CCl. The magnetic responding of VHD by
simulation is shown in Fig. 5 and 6. We have simulated the
magnetic responding of seven VHD with various depth 5 pm,
10 um, 15pum, 20 um, 30 um, 70pum, and 150 um, respectively.

Fig. 5 and 6, It is clearly seen the output voltage (Voutpur)
responding to magnetic field and the differential current (A1)
responding to magnetic field are linearity and increase with the
depth. In other words, the depth is strongly influence on the
output voltage of device. From previously estimate before, we
can approximate the generated voltage from differential current
(V1) by equation (7) which V, are directly proportional to the
differential current (41). Therefore V, are increased by Al. V4
in term of percentage of various depths is illustrated in Fig. 7.

Fig. 7 represents the percentage of V. (%V.) at various
depths. The %V, is about 25 to 45% of overall output voltage.
In range of depth 5 to 70 micrometers, %V, has high variation
until the depth above 70 micrometers, it will be stable. The
deep device allows current distribute deep into substrate
whereas the shallow device will push the current enclose to the
surface. The devices which are deep enough will lead a
saturation of distribution current. Hence the depths over 70
micrometers are not increase the differential current. From
simulated results, we can evaluate sensitivity of each device by
equation (3) and (4). The sensitivity of generated voltage from
differential current, Hall voltage from Lorentz’s force and
overall output voltage are illustrated in Fig. 8, 9, and 10. The
results in Fig. 8 and 9 show various sensitivity of V., when the
depths are increased. The deep devices contribute current
distribution into substrate whereas the shallow devices restrict
current distribution into substrate. Therefore differential current
component are increased by current distribution deep into
substrate.
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Fig. 5. Output voltage responding to magnetic field of VHD.
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Fig. 6. The differential current responding to magnetic field of VHD.
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Fig. 7. The generated voltage from differential current in term of percentage of
overall output voltage at various depths.
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Fig. 8. Sensitivity of generated voltage from differential current at various
depths.
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Fig. 9. Sensitivity of Hall voltage by Lorentz’s force at various depths.
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Fig. 10. Sensitivity of device (sensitivity of overall output voltage) at various
depth.

The sensitivity of Hall voltage are varied by the depth as
same as the sensitivity of V. The maximum sensitivities are in
a range of 15 to 30 micrometers. Thus sensitivity of our
devices is mostly from Hall voltage in this range. Device which
has depth above 70 micrometers, the sensitivity of devices
from Hall voltage and voltage from differential current are
equally. For this reason, our VHDs which are deep enough will
have positive impact on Hall voltage and generated voltage
from differential current.

623

IV. CONCLUSION

In this study, we present the effect of substrate depth to
vertical Hall device VHD. The mechanisms of this device are
mainly from Hall voltage from Lorentz’s force and differential
current from magnetoresistance. We simulated VHD with
seven depths. The depth affects both Hall voltage from
Lorentz’s force and differential current. At low depth, the
percentage of voltage from Lorentz’s force is much greater
than the voltage from differential current. From simulation
results, the percentage of generated voltage from differential
current is increased when depth is increasing. In range of depth
5 to 70 micrometers, generated voltage from differential
current has high variation until the depth above 70 micrometers
generated voltage from differential current will be stable at
about 45% of overall output voltage. The deep device is
suitable for differential current mechanism hence it has positive
effect to sensitivity of VHD.
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