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ABSTRACT

This thesis study Magnetoresistor device base on vertical deviation current
mechanism for horizontal magnetic field detection or called parallel direction to the
planar surface of device. In this research, 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: substrate concentration (1014— 1019 cm73), dimension shape at width and
current contact spacing (5 - 50 pm), depth (5 - 170 pm), including bias current (0.2 - 3
mA). The overall simulation result shows resistance change of magnetoresistance
effect from current deflection that occurs within the device. All magnetic response
of magnetoresistance are linearity dependence with horizontal magnetic field at low
concentration and little response or say that is not responding in high concentration.
The unbalance between Lorentz’s force and Hall electrical force creates magneto
resistance. Other than, the variable aspect ratio, it can affect the response as well.
The result of the change in the shape parameters makes the trend of the device
design to be suitable for work. The optimal device for operation in current
mode should contain substrate concentration at the low (1014 to 10" cm73), width at
little (5 pm), length at much (50 ym) and depth is 20 um or higher, for
bias current at low (0.2 mA). The result of R/B], AR and %MR(B) is 331.82 kQ, 2.32 kQ
and 0.71 % at magnetic field 0.5 T respectively. 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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Year Effect Description Application
Magnetostriction-change in of Acoustic delay line
1842 Joule
ferromagnet with magnetisation. magnetometers.
Change in Young's modulus with Acoustic delay line
1846 -
magnetisation. magnetometers.
Torsion of a ferromagnetic rod changes
1847 Matteucci Magnetoelastic sensor.
magnetisation.
Change in electrical resistance with =
1856 Thomson Magnetoresistive sensors.
magnetic field.
A Torsion is created by a current carring
Torque and force
1858 | Wiede mann | ferromagnetic rod when subjected to a
measurement.
longitudinal field.
Magnetization effected by tensile or
1865 Villari Magnetoelastic sensors.
compressive strength.
Transverse voltage created across
1879 Hall current-carrying crystal by magnetic Magnetogalvanic sensors.
field.
Displacement of current to surface due | Position sensors.
1903 Skin
to eddy current. (distance, proximity)
Sixtus Pulse magnetisation by large Wiegand and pulse-
1931
Tonks Barkhausen jumps. Wire sensors.
Quantum mechanical tunneling effect
1962 Josephson SQUID magnetometers.
between two superconducting layers.
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™ Magnetotransistors

Carrier-domain
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F,=qvxB (2.3)

9 q 9

- = Ao oA v o a A =% o § w
Wesnnnvedssaniesaunianiivseamaliiiuliegmeiuaessiinfauinuazay 39l
frvosuwsinainanfinszyirdunivedsznidesriadfalifianiaiasediuiu ey
o’ - Y a a ' v = =
auuudmanwazauinliihaiunsafazasiadnsnadeniveuseald Jsaunisiiaiunsa
hanlgesuisusannsgyiiunveUseduiiloananauinyiassi 13endn “nOuIaeLsus”

(Lorentz force law) dauandluaunisi (2.0)

F, = qE + (g7 < B) (2.4)
gl F, fevnnwmeivesusudosnnauiulniuazauiuuidmdn, ¢ wansdamnmelszquse
aunaniUszgn sl (@ msudianaseu g = e dmsulea g=h T3 ¢ FevuIATRININE
Uszqdiannseu), E Aannwesauiuliil, v Aonnmesmnuiivesnmvedseq, war B Ao
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LORENTZ FORCE ON ELECTRONS

MAGNETIC
SEMICONDUCTORS INSULATORS
METALS

MAGNETORESISTANCE FARADAY
MAGNETOSTRICTION ROTATION

LINEAR QUADRATIC

HALL CARRIER MAGNETO- MAGNETO-

VOLTAGE DEFLECTION CONCENTRATION RESISTANCE

JUN 2.5 unugiisuldvesTannldduduwesuiivinuaznausingnisalsinge [9]
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F, =~4E~q|v, * B] (2.5)
F9 v, MeTIRNEeININEUTTUEE0UNABIANATOUTITAWMRANNINUIIABISUT F,

Wedoan15NnazinlinisiasiziluaisudaluinudaauuIngedy 151399

fudunsuusssaasud F, luaunsi 2.5) Wdadsurihfuwsamsdaih —gE Dy
—qEz—qE—q[vd xB] (2.6)

WvieUsEavseaunInlzaseidouilosnanaudlnihauya (equivalent electric field) E

a v U A

Tuirnasenfuiuiameaiussaalsudnsyin Wi — un ansaun1si (2.6) awla
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fArsaniunisusnawitansisitihisaesinul Ineuniudiusinanseualiiilvanse
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o, =hnl.q (2.19)
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Tuaumsi 2.20

o, =DPU,q (2.20)
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oc=¢q (,un +u, ) n, (2.23)
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o= q(n,un +pyp) = qu.n (2.24)
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NAUNIST 2.18 U507 VEUFUNT IAULALABN1SUNAUNITA 2.25 WAZAUNST 2.26

wnuashy

1 AV
—= O'[—j (2.27)
A L
wazALuNsIngUaun1sazle
L L
AV =1—|=1|p— 2.28
[G AJ (p Aj (2.28)

Feazmulanluaunish 2.28 Hunde npveslovulaeyialy wazaumsanudunuliiives

LV9ANSNARIUNTANNEN L A

L
27 @XM (2.29)
/ pA

Fearnaunisii 2.29 aunsafivedanauiuldaanudsdnglnihssriciaeiiaesos
whsansasihasusiulnensaiunssudlninilvenuusansissaidu Tnerasiivoss
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AuduiusaaNnTs 2.29 91 ngueslenis (Ohm’s  law) ileuvisansfiadiiifiud
AMAFAUIN A Slewindu T waz p=1/c 9naun1sil 2.29 Fsaunsafivzsidewdu

aunstndledu

(2.30)

pop L _ 1 L
T w o T W

e R A8 AU U ulndn , L fe 3u1nv99auey , W fe TUnau89aANnIg way

T #g YUIAVBIANNGINTBAIUNN

% 1
[V Y] 1 = 1

fatiuAANUAUNIU Az usg fuan e un Ui i@ waa1s NI waY

Y 9
<

sUnswwatTanuiansisind deiagiiiuriinvseussnnidertuiveliaanndunuliin



41

Mifusie Faausuniulnihfneduleny (Q) dwanindunuliihindiedu
Toviuuiuns (Q-cm) wag anmdhlwihdmhedudeledusufiung (Q-cm) ' wieena

al 1 = 6 |1 a
LSEN BLUUANDLYUALNAT (S /cm)

2.4.2.2 ANUAGDIAIVBINIMY (Mobility ; 1 )
AN NANARBIRITRINIUE (Mobility) Aenanfiilusnsidiuvesninuiin

aeevdeu (Drift velocity) fuawiliih E fauandluaunisi 2.31

Varifi
=— (2.31)
e E

1ae71A1AUAGBIFIVDINNEUsT T UBIANATOUITUVIUAIY £, UAZAIAIINAGDIFIVDY
o < > o 9 A 2 a g = !
wivgUsgamidulaanazunuaty g, dmsuniveuszandudiannsouninasgaiely

auulniidn E anunsanagmanininladalaannaunis 2.32

o, =n,qu, (2.32)
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=
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0
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o=n,qu,+ n,qu, (2.33)
d{' & a 1 d' I
Wa n, A US:LI’]EU@’J’]@J‘VM’]LLUU‘U@QWW%&BU%%‘\MLUUI@@

2.4.2.3 AMURUILUUVDININE (Carrier concentration ; 1)
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9 Y

a s 1 v
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Ny Py = n’ (2.34)
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AU NATINVDIA VUL UV MU ST ImUalunlaviiguTinnstussfeuviiugud
drudniuluansieinnihnliviansuuasivszqey 2 3ila Nde lessuilindeud was Wiy
Uszanindoun Feleesunluindeuuu laun sznenvesasiiovuiiiuosnoudsaiuse
= v a 1% = - = - Y
Maglieunindidnasoula (Donor) wag ormeuvetanslaUuMUusyneudaTaNILTY
aun1ABianaseauld (Acceptor) axilusellumiiii 3A vise 5A
Wesnnansnaiidnaziesdidniusrosszaitiunas AuNasINTBIAUNUIMLL

V8UTERAUILABWINAUAUNATINYBIAMUNUMUUTDIUTEIUIN AWAUNITH 2.35
N, +n = N,+p (2.35)

Wo N, A9 AMUKUILULYI0ERaURSU (Acceptor)

Y

=

4 A9 AUNUILULTRIREABUK I (Donor)

S

Ao SueunIRBaNATeY

p Ag WINeYNIALEa

£ a <

dmsuansieiailiusansviiadu (N-type) W 1o nlifileoaudisu (Acceptor

& o a

. Ao v & I <@ 1o I 1
ions) VliJ‘lJiqua‘U PNUY Na MNAUANY Lazd1uIudlanaseuazuINNINIuIulsallunels

Y

1%
v

10 (n>> p) Mtuaun1si 2.35 Js1alvulnilaeadl

n, = N, (2.36)
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dl < Y1 1 a s = o o a £ a [
NFANUNIIN 2.36 ’=ﬂ5Lﬁu‘l@’ﬂﬂ’ﬂﬂﬁ‘lﬂLL‘Ll‘Ll‘U’eN’e]Lﬁﬂ@i@usl,ua’]iﬂﬂﬁ]’]uﬁlﬂUiq%ﬁ‘(ﬁu@L'EJ‘L! (N-

type) 81aUszanalaliniuaunuIkiuvetenougl (Donor) Mildvinnisideitily dvu

[

Aumuwiuesleatuansisiliuigrsednou enauszunaldanaunisi 2.34 dadl

2 2

n; n;
p,= =
" on N,

n

(2.37)

dwsuansneimliviansuiied (Ptype) T avamuiuduveslaaluansiaiih

g1auszanalainiuArLILILYeIBERBNESU (Acceptor) Miliminnisidewly
==~ N (2.38)

waYANUUNLLULYRIBIANATaUYUTEINlARNENANT

AN 4 (2.39)
? 0N Wy '

2.5 Ua38an191A5985 198 S UBUNT AT T RN ASIIUAUIURULRANLUIA

(Geometrical factor of magnetoresistance)
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UsUs1ImMasTIadndndie Tnsanunsafiaznanwedaaulinly
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Rl miLLsméf’;ﬁuaqwmzﬂisqazLﬁm%uiuﬁﬂwmzﬁaamﬂé’aqﬁuﬁ’umwm%’mmum&m
yotusuasAhthdndmiimaudsusasiidenadesiuiulumaudumuifiGentui
Usingnsaluundladaunuvineiidnd oduniuda) uasduiilanduseanudiumiu
p,  dludnnsdindudinveuduansiefinfiidnvasduvuingaduninnig
Wasuwlaswesrauiunuasfiuinntuninfudesainmadeauuresnssuaimun
Tneludruildnaaniiesilininasuulasmanuduniuisgnifenduiwsmngnisal
winilp3Fauawinnaddsuiadasnads Ssusngnisaiuunilniaumuiluuduansn
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WenvrasureiaunngmMsaiuunilasTawnusily “danane” uruansiaiailigdswe
wuzelilansuisuamesiassaiiomegusdudssuirdinvesunilaigaunu &

wiawasfsnandtignivualagaunis

_ _R(B)

= 2.40
*= 2 (B) (2.40)

Tuiitl R(B) Wudenudumuvesuunilnddamesililituegfuguiamasmade 1#
MnmsInsewinssesduialosiudin (Ohmic contacts) eaesftrmumuktuauauindn
wiflen (B) waz R (B) wanedsrimnudunuvesdiuiiiestestuvesaveniidu
atfudvSouaufifaueilidain

Welagaseanuduiudveunawmes G, Aounthiiisnvziinisiniesives
Usingnisaiuunilaidaunuinagraudumsideiifeites Ssdeldinduanuazanly
N15WA1500189 51631 R(B)/R(0) vesaunsadlusunsudausvindinludnuuesng q

Taevluuarazidununasaunis 2.30

RB) _ p(B)

(2.41)
R(O)  p(0)

laef p(B) Wuanmsunuliindanawdevesianluwivaishsiindanvazuns 3alu

caa v % = w v & A P SN YY) & a a '
Q‘Uﬂiﬂﬂ/]llaﬂ@m%ﬂqumuq@%\‘]EJ']'JL‘UU@‘UUG\‘VI?@Nﬂ'ﬂ"IiJ‘EJ'TJV]vLﬁJf\]']ﬂ@IUULiqﬂQSNLWENLLﬂ

Usngnsadunniledfaunurinei@ndmingy p(B) = p, (B) wavaunisi 2.41 anasluidu

@ _ P (B)

(2.42)
R(O)  p,(0)

A nSunHuasNeit Al nvazaurundedu dustudusallaudunlisnde wSenasilu
fan anmaumuliindmanzandududaiazdeeriiunisiivuslivselasuannaunis
109 p(B) =1/0,(B) msnisunundsiananiasuaunisyn 2.41 waznisliuselosuves

aunsanminlniieesoly dsufazdudsaunisaiuans

R(B) _ p,(B)

R0 n 0 (1+43B%) (2.43)
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dmsugunsaifslaldvsaesdnunsdeildnanuundatu feffelunsdidursiuaunnds
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TngvUszanaioglutiasenineaiiléfuindeaunisil 2.42 wazaunsil 243 msldanudn
Ainswrvesdadunisudluinusuiradusnadavesuunileidaunuidsannisil - 2.40

(5]

gnsduANNiULEMTUgUn sl TuegiusUT e vz uanseanla AN

RB) _pB) 5 ) (2.44)

R(©0)  p,(0)

dususdnununiisyiiadunioudnwusuny (Plate-Like) 1Jugudmbsuyuain
R(B) = (I/ wt) p(B) usnamnduudnuiluanslugunisi 2.42 wagauluaunisi 2.43 61
I/w—0©,G, > 1 wagdmin [/w—0,G, > 1+ u; B> dtiudadenienuiisusne

Fasnadnvesuunilaidauauvidusnunianheilvanimiasaue

141+ 1w=0
12}

e 0.2
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tan Oy
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U
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svndeluwiuansieing G, =1 lufidfenumneildivsngnsaiundlansgawnun
yafifsuadasradenarardifisssnngnisaluunilnidausuimeRidnd intul uuiu
st 6 1< G, <1+ 2B wenniudlunsifiuduusmngnisaluuniled

a 6 § v A

Faupnuwineaildnd GalusingnsaluunilesBaununinilfiguiadasuatnuiediulsing
Fu uay G, =1+ 2 B vuneanuiniaesideusngnsalunilesdaunuviniand
wazdrngmaniuunlaidawnusinaifsuhadasnadaimunogilnusuasnisyie
tadelassaamadifsuludasnadinvesunilnidauwnuvidmiuifuniuidl
sUsrafumiloudnuazuiy (Plate-Like) ugUfivasusmainvesuiazsnsam 1/ w saq
LﬂumigﬂﬁwmaﬂmEFL%’mﬂﬁﬂ%%miLLmUﬁaamﬂé’aaﬁuﬁummﬂmu (conformal mapping)
Tnowadwsldiuazuandvidiuluzudl 2.16 wifimn 1 B* << 045 uag 1/w<<0.35

Tudwresilendu G, (u, B , 1/w) @unsafiagmanUszanailagsunis

G, ~ 1+ﬂ§132(1—0.54ij (2.45)
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wieufuANgnseingINATUNd 1 Wesidud wanteenliiulaunisussuinuenain
Y o o QM val < s | R a
panlananuldmsu G, Aladimsszuliluvnanuduwesauiuwlinanussinnlednaiam

waznstnluUssyndldau dues [27]



unil 3

N1591809LuUA8lUSWASY Sentaurus TCAD

& o i & I3 ' = d' A a & Y
Lu@‘VmGU’E]Q‘U‘V]ﬂQﬂa']'lugﬂgl,ﬂi‘lﬂ']iﬂaq'lﬂﬂLﬂi@ﬁll@@ﬂﬂigLﬂ%%uqsﬁﬂﬂﬁlﬂjqﬂ

A

Anudrrduegranndildlunissiassuuunsrulunsasauarn1syiausnlutaieyinla

o

nsuRgIfungAnssunalnivesgunsaleglunguinninimalulagansieiiiiuazves

Y o
a o

¢ A aa ¢ = d' & Ay Yo = 1 Y o aw &
QUﬂimLLNﬂUIG]ﬁ%aLG]EJﬁ "?NLﬂi@ﬁﬂ@mlﬂu’]ﬂi']IszﬂUﬂ']iﬂﬂ@']ﬂUﬂ’ﬂﬂUQqujﬂﬂﬂiﬁUUUﬂﬂ@

Qe

1UsInsu Sentaurus Technology Computer Aided Design wiofiSeniudn Sentaurus
TCAD [30] Tasun@iviluudalusunsudsnanildgmitnldlunumsiwingmaniuas
Imnssumaniiiodmiunmsduaiidenasianituneunssuiunsainsingunsaiuieie
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3.1 umi1 Sentaurus TCAD

Technology Computer-Aided Design %38 Technology CAD (TCAD) Wumnalulad
MsoonLUUMsABNTmes Sundugeqin TCAD muneds nsldgunsainenfinmosnion
fugondurfintelunisiasuy Tngluiuvesgranvnssudidnnseinduazansfsiaii
fureiifgUsvasindniiiiedesnmsfiasiauuasniudssansnmuesmaluladnszuiums
wAnuaznsruIuMIThanugUnsalinfinousamesiues mafiansanlusuvesgnamnssy
ansfadtiud TCAD gnimeglunguues Electronic Design Automation (EDA) v3efli3en
ffudn Electronic Computer-Aided Design (ECAD) ulunsanindasdiosininsenduisald
dmSUnN1TeenuLUUISTUUBLaAMIolndA1equInu1e A2081919U 1995591 (Integrated
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jlufsudondudunin wiudSust Tnsedestiodsndniligniiifesnisesnuuululasdy
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At mavue Wesndunaieainianussanansisinhmdusuvgalviilanunsonasd
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fun1siiesginageanuuunin fuailnig diudnuidsanveitendenldinalulad
ADURLABTANTIEYIIN910DILUY (TCAD) ununsadisnietu Ansginaunsaiostasan
Alddoasnazifiuanunnilunsidouarnisiauianssuiunmanuagnseuiunis
yhaugunsaiussianiafineudrnoinioudsdsmarliiAnanuindedslunszuiunisnan
wazeaniuusnme lagludiuveinisdnasawuunszuiumsainaszegluguiuures Process
TCAD  Tuvauzfidiuvesmsdtassuuumsidauvesgunsalansisinnihazeglugluvuves
Device TCAD usnanilfiresiiowesdifinuanunsofiasuandiiiuidndsznousiegii
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Usyduillosnanuaresauuuivgn savidludiuresnisiiassuuungnssumsliiives
gunsal WU TAgUnsavselaseasne, auulnd, nsswali Imsmimﬁ’ﬂimmaﬁugmmq
EREIGY

Sentaurus Wudnuilsenlduivieiluyainiesionisiasiuuudnussnnuiaiied
meld TCAD Fadlumsdraesnszuiumsaiisuaznsruiunmsvhavesgunsaiansiafni
TneyaiaTesilovianunues Sentaurus TCAD anansnfiagshmsudsesnifunguglddiuon 3
nauvdndanansliniuguil 3.1 Taslunguinilsazidungu Process simulation [32) {ungy
flddmsunmshassnssuiunsaivedluusasiunsulasfiagiadodiooginefuaoafud
AD Sentaurus Process Wa¥ Sentaurus Topography d’mlumjuﬁaaﬂ%ﬂuﬂﬁim Structure
editing (331 \Junquitlddmiviulassaiawesiigunsallaganduludnuurdadunoy
nsrurunsasealudsazsunndeiulunsdivesnauusn Svlunduiigesifvsfinesiiofo
Sentaurus  Structure editor LLaﬂUﬂzjquewﬁw%L‘ﬂuﬂa:maﬂ Device and interconnect
simulation (3] 1Hunguiilddmiudrassmginssumalniniietunelugunsallngld
Tunan e i@ndangg %ﬂlmdmﬁamﬁﬁ%ﬁLﬂ%qﬁaﬁa Sentaurus  Device, Raphael,
Sentaurus Interconnect Insaiadesiiafildvhniananlummniagldonkiumi Frame
work %aﬂizﬂauwﬁ’w Sentaurus Workbench, Sentaurus Visual Wag Sentaurus PCM
Studio

| V4 Framework
ProBess | Sentaurus Process N
simulation

Sentaurus Topography / y-

AT ———— T T et

- =TTy T T —w | Workbench

Structure c \
editing Sentaurus Structure Editor __ . {
e ———————— Sentaurus

J | Z
- r———— ——— — Visual

Device and
interconnect Raphael

e ———————————
simulation e e —

Sentaurus Interconnect

‘_"_'——-—-—_-——-——_"

Sentaurus
PCM

Studio

Sentaurus TCAD Suite

=i

U 3.1 youAdesiiovas Sentaurus TCAD
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dmsulunsinuifedenissiasuuiinaniisnasinsldoueiesdiondny A
#o Sentaurus Structure Editor Liteflaglddmiviugunsielassadrsvosgunsaiuay
Sentaurus Device @ msuldlunisdrasangnssunialuirsuludmginssuvesnis
pevAuBIAauILLImAN Tngisaiusafiazldunazguarein1s91asuuuHIuNIg
Sentaurus Workbench wa Sentaurus Visual fasuifennludauiiasndnluddudaluie

! Y = A A ayvo v = av o &
S(J@ﬂa'nLuuaﬂa'ﬂu‘ﬂ@ﬂLﬂs@ﬁm@‘mlﬂu’]@J'ﬂ‘ZN'WUIUﬂ'ﬁﬁﬂ‘l?ﬂ'.]zﬂEJV’W\TU

3.1.1 N1331ABIUUUNTLUIUNTTEIN (Process Simulation)
ludiuvesnisdnassuuundanuietosiutunauvenseuiunsasgunsalitian

(%

Juansisinhminaniitesuszneulumenszuiunismsetunauniggegduiunasduneu
P8 AI0E19LTU etching, deposition, ion implantation, thermal annealing uay

oxidation  IpeNIzUIUNITIINLAENAIDE190 M NAI LT UN1TT1ABILUUNITYINUN D FE

[ I

wnNIog UUNUgIUYesaNN IMiland dadludiuvesnisiiassuuunseuiunsainegunsel

o [ 2 o o Aa [ 2 A 1 1 1 1 A & aa o w
‘VI’D?IG]L‘U‘L!’a’ﬁiﬂﬂ@]’lﬂ']ﬂﬂﬁ]%L‘UUﬂ’W333’]\‘1‘1/]@§U1JLLNU§71\139\‘] bYU LLNU@WU?@Q‘VILUH‘U@@@U BRIAY

9

sevnuufaziluludiuninisdiastiuuvenssuiunisaiigunsaiansiaiitisgnud
(Mesh) IuxI309193263803N30A (Grid) kAI9QALNUNAIY Finite-element  structure

ianaglmhlulgamunisiwanluavusiely dwandlugun 3.2

DopingConcentration (cm”-3]

[ 5.000e+19

5.612e+18
6.300e+17
| 7.071e+16
7.937e+15
|8.50%e+14

1.000e+14

5UM 3.2 1A598379713918 094 UUNTEUIUNTAT V0T AADUY
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3.1.2 N1331893uUUIgUnIalansneRaLn (Device Simulation)

ludruvaanisdnasauuuidanuiertaiusigunsalfifagluansiiiuuieas

9

il lugenduases TCAD fsnamidvhlfisausafivginissiassuuunmauifimg
L9 sauludanisiadimislniivesdigunsaluseinnisiinounnnasinanaie
Meg1udu Auantinisuasenuautinauuudininliiivesialoaviensudawmes
Budu Tnglugunsaiitagduasisinimadndsangnuaudaniufazgnunuiidae
Finite-element  structure  Faynviinsiiansanluudazlnusvesiigunsaifiagnuing
AnuaNTAIsus1e isufuegsne feg1adu siavideuszianvesian (Material type),
AULTNTUDEMONETTLRD (Doping concentration), AIMNRUNLUUNTZUE (Current density),
auulaldln (Electric field), dm51n15uAnLaN155UAMMA (Generation and recombination
rates)  uarAaantRvuY lngluwdazinuadedildnd1nunfesnuanandfssudiign

Wnldlumsmua@asuanslilugun 3.3

200

195

190

ElectrostaticPotential (V)
.7.61 le+01

6.347e+01

5.084e+01

3.820e+01

2.556e+01

185

1.293e+01
2.937e-01

UM 3.3 n1sfaesuuunisinauvesigunsalaig TCAD

Tunsfnwduaivinenisdtassuunmsvhauvesdigunsainfagduaisisianiity
dmsuludiuvestaliihdgunsaliazgnadaduuindeutunnisivuaioulveus
fog1aty nsivuaReulaveulwsn i uwssiulihdesn s ludalviudigunsalnie
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navieuvesiigunsallugeniiuag TCAD Minaniesfarendendnnsuddamaunisma
adaransaaqannunefiianuieidestunisiiaesuuiuies Megrudy aunsthees
(Poisson equation), aumﬁm’lmiaL‘f‘iawaﬂwmwizﬁ; (Carrier continuity equation) kag€
faunnsaugsndae Fedsusoandundndilainsuitymaunisnisadinenandinani
wan Nazusngeenuilunadnsludnvurunuuresnuduiusssninerauadng g

IhduAnseualnile daanteenuneglusun 3.4

3.2 TU51NIUN1331889UU Sentaurus TCAD
TunszuiunmssiassuuunsynuvesgUnsailssinnaiaeudanesiu el
uéagdondunsBufuaindiuvesnisaiislassaisvesiigunsal Tdluduvesnsaing
Tassadsvesigunsaifnaniionsamisndiagrinissiassuturesiagunsallély 2
anway A9 N398R UVVBIRIQUNTAIAIY SProcess 1139 U19INNTTTNABILUUTDIAT

gunsaisiy SDE Al 1dusedntiunagnuaien1sasns Mesh se SDE udidslavinnis

Voltage (V)
\

Current (mA)

'
[

JUN 3.4 pantimslihannsdiaesuunisinueunsainfanduaisisda

ihlpssadvesgunaaiflitiunszuiums Mesh udrduluvinssaeaiiedesnsiiagnsm
fenaasdanaluiisely Tnsnadnsildaunsauansliediues Visualize Bslusunsa
Tnvdulvgudrezidunsgndsaiuain Command file (ldfifiumang .comd) daduly
dnwauzves Text file Und Tnsfisranmnsaiiagyhnisaiesuilufsanansaazdniiunisudly
1§68 Text editor saluiuies iftsudignddsiflddnanifiinuunndratuooniuly
wriazlusunsy slugud 3.5 awfumsuandiifiufianmainvesnssiassuuumsinauyes

guUnsalusETnURRAWBIAIELaNALIS Sentaurus TCAD
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TUsunIuN5Iaeauy Sentaurus TCAD dduusenausgmeniu 5 ddusall

3.2.1 Sentaurus Workbench
3.2.2 Sentaurus Process

3.2.3 Sentaurus Structure Editor
3.2.4 Sentaurus Device

3.2.5 Sentaurus Visual

SDE or SDE or
Create a “virtual” device > Mesh
SProcess Mesh
Y
boundary,
doping profile grid
I l I
command files |———» Simulate SDevice
Y
results
Visualize Tecplot SV or Inspect

JUN 3.5 msiuveen1sInaasuulagwenduls Sentaurus TCAD

3.2.1 Sentaurus Workbench

Sentaurus Workbench (SWB) \Ju graphical environment %89 Sentaurus TCAD
= < 1 o A o v o o 1 (Y] 1 1 (%
FadulUsunsudundnNiminfnansn svinsusiutesdIune el sunsuludnvus
pdneAulugudnassiusindiudalunisdnasswuudlinieiu uagldiieniseanuuy
d1msuasne Msdansnu Simulations sauaioN1sANYIALAINTELaLNMIHERUNTlANS
Aeit lagludrusainanidalinuaiunsanagianldduimdnnisiasesdlouaznisinass
WUUYB4 Sentaurus  TCAD ¥revinligldaudiainuasainuings@ulunisaiianismaaes,

[y

A1AUNIIRBILUU Wazanansiaes auluiansimuadudmvsermsilineseieg lu
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Youfaziasesileddemarliiinnnuasainuazsiniinenisunassiiues  noEIa
TWsunsuazuandliiiueglusuil 36 Tasisannsafiazyinnisdenldiadesiiona q ves
Sentaurus TCAD léifensnumedInved Tool Flow winfiansanangudinainasiiuls
31 Peundafiufiuiinaes Tool Flow  vusslddmsuimuneaiesiionazarsunisld
wdasiledsardoninisisuaneiedlonisdhensuiiarlUuindesloneiurin nSeutuazih
IldiedmnniedesiofindndunimsUssnaraseonugdudngae ndusiannsod
azvimsaaAdaLUseng 9| WUNN Project Parameters &3 Project Parameters dosld
dwsuidiedunismuuarnmiwesisaulandedesnisfivenmusuludafionnnudiese
mMsUSuasuanlunends wazsudsfiavannsaldaulaludiudananidusuduiozdes
druntsivuslifusul sdassiiamnsaezdsunlasanlmdonsudsazldnaneduiely
drusely Tngisnaunsafiazdhnisudsundasavesianuslunuudaznisnaassafiis
foams anthiludanves Simulation Tree \uduillddmsuiiomuaunissiaeuuuney

o ay v ad d’{ I 1 1 ~ v 1
MTIREOUNANITTIARIMUUNL InednUsngiuluimazyes (Node) azusuaniitelinsnuin

tor_ROLSWS_e14 (Standard Configuration) - SWB@localhost vH-2013.03

e et
LE%ELL ot

Project Parameters]

Simulation Tree

882835506 R 8= el

LPPPPPeeT;

&
z
8

£[e 028 slg]a]s 2282 s 88 ]8[x][x]x

Projects

Bt | e (o

3UN 3.6 M9 191591809 UUNTIINUTBY Sentaurus Workbench wagaudue)

agludunauniofsaniuglavein1sdnasiwuy vanibasndunisiudinvesnisivun
isesllanarAIAINTnaenduduasaseuseswan Sentaurus Workbench faggnununld

& Y v o o U g v ¢ sa o ° Yo a A °
ﬂ']uLiJu‘Viu’]m'N‘ViaﬂaqﬁiUﬁQIW‘U@W@LL'J?LiﬂJVl']ﬂ']i"U']ﬁ@\TLLUU (Run) im‘mu‘m LHBNT1T97189 83

wuusenaniaidunsduduasadussuiesudinziansantusnudnlainisssyenlioy

Y

Tusumiauinveuaiurvemtanauanslugun 3.6 dules
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3.2.2 Sentaurus Process
Sentaurus Process (SProcess) Lulusunsudnassuuuiifianuauysalsiuviadniy
A oA o £ a .- . A
gangunauInlun1sINaeINITUIUNITATLUUNAIEAANIG - (Multidimensional) 013
YSulganvainvansvestayanisnaaeuiielvanuiuadouiniu uanainiudldd
AnuansatunsIasswuulaianalulad Silicon wag Nonsilicon Jesvilmidunenduasin
gnihalgiueg1eninewing Fausduladnisgniauiun University of Florida fiaanntus
= % a o @& ¥ o o o 1 v a wah) val
udslulgiunisu3sm Synopsys Alsununusulsawasiausanisnisiiunuaudalafuin
890y loglanudunisusuugslunangqdiudieiu 1w diuvesdumasing  Sentaurus
Structure  Editor d1munisiedusunsaiuy 3 @16, Avnuaiuisalunisdeposition,
WUUT1ADIAURANAIAVOIIATIATIINANG1UTU SiGe  Wag  Strained  Silicon, N1g
implantation WUU Monte Carlo @145U Crystal-TRIM, WuUUd1899015 implantation Li®
a ¢ a @ v PN o § v N A4 A av 9w
Iasenanudene 1usu aulunanyinly Sentaurus Process waguainAsasiladeld
mlulinansundundndasimanduasifianusinsuaziivszdvsamlusiugnamnssudu
98191 dauntiinangvedusunsunlidmsuiienissiaesuunsieundanuieites

AUTUABUNTZUIUNTITATI FI9EALTU NTZUIUATT etching, deposition, ion implantation,

thermal annealing e oxidation

200 +
198

196

PhosphorusActiveConcentration (cm”-3)

.5.0009+1 9

194 5.612¢+18

6.300e+17

7071416

192 ‘ 7.937e+15

8.909e+14

1.000e+14

3UN 3.7 nsguiunisdeileUseqlu Sentaurus Process

Feluduves Sentaurus Process ainanilaziduludnwazvaanisliyadidslunisdiass

a

WUUNMIINNUTIRzUTEnaUlUMBAdIR1ee Aeg1agu nsnmuatlanieUssinnvesian

9
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%ﬁmﬂﬁtﬂumia%wLﬂugnuiaqLLam'guiﬂﬁqﬂ'}iﬁ’mumﬁ’]Lmﬂw%aﬁﬁ’maqgmsaa,

N3¥UIUNI50ONTNTL (oxidation) uaz nIzuIuNsBeilelssy (implantation) Wusiu lne
~ a v P ~ Y @ = v 1 o a

mmim/]%wmmﬂmmﬂiugﬂw 3.7 Nuandl AL AUN 198 19N LUIUAITIIaDLUUNTSB9El

Uszy

3.2.3 Sentaurus Structure Editor
I dl A dl ¥ o U dl ¥ (% 6 Y a aa A ¥
Juesesdlenlddmiuivenisaisingunsalimensideuwuulifsunsivielasaing
gunsaiasalagodeinsesionrausviadinundislunisdusllasaiiaesiigunsaldangns
A v - v = =1 = o = A
ninidlaiiniuaesnisnazldnuaiecdell lnsisiaruisanagldanunioslionunig
Graphical User Interface (GUI) w3a7i3en31 GUI Al \udiuvesnisfindoiussning
godwisiudldnulaeiunisidneuluguwuunsednuasiiduwuunsiin ieiagyinns
asalasainsdunn vseawnsanagliisnmsTusllasasilagnisldada (Command line)
1 dl A 1 v % 6 d! o o 14
W1utasesilalalagnse luniseenuuuiuiiamlasasieiigunsalansiediiidae
Sentaurus Structure Editor 9N1331809UUUFUINUAEIINYDIFIRUNTAING 2 TR wae 3
aa Y o [J v o) (Y = ! ° [ £%4 =3 -
17 uddeanunsavimhiidudiinanslunisisendiuvedusunsudmsvasns Mesh Auuiive
glainluldlunisiraesnuanddnialiisiely Fus1azisuainnistusdlasaiieaeg
Al = & o 1 o [ = a o 5 dy v J = <
wnIesilansaynmnds uidwmsulunisAnymeaesesnuideasaiiisnagld Lisament Falu
= A A v & @ =i ¥ o o & v ' o
\wIesladndigeniladiuaiuisanaglddmunisiusulaseadieiiunisingecuuy

NSTUIUNTAS1LELBUSY (Process emulation) LALiuLRe iy

3.2.3.1 Ligament

\Huedesiledesiiagnielifludiunes Sentaurus Structure Editor Bsialéa
Judnnilslushirsanvaneasesdiawielfdmsulumsesnuuuiiigunssmdelassaiisves
dgunsalneludauves Ligament  fananildsannsnfiozsudseantéiu 2 doudsdl fo

o

Licament Flow Editor wag Licament Layout Editor %aﬁy’qaaqmuﬁjﬁ%wwqwulué’ﬂwmzﬁ
snilufetudefiadlilflasiaimesgunsainuiidesnisely uenaniuda Ligament &
\udwdndealudmiu TCAD Simulations 8nse Inddunmdmiulsunsunisdiaes
wuufazgnasetuunlaednludfsanassuufiorgnsamiludauves Sentaurus Workbench
yharusaufuynlsunsuees Sentaurus uazueninniudrludiuvesialusunsuesisale
Tomalvigldanufananannsaisgdidunsudlofundauazyinsifissmdaselugaldan

Ay &9 Ligament agUsznaulusig
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" |igament Flow Editor Lﬂum%aﬁaﬁaQ'maié‘luéamaa Lisarnent fianunsaninanld
WethelunsmmuedisunszuInnsad1esasauuu (process emulation) #139ues
é’hQﬂﬂiﬂiﬁngmmﬁlé’ﬁfmﬁaaﬂLLUULa’ﬂ"i LW N1589#9Us%] (lon implantation),
n15UQNKan (epitaxy deposition), N131A (etching), n1sldamumgiiauseuuiuli
avmaundoundudnilusuntsuaniiy (thermal annealing), NsUIUNNT Aty
auuBaneulaeonles (oxidation) Wudu usnandudrlunsasnssuunsuants,

89811150719 MNUAAINITIRLABSTIABITIAUATZUIUNTANE) LADnee

./sde_lig.cmd - Ligament Flow Editor@localhost vH-2013.03

Fle  Edit Preferences  Exstensiohs  Help
D@ & ol BE [E 5 /] «
Variables & Macros | Flow | Unfolded Fow | ) Arguments |
hames | Arg | “alue Y Mame | Type | “alue | _;\_
j ) layer String CONT
title: Magnetic Sensor ) polarity Polarity lighit_fielcd
rnaterial Silicon ) thickness Distance 2 urr
et Added process flo foreni(eer) sicle Sicle fromt
dios Lfen) type Type default
dios
layer MPLUS
dios
time 30 rhin
material Fiesist
Tmaterial alurinum
atted lawer CONT
--------- | an raterial alumnirum |
"""" gt etch material resist K
=,
SWE Genetic Process Local: sde_i
o Hf ) comment o implant
- welif B rerniark anneal
£ #else P insert £l pattern
20 [ 1cmat 2 patterrizel
PP asplit & save = epitany
PP sheader ﬂ deposit
PP sendheaer &t etch
PP spostheader
PP #endpostheader
PP #set
b PP averbatim
¥ PR et
[ | [
Mode: flove: sde_lig.crmcd

31]171 3.8 MiF1aN15¥1UYes Lisament Flow Editor

Wy wdanudidedldlunnsdeilesey, ﬂ')ﬂﬂJMUTUEN%uwaﬂﬁﬁ’]ﬂﬂ'i‘d@ﬂ, TEAUUD
AnuantumsinuazUsslanveInisia, nsimuasyuy, slavseuszinnvesian,
VUINVBIUNUFIUTOITAABY, NMIAMUATIANIYNVBINNTEUTE], MTAMURgUnl
Yaan1suns TN ldaimunaudutuernouasile warsrerAINANYRITOLND

Jusiu duansegluun 3.8

Lisament Layout Editor 1Jua3asiiefiogniglaludiuves Ligament 8nguuuumnils

1 = [ YY) . . 1 ! [ ' & = ! o
LULAEINUAUYDY Ligament Flow Editor WAlUEIUAINA1I T TANULANA19AY
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psamITuduiasesdlanatunsaazinunldineviredmsulusiunisesnuuualnane

drulsenaunnauasingunsainvegniunaiisasuugiuses (Ralduanduzuinz.o)

Y

/home/tcad/SentaurusTCAD/Yothin/Yothin_Part16_E14-20_L5-L50_10.2-3/MagnetoResistor_RoL5SW5_e14/sde_lig.lyt - Ligament Layout Editor@localhost vH-2013.03

"
I T+ikda(s
e R R e R R RS B B R s e e R e ER R a2 e ERRRRRERERERE T

xxxxx

g‘iJ‘f"i 3.9 WENNITNIIUTES Ligament Layout Editor

TngdnwaenJuialoudun1500nLUUNTYINAULUUAINSUNTLUINUNIS
X Y] = o a 14 o % 1 1 a @
photolithography HuLa4 mmnmmmmsmmLLma]wﬂmimswmﬂumumﬂu
pattern 984 Ligament Flow Editor tudnduiiazdesendonisadne pattem a1
Ligament Layout Editor iefivzimundudmnunsuuuulunisasnsainaienisin
A o | a d' a A o ¢ Y Y] PN
VisaRuLnieUsIuNaziieasadlunfivesgunsal uanantuaLIdeausoiae
AnunveuInYeInNIsInasdladnmenraiun1ssrassuuludnuue iy 2 07

= aa = d' aa ] ¢ A o a Yo
n3ID 3 UG 3'33J11J20ua\‘1ﬂqiLﬂaﬁJumﬁgﬂiqﬂ“U@ﬂq‘Uﬂim mmmw%mmumﬂ@wuw

¥
=

Taglidndunazdasinniseantuutuui i als lodun1s1imes i nseneau

'
1 I

dAUNARINIT ez muaAINITIme A asluluntineg Sentaurus Workbench

<3 | '

Aardanarililingusiavesgunsaldenariinnisiasuidadlunmuisdenis

= o 1 av vo v v PN I3 I
LWN@U@QL‘U‘U‘WI@W?ﬂWi@@ﬂLLUUL@']l’)VlLLﬁ@\ﬂWLWUIUEUVl 3.9 LUUMTLEAINUINIGAT

veuludinees Ligament Layout Editor e

Tudrureinissrasauuaiiduludnuwaziuy 2 18 way 3 47 Yuls198@91inIs

Avuanidudalnilvdudigunsalaieienagldlunisideusodiivunasinia
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nszualniuazussdulnihanateuen lnendsainaldfmuanirdudaudinozusingdud

nihdudalvihfsvumunuaudRvemthdudanasenlindgunsaidewanddugun 3.10

z

xch

DopingConcentration (cm”-3)
5.000e+19

5.612¢+18
6.300e+17
7.071e+16
7.937e+15

 8909e+14

. 1.000e+14

JUT 3.10 mihdudanalniihvesiigunsallunisinassnisviem

o M Yo a = = % 19 v o Y o o Yo o
nasaIniilanwiiunstugunsavselassasiansauduimuanindudalnilviiuss
gunsalsne Ligament WuiiSeussauainu ludrduselufazilunisiimun Mesh w39 Grid
wenazthlulgdmsunszuauns Finite element Inglunisivun Mesh fanaailaaunsad
9z lunISHIUNTG graphical user interface (GUI) 19 viseanenvaziduludnuazuesnis
a < o @ . = a o a o al
WewduyaAds (Command line) Faus1anunsanIsivunluseweduIumINazden
YA UagIUNTIves Mesh  Id lngagdesrmdefianannisidn Mesh  BaliAndnuiuming

£%
Y

Azl uAUINTULMN AN o UNVLABIAINARABNITAIUIUNALAAIAASTUINT U TULATND

e

LADILANUIFINVIIUIUT BB LA LTLUNISAIUIUNUINTUA L UM 8 TULD9 d19SUNS
o | % a Y] 1 qyd d‘ o Y 1 v 1 41 4'
AAUAYUINYEY Mesh TulfazuuIknua199InanaItnaIsnagmua it Uae NIt lud
e9aNeluA U 9 uena1nTial Mesh NsEIHNARDNNTUENIAIUALLBEAUBY Doping

profile  vessirgUnsailadnaie Weonmun Mesh asadunasludiuvesiunauiiisfes

o ¢ A A

andunismuuantndudalniirieenasenindlwdnlvdudiaunsalienazlddnsunis

]

ludanszuwawazwssnutu Ined il ala i unduuiazfeauseniadasinlsainaiid

[y

o v a ° Y A A ° a - . a )
NWIDUAUN ﬂgnLLVIUQ@'J?JLW@‘WQSuqlﬂi‘%ﬂULﬂiaﬂﬂa Sentaurus Device anAIIUULDY
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200
195 -
190 -
185
DeplngCencerinalion fem ™3
.5.tme+w
-
5.612e+18
180 -
63008417
7.071e+16
==
" 79376415
175 B.90%e+14
.1 000e+14

5UM 3.11 n1591a0uuUiigUnsaing19Inn13as1e Mesh

3.2.4 Sentaurus Device

Foldlassadiefiinsgnimun Mesh  wazgnimuadalwiliduflSousesudn Tu
tunsurelvanfunisiilasiadrsdandnaidlurinisshassuvunginssunialniinlagld
Sentaurus Device %Q%Lﬂumﬁﬂugﬂ%mﬂﬁﬁéﬁ (Command) Wiy Tngil Sentaurus
Device MduBnuilaaTesleflddmsumndosnmsiiagdidunsiiaemgfnssunslniiing
Snwnrlutuguansinaildndsiieg Wy aaautAnisliin (Electical),  aufou
(Thermal), W& (Optical), wousindn (Magnetic) \Judu Fslunissrasmginisaives
AnavtRsgfaildnaunisnduiiefesendelunanisilandfiunzande faduluns
$ravsuvugunInidesddeddunanisidndfimunzandmivgunsaitug feiaue
Sentaurus Device 3sléfnsgnianldaulunisussidfiuigunsaluaziiievinanadlaly
waAnssunsvhauvesngunsainasnuilie gunsaioganslianiiz i aautisisuile

9

Aoamsiianunsaviaulanngaiues dmsuyadidaves Sentaurus Device Ussnauluaae

" File Judwdisvylwadunauaziondnnd iy Sentaurus Device
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File {

* Input Files

Grid = "nmos_msh.tdr"
* Qutput Files

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

}

Tudhuwes Input file sz dulnd_msh.tdr Fadulndilindemnduiunsadistuli
sUnswidelassaislitusingunsalsiie Sentaurus Structure Editor 1ufiFeusosudaddlu
druvadhidfinanilipsfosduludmeiulasassilldignimun Mesh uag Doping LHufl
Buufesuds uenaniludludiuves Input file Adulng des.cmd fiu_desSi.par fazidu
Inddsdntiludnuwandumddlunisiinissiassuvuuazifeadesfumdnlsvie
yn51ilmedineg veslumamsiandiltlunisdaesuuy fregrasu Saniidenldlunisaiis
aunsel, AnuudueznouaIsie, dnyuensiay, iiadiwrdseminduialuia uas
UIABINSLUIN3A (Grid) w3eiud (Mesh) thues seantufinnsanludiues Output file

ALPNaINANTUNITINABIUUAIY Sentaurus Device autasaauduSausasunad

Input:
Models, Parameter, Sweeps

command parameter
_descmd |_desSipa

I current
Input: . B _despit Output:
; rid &dopin i -
Device Structure g . g > —— S IV's, Field
_mshtdr : distributions
| 4 SSETat
plot
_des.tdr
| 4

output
_des.jog

Output:

Runtime messages

JUN 3.12 unuialnddunnuaziondnnuas Sentaurus Device
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alnidiodfnmmaniiiazusznoulufedeyamanigldnuiuianudesnis Fenisduamd
IFnlaumamaiidndeneg Tneazusznouludelng desplt Jadulnddmiuidiioldlunis
penaeunTmandnuuznsliihvesgUnsaiidluduresnspualiihsuiusiulii uas
W8 _des tdr Fadulwdilddmiuiiouans contour vesnmayiBnmeiiandsanlaganunsad
wuandlildnuliiu (Fauandluguil 3.12) Tudwinogadulng _des.log Fadulnaid

¥

pRdnsuiaUIUandeanurlun1sINasakuus I tUauR e UIUaN NS 1V AU RANAS

' 1%
a a v

MAnvusnd1Bnmelagazgnuanseanituguiuuves log file tules

" Flectrode Wumsmvuadeuluveulvn (Boundary condition) Tnumindudalnsin
wseonanalandudunlddmsuimunadalniliieniazinnisdiasswuugunsal

Feludrumananilisnaunsanagyinisivunnaauifvesaliinduaussiulng

(%
9 1 £

vseANERaliiSUAULaETY ANAINRUNIUATILNTN, SULUUTSRUSTNYeY

Plihruluisemnugvesiunsdndsesse (barer) uazauauABusnme

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}

}

v a

wasdeiidfasnusznisnicdunisimunsalninfiae isezdesUszniadofiudsli
donndawnsatuiunouiildmsmmadaliiiily Sentaurus Structure Editor Snee
" Physics Lﬂudauﬁiﬁifﬁm%’uﬁmumiuLmamﬁxlﬁﬂéﬁmqﬁ%gﬂﬁmﬂéﬁumiﬁwam
wuumMsiauvesgunsal fegratu leaiiiisafuanmwadesvesmnme  (Carrier
mobility model), lunan1sianatsuvozaud, lunan1siinLazn1SHaNnau
YINME (band-gap narrowing model), TumanuAnNNIue, mslaaalusﬁl,ﬁaqmﬂ

M5¥U (impact ionization model) 1Jusu

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

}

Felun1sdnaswuumsvinanuretgunalaina niliinnudndusgranniiazfeaden
luwmansi@ndidianumunzauivgunsalluwsazain Inewnvinlunauieg1aienans
danansznuvilinaansiilaonalduansmginssuunsdsuegweaniniduld anluyad
a 1a 1% & = [ 3 V1 ! A & @ Y (7 aa ¢ 1
Megusiinmuuuianunsaiazdunaiulainessdunduiniuiimatunaniai@ndsnge
tuasilusisveninalimnsdentdluwasluuulaey dregradu druaninasowes

A 1 Ql'dy LY Y v A .
wvizisvzifenidlunaaninadesiuunIuivaududuresanside (DopingDependence)
waziin1sdudiniawulniinaudugs (HighFieldsaturation)  datulunisideniuinanig

)

WandNazdrunlgnaslimnuwanateiueantuiuegiuriinvesaunsal (CMOS, Diode, BJT

Y 9

“1a9) wazddaidusgaundeauug R NaaNS TN ATl uN1TIa0e [Wudy

[ '
a a = v Al

<, | ~ v o o™ B = ' i v o °
" Plot \udwiilddmsuidiegnisiasunlasineg iiiadundsaniiliinnisdnaes
wuuludiuves Sentaurus  Device autaSaduiduiissvsosndiwazidudiunly

a 1%

AmSUNMUANITHANY contour YBIAANTRNIIHENA199 Bnene Fus1ausad

[
| =

LUANITLANIHE contour  YedAMANTANIIHANAAINE1IHHIUNIA Sentaurus

v a

visual dsfagldnaaludiiudely Tasisannsaiagyhnsivualudeiisgdonis
n3uldl 1 AEUIBluNIEuaTesI M Blannsaunselaa, Andluil, aunulni,
Wwas, mnudwemnelszg wie muitutusraevansie Fadeiildnanuly
fraguilioq Igniiulflulndiondneludiuves File  ldineviinisndrnienlilu

MOURULAY B9iag19gaAdsludiuues Plot dusnansliiuiiuznasuans

Plot {
eDensity hDensity eCurrent hCurrent
Potential SpaceCharge ElectricField
eMobility hMobility eVelocity hVelocity
Doping DonorConcentration AcceptorConcentration
}
@ Plot anunsafmuagantRmaiidndsineg Afesnsasasaaeundsainnisiiasd
LUUESeALA WU AU Lvezusazedn awliin @dlai anuidivemve

J I 4 Yo I ¥
PuuasIerlinaryiu Wusuy
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" path \Judndidmuasiudsvesnsimunaneadamans
Math {
Extrapolate
RelErrControl
NotDamped=50
lterations=20

}

Sentaurus Device ey naLRagvataunsiliveuiustogluusag Mesh A8n159UT) B9
dusunsaugnlunsazassdunasiinisauinluiiewesdoianaia (error)  faulay
Sentaurus Device 3snwenguysluiinawasnivedanainfiarmnsosauiule luadiuiis
anunsaaznuaviinvassiaui g (solver type) FaNNIAIRUALNLTITORANAA (error
criteria) wazdLdenduy lhonaae feeg19itu Extrapolate agifudnwaznisaamdunou
a v ] I i v v =X | < &
SUALIINNITOUUTUNALRAEVRITNABITURBUNBUNL (11nd) @91 RelErrControl ATy
NNIAGUNIIAIVANTBRANAINTENINNITIUG191NN51Y internal error parameter LU

physically meaningful parameter (ErrRef) 1Uugu

= Solve dusinaniandudwilddmiudedmuntuneu nsin uasanautinig
Iihuesgunsaiidosnissiassuuu nsaunsafasimualdlunseuvesdds Solve
(.} TgagvinssnaadludnuasiiGestulunusdudeivamnglu Solve (.} Tt
Seimihfidmsududnfimnuadduresmanasfildsuanduidagmuasfvun

aunsinlalunisundemaneae

Solve {

Poisson

Coupled {Poisson Electron}

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

}

Poisson LJuduiianuisaldified msussylainaasiudu (nitial solution) 1du

Ao

vesaunsthweanianwaurlddudaduiissedraien Coupled {Poisson Electron} autlu
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'
1 I

drunuriaun1saufeLiies (continuity equation) vaswngdidnnseuluvuziiiteuly

¥
aaa

mslusaFusiu Fansdilfazgruitiymivmugsefuivaunsthvedaeldsu douisiaiu
(Newton Method) &3 Quasistationary 1Humsszyinsazldsunanasiegluaniig
aunanssia (steady state ‘equilibrium’) @11 Goal Wudmwesnisivuatmunenisluda
fitlnisgunsal Fedaluihdsnantaggnlusadisduailufsenfignisl sl daunisa

! d' @ v
sollastavaunisthgeslunmsmnainay \Wunu

3.2.5 Sentaurus Visual

Tuduves Sentaurus visual [35] Fenamilagfugonduridlidmiuieguadng
voamsaesuuy Tnsaninsofivsuansiifgunsaviolasaisvesgunsaiislugduuuiidu 2
17 uazsuuuuiidu 3 13ls vdsnndildvihnssraesuuuludiuves Sentaurus Device 139

a k4 1% <

AUANSHIUSDYLANIINAILEIUITONTIVFDUNAANSNLAIINNITINRDIUUVDILAALLATDIED 1aY

De

14 Sentaurus visual Fuduiinswiunthadludesiuiiueninazuansfalifizunsmie
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fefues fafulunaanmedesvesmivgUsyafiannadualihddlussdussduias
Usznaulunie IaJmaamwcaa'awaawmzﬂizﬁ;ﬁ%uﬁ’u impurity scattering, carrier-carrier
scattering LAy phonon scattering Tan13nssudsguuuudnanilioszgnimumegluliima
94 impurity scattering BgWA? F391NNNYBS Matthiessen az3iTlianansaszyanInAdos

yosnmgUsenauulnindaianudulussauanlamuanuduius dsaunisn 3.4

11 -

/’l low /’l dop ILI eh

dwdulunanisdumiannagesveanmeUszafaunulindannudaiusedugs
(High-Field Saturation) @sluaualwiidirmanudalussfuiigeindn anusassideu
vosmmglszazlillfidudadiulasnseivaunilnindndely udmmisiazduiiganuia
0 v, ‘v‘fﬂﬁiumaﬂﬁﬁ'uéffsﬁaumlﬂ/\lﬂﬂﬁmmmL%’ﬂuisé’uﬁqaﬁmwizﬂauiﬂéhsl
Tuwages 3 luna ffe lunaanmAdesass (actual mobility model), Tuinanisdudives
A5 (velocity saturation model) Lazluinaveussdu (driving force model) TneTluina

Wnsguvesnsdudafinantaunulnihdarnudulussduniases dulunaves Canali
" Physics { MagneticField = (0.0, 0.0, 0.0) }

dmsuludinveansinsiginansenuiusngiuainauinwivianiugunsalansis
At eleinsidentdlumanisaudamingyszauuuiainin (Galvanic transport model)
Felumansnaniieadulueaiionduaunisanunuiiuunssuanisuns-assdauiiialudiu
YaunenATuivauuusvandly Inedainsevineaunisuuds (transport equations) U89

S’ oaa S S a X o 1Y & o a
sunanduBidnaseunazeyniaiilulaaniintunislugunsaldinaiuu \Wunaduinun
INULTDOLTUGNN TN IMEUTE] [45,46] MERAINETITDT AUNTTAUNUIRUUNTELA

= a I
AL UTUY

- - 1 * 2 - * 2 * = —
Ja :ﬂaga+:uaﬁ[luanga+ﬂaBX(:uanga)] (35)
1+(u; 8)
We a Ao a1sneuiwte n wie arsieiaivin p

4, PR dnMAERIERanINNIsAdeuNtnvaINIvEUIEy

g, Ao NAMEINTELANUTUAUANNAGEIUBINIMY (current vector without mobility)
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[, f9 danmAaenIeUsEuedgeas (Hall mobility)
B fe nnwaswienhauinudivdn (magnetic induction vector)

B 79 TU1AURINMDSNTenaULLILAN

Ingan nAdaIURIgoan AU USA AN NAGDIIEaRELaU (drift mobility) A uauns

*

Hy
scattering factors) lunsdlveuiiedaneou (bulk silicon) Alaenallazwin r, =1.1 uay

o, WAE 4 =T, B9 7, Waw 7, ABAIUTENBUNNTNTELIIYD980aE (Hall
r,=-0.7

3.4 auyAgnulunisinassuuy

o
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Uszgnamirlulfnundnveadusesauuidivin sudniedaududisiioglusesuanudy
auwmdnfiluvesuindnonsialudndag inszdesanilagdausniudrgunsal
Fuwesauuuindnysznuunilnidame ivioudiusiUssnveoadiufiinazgminluldsy
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WasuuUasa s einiofulsang q Addiuieadesnagifidiutisaduayy
Usngnsaluunilaiawnuiliatuy [42,43) lneSuduanmawisusadiudinvosnny
duduerneuasiFevesgiuses iesnneuduiudvesauiunnasnszuaniniglug
DeauuAetunelugunsnifandniinnuisadoseusmuamuiduduremivzysey
s magosasmmzyseq datufednuugmahaugunsaifdululannszua ¢
wsinaniifsendsademneuauesoauuusindnlufimmauueulfisudesuiuly
natigunsniuunilnifanesfinsauauusindnluismauds [4a] Saduangiilii
aulafuusitufuamtuduesrnenaraisuazaninadoswesmingUszyiuies dly
sidfonssilldinistassuuugunsallifisanududuoznenansiFovesgiusesaglurag
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wsfimeiniofulsmilassaiiivunzaudonisivuresgunsaiwundlaidawmesly
Tnuanszud esinidutsmidlasadafinaniiendusuusiidmadensnouaussse
AUNNLULNANNIUNTG geometrical  factor  ldanagilunsihaululuuausedunieluun
nazud MuUsmilassadedeuiinasaondnavesgunsaldnaie Tnsazilunisguanisdiasy
wuuArmniswestanszua (W) saadufimnanunuauny y vesgunsaiiunileitanesi
oeflutnadaug 5 Tulasiues f1 50 lulasiwns devnasdunsudeuuaseaueniiiy
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wrhnaBsundasiauemoglutisiue 5 lulasans 850 lulasuns warlud
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4.1 wan1sdrassnuuluduananyaznidliiivesaunsaluuniiln3Tainas
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9

Tanszid CC2 vosigunsal lnsludnwarveamsludanszuaninaniiisnsieniuindu

nsludaludramnseludanss (Forward bias) adusaainiunazyinnislusanssianaiigi

[

TUdnasanilausazyinnislusait lundunusuesdinszua CC2  unu vinlinseuanaziie

1A o 1

v1an15iaanlughsunustinssia CC1 va3daaunsal BednwuzeInsiudanssiansi

Y

[

SufifiemafinsefudnufuivluneuusniimagSonindunisludadoundy (Reverse bias)
wagnioufuinisiadrauisdnslaimioussdulaiifiAatuneluivesgunsaid
Fumlausnmssnieanssua CC1 uazdanszua CC2 Tnenadwdiunndnunznslnii
vosgUnsaliunilaidaimesififiviovunngunssisuandlusui 327 Tsgrusessigunsalld
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100 lulpasiuns vilddueundisvesdigunsal (W) u 7 lulasuns uazduaauen

vowgunsal (Ly) \u 17 lulasuns Tnenaneuauedlivinisuanuetioglugun 4.1
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Magnetic

field (T)

Low Concentration (10"'cm”) High Concentration (10" 'cm”)
RI[B] (2) AR(Q) %MR(B) RI[B] (2) AR(Q) %MR(B)
0.5 870965.50 | -4835.02 | -0.5520 | 382.70035 | 0.106016 | 0.027709
0.4 871913.70 | -3886.83 | -0.4438 | 382.66227 | 0.067929 | 0.017754
0.3 872871.31 | -2929.22 | -0.3344 | 382.63262 | 0.038278 | 0.010005
0.2 873838.32 | -1962.20 -0.2240 | 382.61141 | 0.017071 | 0.004461
0.1 874814.73 | -985.794 | -0.1125 | 382.59865 | 0.004311 | 0.001126

0 875800.53 0 0 382.59434 0 0

-0.1 876795.77 | 995.2438 | 0.1136 | 382.59848 | 0.004138 | 0.001081
-0.2 877800.45 | 1999.921 | 0.2283 | 382.61106 | 0.016726 | 0.004371
-0.3 878814.53 | 3014.002 | 0.3441 | 382.63210 | 0.037759 | 0.009869
-0.4 879837.98 | 4037.456 | 0.4610 | 382.66157 | 0.067234 | 0.017573
-0.5 880870.78 | 5070.253 | 0.5789 | 382.69948 | 0.105144 | 0.027481
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MR e - W_/3L =1 (50/50) W/,
heladr) Low Concentration (10" cm ) High Concentration (10 'cm )
R[B] (2) AR(Q) %MR(B) R[B] (Q) AR(Q) %MR(B)
0.5 36474.965 | -138.347 | -0.37786 | 50.719091 | 0.015177 | 0.029934
0.4 36496.496 | -116.816 | -0.31905 | 50.713644 | 0.009730 | 0.0191910
0.3 36521.085 | -92.2280 | -0.25189 | 50.709402 | 0.005488 | 0.0108246
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-0.4 36779.660 | 166.3474 | 0.454335 | 50.713490 | 0.009576 | 0.0188864
-0.5 36829.017 | 215.7039 | 0.589140 | 50.718898 | 0.014984 | 0.0295520
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Resistance difference AR(Q) at W/L = 1 (5/5)
Magnetic — . o
Low Concentration (10" cm ) High Concentration (10 'cm )
field (T)
T=5um T=10um | T= 15um T=5um T=10um | T= 15um
0.5 -72.31578 | -201.941 | -284.296 | 0.0993874 | 0.096322 | 0.0980817
0.4 -59.09913 | -163.138 | -229.059 | 0.0633159 | 0.061122 | 0.0624869
0.3 -45.26181 | -123.537 | -173.002 | 0.0353379 | 0.033886 | 0.0348770
0.2 -30.80135 | -83.1442 | -116.134 | 0.0154576 | 0.014618 | 0.0152571
0.1 -15.71512 | -41.9637 | -58.4642 | 0.0036778 | 0.003322 | 0.0036308
0 0 0 0 0 0 0

-0.1 16.34992 | 42.74539 | 59.24937 | 0.0044240 | 0.004651 | 0.0043650
-0.2 33.41185 | 86.33066 | 119.2752 | 0.0169484 | 0.017274 | 0.0167246
-0.3 51.15328 | 130.7215 | 180.0693 | 0.0375703 | 0.037866 | 0.0370761
-0.4 69.55659 | 175.8954 | 241.6256 | 0.0662854 | 0.066423 | 0.0654151
-0.5 88.61621 | 221.8415 | 303.9385 | 0.1030878 | 0.102939 | 0.1017357




141

M157°99 4.6 AnUesiduduunila3Taunwinsdlgunsaiiiszazaudnfiuand9iu denszud

ludansi 1 Taduend NgmusesrulutuozmouasIoseauiwargs

Percent of magnetoresistance %MR(B) at W/L = 1 (5/5)

Magnetic — —
Low Concentration (10 'cm”) High Concentration (10 'cm )
field (T)
T=5um T=10um | T= 15um T=5um T=10um T= 15um
0.5 -0.088884 | -0.26746 | -0.379943 | 0.048128 | 0.058117 | 0.0613476
0.4 -0.072639 | -0.21607 | -0.306122 | 0.030660 | 0.036878 | 0.0390840
0.3 -0.055631 | -0.16362 | -0.231206 | 0.017112 | 0.020445 | 0.0218147
0.2 -0.037858 | -0.11012 | -0.155206 | 0.007485 | 0.008820 | 0.0095429
0.1 -0.019315 | -0.05557 | -0.078133 | 0.001780 | 0.002004 | 0.002271
0 0 0 0 0 0 0

-0.1 0.020095 | 0.056615 | 0.079182 | 0.002142 | 0.002806 | 0.0027302
-0.2 0.041066 | 0.114342 | 0.159403 | 0.008207 | 0.010422 | 0.0104608
-0.3 0.062873 | 0.173137 | 0.240650 | 0.018193 | 0.022847 | 0.0231902
-0.4 0.085492 | 0.232968 | 0.322916 | 0.032098 | 0.040077 | 0.0409155
-0.5 0.108919 | 0.293823 | 0.406192 | 0.049920 | 0.062110 | 0.0636331

uanaNdudns1dea1unsafagiinisnansuiufulaainnisnsza1efIvesnIny

nnwiunsziaiiiaTuegnnelugusesigunsaluunilnsgaweslasnmy laensaingiuses

a

el 1 Y v & v o 14 By Yo [
gunsallimAnudutuegnauansideluseaud (10 cm) levinisuansienlbisglusy

e 1 ¥ v

4.08 dnlunsdifivesgusesgunsaiiinaranduduesneuanielussdugs (107 cm”) du
Ragshmauanaelioglusuil 4.49 Feanniislugunmi 4.48 uaglugunwdl 4.49 Tneidu
AL sgUnsaiiuandliiufissuuuunianszatefianumuLiuvesnssuaiAn
Juognglushgunsniundlsifamedfinaiuasiifsunsswefigunsaignimualidiuug
srphesEinvinssuaTans (L) uazaunrestanssia W) whity 5 lulasiues dau
Tusnuaruninwesigunsal (W) Ju 7 lulaswms wazduemiuenivesingunsal (L)
du 17 lulesiwes Jsanunsaiezdanaiuldodnadaauilunsdifumnduduesaen
miL%a&i"wzwuﬁué'ﬂwmzﬁuaqmiLﬁmwummm’]LLu'uﬂﬁzLLaLﬁm%yumsfluﬁaqﬂﬂiaimﬂLé’u
foglunuiueunde imn1amauLuIuny x - AlansfesefunsnszaefnuuILLLYes
nszua Tnsazumnssannlunsalvesmandutusznouansdegeiiunuazhinunsidonvy
ATV S LARR LA I NT NS E e AU LI LT aIN ST UAR TaR U T
vinaldiludarsansiy lnefluaududuoznouansdesduaznunsnszaeini

wiuvaInseualudnvusdunuiduwaviinnluanududussnouansiogs sauluis



142

- 1.165e405
282%e+04

_ 6821exd
1.6486+03

| 0 emien
96180401

2328401

" 1 L o L] 10 ] [

(b) nIEUULLANFANIUTANS -y (c) nsflaunuuiandnE UG v

JUN 4.48 n1snszrgmaunuIkiuYeInsElangIuseseunsaluinillasaawmesiay
D = v o 14 £3 L. % o |
WindueyneNasdasedud (10 cm ) Meauniauaryiiiu 5 lulasiuns diuszes

maanwiaiy 15 lailaswns Adeuly 1= 1 mA, B=05T

aansaftaginsandonivludiuvesssivtinunuduandmegiuansiiueglusud
4.48 naondulugUfl 4.9 Mindnailde Faduiivluuiuewdunisvseniauualiiuuas
frmanszanemvenszuansludagunsal dauluduveanislassiumnuduandsinggius
venlinsuivssfunruvuiiusesnssuaiiintuegnegluivesgunsaiuunilaidawmes
devimsteuiiisufussninahassnsdidinanfesdiuldinlunmsaudnlngudassiu

Uunaauduandaredluleundudides@nunuiwiureinssuassauiiunate)-di

'
v o [

(ANMUAUIWUUVDINTERATEFUA) alunsainlidauuusvdniaznsandaunuididnnasa

9

' [
) v v v o

Hudnspihiuiigunsalduiidnuaeiadeiunaensaiag uililesinlunsdlngiusesi

° o <

gunsailinuidudusrneuasieseaun ssdunamiuandunegluluiveuvsefianiwmiy
WWIMNY x AUTINgdnyarvensiletuuintunnnnitlunsdingusesitgunsaliianiy

Wuduezmonansideseaugs dwmavihlidadesiduduuniilas@aunuvinunnnitdmetues



143

5.337e+01

" 10 a 0 " ] a 1

(b) nIMEUIULAAAFANIURANIS -y (c) nsdlaunuuiandnEUAANIg v

JUN 4.49 N1snszefiALIRtiuYeInsElangIuseseunsaluunilesawesiiaay

Y

I ) 17 3 v v @ |
Lsﬂuﬂu@gmauaqﬁlﬁﬂigﬂﬂfﬂ\? (10" cm 7) MEAIUNINLAZYIUNINY 5 13JIﬂ3L3JG]3 AIULYY

maEnwiaiy 15 lalasuns Adeule 1= 1 mA B=05T

(% '
v I

o a o™ v a o a A NS aa ¢ al
WQUULN@WW@WLUUﬂ']iu’]ﬂ']ﬂ'J']ﬂJm']u‘Vl']UV]LﬂaﬂuuﬂaﬂﬂiaﬂqLLNﬂUIWi‘UﬂLLWUWVI

= v ! =

szauUSInamINdLAUILLIYENAIA1 9 LIndenTieUTUAITeITEEZANUENTBIFIUTEY

v
Y v v &

fhaunsalkunilnsdamasnuanatanueantuluwsazseauiufazvi lvlanswndinadwsany

)
¥

Fnvauzdsiuanseglugudl 4.50 Faanlusunswdananiiedlduanddiisimsvisuanis
nevauessTiimsAsuulasianuiunuludnvasfiiugduoadudadudenisifinty
vos3zErALAngIuTesigUnIainuTIrar U an I duau L AN Fivjasasinugn
nszvhfufgunsnidnde Tasadlunsiivduessssesanudngusesiigunanidadilsd
nannifareglutisssrinsresanudndau 5 81 20 Tulasiuns dsndunaneuaues
mswasuulasesimuiunuiaziuunlduludnvasiisudhdanizadivisenandan

Ipmaneuaussfinanssdidan1izaduinafidmialislsvinisifiussesresninugn



144

400 gm0 5T
300 =l 0.4T
200 (.37
100 @i ().2T
E::_ . 0. 1T
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-400 enme-0.5T

5 20 35 50 65 80 95 110 125 140 155 170
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M19197 4.7 Aausnumuiisusdainsalgunsalianuniteuazenimindu 5 lulaswns

memsludanseuansiasingeg lugmusesmnudutuosnouasidessauiuazgs

Magnetic Resistance dlifferjnce AR(Q) at W/L = 1 (5/5) -
feld (D Low Concentration (10 'cm”) High Concentration (10 'cm )
1=02mA | I=1mA | I=3mA | I=02mA | I=1mA | [=3mA
0.5 | -680.6906 | -280.082 | -133.537 | 0.0957425 | 0.099565 | 0.1100092
0.4 | -553.5936 | -225.635 | -107.285 | 0.0606234 | 0.063618 | 0.0717886
0.3 | -421.9702 | -170.398 | -80.8048 | 0.0334855 | 0.035684 | 0.0416733
0.2 | -2858249 | -114.376 | -54.0968 | 0.0143337 | 0.015767 | 0.0196681
0.1 | -145.1647 | -57.5767 | -27.1617 | 0.0031713 | 0.003872 | 0.0057765
0 0 0 0 0 0 0
-0.1 | 149.6560 | 58.44104 | 27.38775 | 0.0048198 | 0.004150 | 0.0023387
-0.2 | 3037871 | 117.8323 | 55.00092 | 0.0176295 | 0.016321 | 0.0127913
-0.3 | 462.3737 | 178.0688 | 82.83874 | 0.0384259 | 0.036511 | 0.0313546
-0.4 | 6253935 | 239.1333 | 110.9004 | 0.0672046 | 0.064715 | 0.0580239
-0.5 | 792.8208 | 301.0166 | 139.1854 | 0.1039594 | 0.100927 | 0.0927930
A579il 4.8 Adedduduinilaitaunuinsdlgunsaliimiuniauazenimindu 5

lulaswns semsludanseuansiinieine lugiusesnnutuduansileseaumuaggs

Percent of magnetoresistance %MR(B) at W/L = 1 (5/5)
Magnetic i o
Low Concentration (10" 'cm ") High Concentration (10" cm )
field (T)
I =0.2mA I =1mA I = 3mA | =0.2mA =1mA I = 3mA
0.5 -0.946141 | -0.37059 | -0.171248 | 0.060761 | 0.062834 | 0.0683013
0.4 -0.769479 | -0.29855 | -0.137582 | 0.038473 | 0.040148 | 0.0445713
0.3 -0.586527 | -0.22546 | -0.103624 | 0.021251 | 0.022520 | 0.0258736
0.2 -0.397288 | -0.15134 | -0.069373 | 0.009096 | 0.009951 | 0.0122112
0.1 -0.201774 | -0.07618 | -0.034832 | 0.002012 | 0.002444 | 0.0035863
0 0 0 0 0 0 0
-0.1 0.208017 | 0.077328 | 0.035122 | 0.003058 | 0.002619 | 0.0014519
-0.2 0.422255 | 0.155913 | 0.070533 | 0.011188 | 0.010300 | 0.0079416
-0.3 0.642686 | 0.235617 | 0.106232 | 0.024386 | 0.023042 | 0.0194670
-0.4 0.869279 | 0.316416 | 0.142218 | 0.042650 | 0.040841 | 0.0360252
-0.5 1.101999 | 0.398299 | 0.178491 | 0.065976 | 0.063693 | 0.0576123
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1. Crystal properties

164

PROPERTY VALUE UNITS
Structure Cubic
Space Group Fd3m
Atomic weight 28.0855
Lattice spacing (3, ) 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°
28 (92.23%)
Isotopes 29 (4.67%)
30 (3.10%)
Electron Shells 1522522;963523,02
Common lons %Y & 4
Critical Pressure 1450 Atm
Critical Temperature 4920 y A
2. Band structure properties
PROPERTY VALUE UNITS
Dielectric Constant at 300 K 11.9
Effective density of states 19 3
(conduction, N, T=300 K ) 25010 o
Effective density of states 19 4
(valence, N, T=300 K ) HOwdo Cm
Electron affinity 133.6 kJ / mol
Energy Gap E, at 200 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 Mg cm”
Intrinsic resistivity 3.2-105 Q-cm
Auger recombination coefficient C, 1.110°° cm’ /s
Auger recombination coefficient C, 3107 cm’ /s
3. Thermal properties
PROPERTY VALUE UNITS
1414 5@
Melting point
1687 K
Boiling point 3538 K
Specific heat 0.7 J/(g x°0)
Thermal conductivity [300K] 148 W/ (m x K)
Thermal diffusivity 0.8 cm’/s
Thermal expansion, linear 2610° o
Debye temperature 640 K
Temperature dependence of band gap -2.3e-4 eV/K
Heat of:
39.6 / 383.3 /452 kJ / mol

fusion / vaporization / atomization




4. Electrical properties

166

PROPERTY VALUE UNITS
Breakdown field ~ 3107 V/cm
Index of refraction 3.42
Mobility electrons ~ 1400 cm’ / (V x s)
Mobility holes ~ 450 cm’ / (V x s)
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
(100) 6.78 10" /cm’”
Density of surface atoms (110) 9.59 10"*/cm’
(111) 7.83 10 '/cm’
Work function (intrinsic) 4.15 eV
Donors
Sb 0.039 eV
P 0.045 eV
As 0.054 eV
lonization Energies for Various Dopants Acceptors
B 0.045 eV
Al 0.067 eV
Ga 0.072 eV
In 0.16 eV




5. Mechanical properties
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PROPERTY VALUE UNITS
Bulk modulus of elasticity 9.810" dyn/cm2
Density 2.329 g/cm3
g on the Mohs
Hardness 7
scale
Surface microhardness 2
1150 kg/mm
(using Knoop's pyramid test)
Cy; = 16.60-10" dyn/cm’
Elastic constants Cip = 6.40-1011 dyn/cmz
Caa=7.9610" dyn/cm’
Bulk modulus of elasticity 9.810" dyn/cm2
[100] 129.5 GPa
Young's Modulus (E) [110] 168.0 GPa
[111] 186.5 GPa
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o v A ° %
Adenldlun1sanasuuunaelusunsy Sentaurus TCAD
ludvesnisdnassuuumalassaiisaznsinnuvesiigunsaluuniile 3gama sy

ausanIzyinswusAdsldaueentidu 3 diu fe Lardsilddmiulunisasng
lassasnvesigunsal 2. mdanlddmsulunisimun mesh uaztalniiliiulassasiaves
fgunsal way 3.mdmlddmsulunisiiasamginssumalninlviulassasiswesdagunsal
Tngiegemdanldlunmsinasswuuiind nazwannasioluil
1. Ardenldlumsasnalaseaing

1.1 arasntglunisamun layout Tinulassadng

60000 CONT

#style #000000 stipple2
64000 NPLUS

#style #00ff0O stipple6
66000 SIM3D

#style black stipple3

environment (title : "Magnetic Sensor", save : true, grid : true, debug : false, checkld :
false, analytical : false, simulator : sde, mask : Struct {
masktype : prolyt;
maskfile : "";
scale : 1;
domain : "";
dimension : 1;
stretch : "
}, region : "SIM3D", coordinate_shift : true, output : "n1", node : "1", side : front,

graphics : true, depth : 200 um, user grid : default, grid_refinement : Struct {
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dios : "repl(cont(maxtrl=5,RefineGradient=-6,RefineMaximum=0,RefineJunction=-
6,RefineBoundary=-6))";

Sprocess :

n,

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 (material : "Silicon", dopant : "phosphorus", concentration : 1e14 /cm3,
resistivity : 0 ohm-cm, orientation : 100, type : default);

comment (text : "Added process flow header"),

insert (dios : "

", sprocess : "

n "

,sde:
(define IsPType (lambda (Doping) (< Doping 0)))
(define IsNType (lambda (Doping) (not (IsPType Doping))))
(define ChooseDopant
(lambda (Doping DopantList) ; DopantList: (Donor Acceptor)
(if (IsSNType Doping)
(list-ref DopantList 0)
(list-ref DopantList 1)
)

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

\"ActiveConcentration\" )))

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

(define Xj 0.5)

(define NDope 5e19)
(define PDope -1€20)



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

" tsupremd : "

")

insert (dios : "

", sprocess : "

n "

,sde:
(sdedr:define-gaussian-profile

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

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

\"Depth\" Xj

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

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

", tsupremd : "

")

pattern (layer : "NPLUS", polarity : dark_field, thickness : 2 um, side : front, type :

default);

insert (dios : "
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", sprocess : "

n "

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

" tsupremd : "

");

anneal (time : 30 min, temperature : 900 degC, pressure : 1 atm, nitrogen : 0 /min,
hydrogen : 0 I/min, oxygen : 0 I/min, hcl : 0 /min, n20: 0 I/min, steam_temperature
: 0 degC, watersteam : 0 %, pyrosteam : 0 %, side : both, type : default);

etch (material : "Resist", thickness : default, etch type : strip, overetch : 0, etchstop :
"default”, mat_coeffs : default, beam direction : "1 0 0", beam factor : 1, time : 1.0
min, side : both, type : default);

deposit (material : "aluminum”, thickness : 1 um, dopant : "default”, concentration : ™
/cm3, side : both, deposition_type : isotropic, type : default);

pattern (layer : "CONT", polarity : light field, thickness : 2 um, side : front, type :
default);

etch (material : "aluminum”, thickness : 1 um, etch_type : anisotropic, overetch : 0,
etchstop : "default’, mat_coeffs : default, beam_direction : "1 0 0", beam factor : 1,
time : 1.0 min, side : both, type : default),

etch (material : "resist", thickness : default, etch type : strip, overetch : 0, etchstop :
"default", mat_coeffs : default, beam direction : "1 0 0", beam factor : 1, time : 1.0
min, side : both, type : default);

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

(define MeshFactor 1.0)

(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))

; = e e Reﬂnements AR A e e — e R —

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

bl

; Refinement Boxes

bl

(sdedr:define-refinement-window "RW.Emitter3"
"Cuboid" (position 0 0 100) (position 17 7 200) )
(sdedr:define-refinement-size "RS.Emitter3"
2.0 2020
0.5050.5)
(sdedr:define-refinement-function "RS.Emitter3"
"DopingConcentration” "MaxTransDiff" 1)
(sdedr:define-refinement-placement "RP.Emitter3" "RS.Emitter3" "RW.Emitter3" )
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;-- C1 contact:

(sdegeo:define-contact-set "C1" 4.0 (color:rgb 1.0 0.0 0.0 ) "##" )
(sdegeo:set-current-contact-set "C1")
(sdegeo:set-contact-boundary-faces (find-body-id (position 3 3 200.5)))
(sdegeo:delete-region (find-body-id (position 3 3 200.5)))

;-- C2 contact:

(sdegeo:define-contact-set "C2" 4.0 (color:rgb 1.0 0.0 0.0 ) "##" )
(sdegeo:set-current-contact-set "C2")
(sdegeo:set-contact-boundary-faces (find-body-id (position 13 3 200.5)))
(sdegeo:delete-region (find-body-id (position 13 3 200.5)))

- substrate contact:

(define dfbool (sdegeo:get-default-boolean))
(sdegeo:set-default-boolean "ABA")
(sdegeo:create-cuboid (position -17 -7 -200.0)

(position 17 7 @<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/0@")

: Save CMD file

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

173



174

; Build Mesh

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

#if @lcVe@ ==

#noexec

#endif

I(

if { "@Type®@" == "npn" }{

set Sign 1.0

set HFS1 "eHighFieldSaturation”

set HFS2 "hHighFieldSaturation”

set HYDRO "Hydrodynamic"

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

}else {

set Sign -1.0

set HFS1 "hHighFieldSaturation”

set HFS2 "eHighFieldSaturation”

set HYDRO "Hydrodynamic"

set IMPACT "hAvalanche(Okuto) eAvalanche(Okuto)"

set EQONS "Poisson Electron Hole"

Electrode {
{ Name="C1" Voltage=0.0}
{ Name="C2" Voltage=0.0}
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File {
* Input Files
Grid = "@tdr@"

Parameter = "@parameter@"
* Qutput Files

Current = "@plot@"

Plot = "@tdrdat@"
Output = "@log@"

Physics {
EffectivelntrinsicDensity( Slotboom )
Mobility (
DopingDep(Masetti)
l(puts SHFS1)!
I(puts SHFS2)!
)
Recombination (
Auger
SRH(DopingDep)
)
MagneticField = ( 0.0, @BField@, 0.0 )

Physics (Materialinterface="Oxide/Silicon") {

Recombination(surfaceSRH)

Plot {
eDensity hDensity
eCurrent/Vector hCurrent/Vector
Current/Vector

ElectricField



176

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 (
InitialStep=1e-2 Minstep=1e-5 MaxStep=0.5 Increment=5
Goal { Name="C1" Voltage=!(puts [expr $Sign*@Vinit@])}
)} Coupled { l(puts SEQNS)! } }
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* Change base to current mode

Set ("C1" mode Current )
*- Ramp base to Ibmin

NewCurrentFile= "lcVcE_v2 newd 01"

Quasistationary (
InitialStep=1e-6 Increment=10
Minstep=1e-8 MaxStep=0.3

Goal { Name="C1" Current=lputs [expr $Sign*@Icl@])! }
)} Coupled { l(puts SEQNS)! }

CurrentPlot ( Time = (Range = (0.0 0.2) Intervals=10;

Range = (0.2 1.0) Intervals=20))
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Effect of Horizontal Magnetic Field on
Magnetoresistance

Yothin Chemthung, Toempong Phetchakul

Department of Electronics, Faculty of Engineering
King Mongkut’s Institute of Technology Ladkrabang
Bangkok, Thailand.
chemthung@gmail.com, toempong.ph@kmitl.ac.th

Abstract—The effect of horizontal magnetic field on
magnetoresistance was studied by TCAD simulation. At low
concentration 10" and 10'5 cm, the magnetoresistance linearly
depends on magnetic field density and direction. The percent of
magnetoresistance (% MR) of this study is less than 1 % at biased
current 1 mA, 0.5 T. The unbalance between Lorentz’s force FL
and Hall electrical force Fu causes this effect. The positive and
negative % MR of magnetic field in —y and y direction are caused
by Fr > Fu . At the high concentration 10'® - 10" cm, the
Lorentz’s force and Hall electrical force are nearly equal. The
magnetoresistance is a little bit positive both in —y and y magnetic
field direction which are caused by FL > Fu and Fu > Fi,
respsctively.

Keywords—Magnetoresistance; Horizontal Magnetic Field;
TCAD; Hall Effect

L.

Hall Effect and magnetoresistance effect are coupled to
each other [1-3]. For non-magnetic material planar device
structure, magnetoresistance can be explained clearly. The
planar device will detect the magnetic field in the direction of
the magnetic field perpendicular to the surface device in planar.
However, for the vertical device which also fabricated in planar
technology, for example vertical Hall device which detects the
horizontal magnetic field, magnetoresistance effect is hard to
explain clearly as in the case of planar device. This is due to
the vertical structure current density distribution along the
cross section is not uniform as in the case of planar device.
From this reason, magnetoresistance effect from horizontal
magnetic field is not clearly as in the case of vertical magnetic
field.

In this paper, the magnetoresistance effect from horizontal
magnetic field is studied. The tool of this study is by TCAD
device simulation which uses the standard commercial TCAD
Sentaurus program [4-6] which magnetic field model is
available. It will help to understand the complexity of
horizontal magnetic field on magnetoresistance even more.

INTRODUCTION

II. MAGNETORESISTANCE EFFECT AND TCAD SENTAURUS

A. Magnetoresistance Effect in non-magnetic material

The magnetoresistance is the effect of magnetic field pass
through material causes resistance change. For non-magnetic
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material, this effect is a part of effect of Hall effect. The
resistance has changed from the current path deflection. It will
occur when the induced force from Hall electric field is less
than the induced Lorentz’s force from magnetic field cross the
current. This will happen when the geometry of Hall plate is
designed the length shorter than width for several times. It is
called geometry magnetoresistance [1-3]. The defection current
increases the path length that causes the resistance increasing.
The common shapes are designed in circle shape called
Carbino disc and rectangular shape that length is shorter than
width. These devices are fabricated in planar technology and
detect magnetic field in vertical direction perpendicular to
planar surface.

However, the vertical device that detects horizontal
magnetic field, the current flow in parallel with surface and
horizontal magnetic field perpendicular to current. The Hall
electric field is induced in vertical bulk. For example, the 5-
contact vertical Hall device [7], the mechanisms are explained
by Hall effect in vertical direction and magnetoresistance. Both
effects helped to cause Hall voltages between sensing
terminals. The structure of vertical Hall is shown in Fig.1 (a).
Mostly, the mechanism of vertical Hall is explained by Hall
effect [7, 8] in vertical bulk by horizontal magnetic field and
surface currents that are opposite direction and induced
opposite Hall voltages between sensing contacts. When the
opposite horizontal magnetic field is applied, the opposite
voltages are induced at contacts. The relation of magnetic field
density and output voltage is linearly dependence. However,
the output voltages are included the magnetoresistance effect
[9]. That apparently is the three terminals vertical Hall
structure [10] that is shown in Fig. 1(b). In this case, output
voltages are caused by magnetoresistance effect only. For this
study, only the effect of magnetoresistance by horizontal
magnetic field will be focused.

o2

o Voutput >

1

I

L

©

++++

a) 5-contacts

n-sub

(b) 3-contacts

Fig. 1. The vertical Hall device.



B. TCAD Sentaurus

The magnetoresistance is studied by simulation. The
standard simulation TCAD Sentaurus [4-6] is used for this
study. This program is general used in standard micro/nano
electronic processes and devices. In addition to the electrical
properties, this program also has magnetic models available.
The current density with magnetic field density dependence
model used for this study is explain as
— A uBxg, v Bx(Bxg,)] ()
1+(u;B)

Jo = 1,8, 1y

where a is n or p , J, is carrier current density, 8. is current
vector without mobility, 4, is the Hall mobility, B is the
magnetic induction vector and B is the magnitude of vector.

III. EXPERIMENT

The resistor structure that uses in this study is shown in Fig.
2. The resistor material is n type silicon. The resistor is 5 um
long and 7 wm wide with two contacts (5x5 pm?) at the end.
The substrate thickness 100 pm is as resistor depth for current
distribution freely without any well but the width is limited
within 7 pm. The junction depth at ohmic contact is 0.5 pm.

The resistor is biased by constant current source 0.5, 1.0
and 3 mA. The substrate concentrations are varied at 10'4, 10'3,
106, 10'7, 10'® and 10" cm™. The magnetic field is applied in y
and —y direction from 0 - 0.5 T. The percent of resistance
change % MR(B) is

N o, AR R(B)—R(0)
YoMR(B) = %= . 2)
where R(B) is resistance when applied magnetic field, R(0) is
resistance when no magnetic field applied, 4R is the resistance

x100%

change.
17 pm -
L=5 uymd=5 um _)lz
b
e

=100 pm

n-type

(a) Resistor dimensions (b) Simulation structure

Fig. 2. Resistor structure.

IV. RESULTS AND DISCUSSION

The resistance was measured when applied magnetic fields
are in parallel direction. The biased currents are 0.5, 1 and 3
mA while the substrate concentrations are 10, 10'°, 10'¢, 10'7,
10" and 10 cm?. Figure 3 shows the results of
magneticresistance response R(B) at various concentrations and
substrate currents. The percent of magnetoresistance and

resistance at biased current 1 mA are shown in Table 1. From
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the results, it is convenience to divide graphs in two groups.
The first group is low concentrations that are 10'* and 10'* cm
and the second group is high concentrations that are 10'°, 107,
10'® and 10 cm?. It shows that at low concentration, the
graphs are linearly dependence. The resistance increases when
magnetic fields are applied in —y direction and decreases when
magnetic fields are applied in y direction. At the high
concentrations, the magnetoresistance does not response.
Figure 4 shows the percent of magnetoresistance change
%MR(B). The percent of magnetoresistance change is positive
and negative when magnetic field is —y and +y direction at low
concentration, respectively. For high concentrations, the
%MR(B) are positive in both directions. The maximum
%MR(B) is less than 1% for low concentration and less than
0.2 % for high concentration.

Arjn}

AR[0)
&0

30

40
(b) ImA

(a) 0.5 mA
Fig. 3. Magnetoresistance responses.

Table I. Magnetoresistance and 2%MR(B) at biased current 1 mA.

Magnetic g Doping Concentration i
field (T) 10"%cm?? 10Vcm3
R[B](€) AR(Q) %MR | R[B]() ARQ) | %MR
0.5 75295 -280 -0.37 158.55 0.09 0.06
04 75349 -225 -0.29 158.52 0.06 0.04
0.3 75405 -170 -0.22 158.49 0.03 0.02
0.2 75461 -114 -0.15 158.47 0.01 0.009
0.1 75517 =57 -0.07 158.46 0.003 0.002
0 75575 0 0 158.45 0 0
-0.1 75633 58 0.07 158.46 0.004 | 0.002
-0.2 75693 117 0.15 158.47 0.01 0.01
-0.3 75753 178 0.23 158.49 0.03 0.02
-0.4 75814 239 0.31 158.52 0.06 0.04
-0.5 75876 301 0.39 158.55 0.10 0.06
MR
1
08
06
né
02
et f;
06 04 02
42
04
06
08 !
(a) 0.5 mA (b) ImA
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Fig. 4. % MR(B) of resistor.
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Fig. 5. Current density distributions at low concentration substrate 10"cm=.
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Fig. 6. Current density distributions at high concentration substrate 10'7 cm.

The current distributions are shown in Fig. 5 and Fig. 6.
Figure 5 is the low concentration at 10" c¢cm>.The current
density distribution changes with the magnetic field. In —y
direction magnetic field in Fig. 5(a), the distribution of current
density distributes into the bottom than it does not to get the
magnetic field, Fig. 5(b). On the other hand in Fig. 5(c), the
opposite direction the current density distributes into the upper
than in the case of no applied magnetic field. Figure 6 is the
high concentration at 10'” cm~. The current density distribution
does not change with the magnetic field. They look similar in
all, when magnetic field and no magnetic field are applied.

The potential distributions in low and high concentrations
are shown in Fig. 7 and 8, respectively. The low concentration
changes the equipotential line with the magnetic field while the
high concentration changes very slightly. Figure 7(a) shows
that when magnetic field are applied in —y direction, the
equipotential lines tilt to -x direction and when magnetic field
are applied in y direction, Fig. 7(c), the equipotential lines tilt
to +x direction. They are observed the deviation of
equipotential lines in the case of high concentration as shown
in Fig. 8.

() B(-y) () B(+y)

Fig. 7. Potential distributions at low concentration substrate 10'* cm.

(b) B(0)
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() B(-y) (©) B(+y)

Fig. 8. Potential distributions at high concentration substrate 10'7cm.

(b) B(0)

From the experiment results, it can be devided into two
cases, low concentrations (10',10°cm®) and high
concentrations (10'°-10"°cm™). Figure 9 shows the proposed
model of magnetoresistance mechanism at low concentration.
Figure 9 (b) is the case of no magnetic field applied, the
constant current pass through from the right to the left contact.
The electron currents path flow from the left to the right as
shown in figure 9 (b). Figure 9 (a) is the case of magnrtic field
biased in the —y direction. The induced Lorentz’s force

F, =¢qvx B act upon the electrons in —z direction. Meanwhile
the Hall electric field is induced in the opposite z direction. The
force from Hall electric field £ = ¢E in bulk, in this case, is less
than Lorentz’s force (Fr > Fy) causes the electron current paths
distribute deeper into the bottom (-z direction) according to the
Lorentz’s force and increases resistance. On the other hand in
Fig. 9(c), when the magnetic field is applied in y direction, the
Lorentz’s force Fi is induced to the surface in z direction. The
Hall electric field Fy is induced into the bottom in —z direction.
In this case, the force from electric field Fy are less than
Lorentz’s force again (Fr > Fu) and electron current paths
distribute up to the surface accoring to the total force. The
reason that why the two forces are not balance unlike the
rectangular case because this case is parallel field, the cross
section structure must be considered rather than top view
rectangilar structure. The unbalance cross section structure
causes the unbalance forces.

Figure 10 shows the mechanism of magnetoresistance at
high concentration. Figure 10 (b) shows the electron current
paths in the case of no magnetic field applied. In this case, the
current distribution is near surface than the case of low
concentration. When magnetic field is applied in —y direction,
Fig. 10(a), the Lorentz’s force is induced in —z direction and
Hall electrical force is induced in z direction. The Hall force is
nearly equal Lorentz’s force but it can be observed that %6MR
is positive so that means Lorentz’s force is greater than Hall
electrical force a little bit. When the magnetic field is applied
in y direction, Fig. 10(c), the lorentz’s force is induced in z
direction and Hall electrical force is induced in —Z direction.
The two forces are nearly equal but %MR is positive so the
Hall force is greater than Lorentz’s force a little bit. The
magnetoresistance by horizontal magnetic field is caused by
asymmatrical of cross section current density which is different
from the vertical magnetic field that is uniform current density
in planar.
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V. CONCLUESION

SC2 sci | Jbin
The magnetoresistance from horizontal magnetic field is
studied by simulation. The structure is rectangular in planar
process. The magnetoresistance shows linearly dependence
LN & with horizontal magnetic field at low concentration 10'* and
. - Fy 105 cm™. The unsymmetrical cross section structure in z axis

B, causes the unbalance between Lorentz’s force and Hall
& . - © sscscsos - electrical force that creates magnetoresistance. The Lorentz’s
force is greater than Hall electrical force; magnetoresistance is
(a)B(-y) (c) B(+y) positive and negative in —y and y magnetic field direction. The
percent of magnetoresistance is less than 1%. On the other
hand, the high concentration 10'°-10'? cm3, magnetoresistance
cannot be observed or very little. The main current density
distributes near the surface. The Lorentz’s force and Hall
electrical force are nearly equal. The magnetoresistance is
positive both in —y and y magnetic field direction. It means that
in —y direction, Lorentz’s force is a little bit greater than Hall
electrical force (FL > Fy) and in y direction, Hall electrical

LY /
Vo Fy Py

B,=0 oo | force a little bit greater than Lorentz’s force (Fy > Fr). The
XJ percent of magnetoresistance is less than 0.2 % at current 1 mA
(b) B(0) and magnetic field density 0.5 T.
Fig. 9. The proposed model of magnetoresistance mechanism at low
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Abstract. This paper studies the aspect ratio (W/L), width (W) per length (L) of semiconductor
resistor based on Hall effect current mode for horizontal magnetic field. At low concentration,
10" ecm?, W/L < 1, the length has direct effect to magnetoresistance. The W/L = 1, the large resistor
provides magnetioresistance better than small device. The W/L > 1, the width has inversely
proportional to magnetoresistance. The %MR(B) is around 1 % at 0.5 T, 1 mA. The long resistor
(W/L < 1) can create 4R in the order of several kilo ohms and several hundred ohms for short
resistor (W/L > I). The contribution factors p(L/W) for high 4R are low concentration and aspect
ratio (W/L < I). The high %MR(B) is contributed by high current density of short structure
(W/L > 1). At high concentration 10!7 cm™, aspect ratio and magnetoresistance are not sensitive to
magnetic field because the Hall effect hardly occurs in high concentration material.

Introduction

Magnetoresistance for non-ferromagnetic material is a phenomenon of Hall effect in current
mode. There are some discussions of this effect [1-3], however, the explanation is limit to vertical
magnetic detection only which is perpendicular to the current on planar structure. The mechanism
is the current path is longer according to Lorentz’s force when applied magnetic field. It is so clear
due to the symmetry and planar structure. However, the magnetoresistance from horizontal
magnetic field is so little discussion. It may be so difficult than vertical field because the horizontal
field will act with the vertical structure which is asymmetry current path structure. There are some
mentions in the vertical Hall structure to describe this mechanism [4], but it is not the main
phenomenon, only a supported phenomenon of Hall effect [5, 6]. Recently, the study of horizontal
field of magnetoresistance was proposed [7]. The mechanism is caused by the unbalance between
Lorentz’s force F; and Hall electrical force F; in asymmetry cross section structure. This effect
shows a small magneticresistance effect by varying concentrations. In this study, the width # and
length L in planar dimension are varied as aspect ratio W/L parameters for horizontal magnetic field
response.

Device Structure and TCAD

The resistance of resistor can be defined as in Eq.1

w=o k=6 () »

where R is resistance, p is resistivity, L is length of resister and A4 is cross section area of current.
The cross section A can be rewritten into term of width (/) and effective thickness of current (¢)
which is appropriate average value that represent of depth corresponding to the cross section area A.
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A. Device structure

The resistor is in rectangular shape as shown in Fig.1. The dimensions of device are defined as
width Wy, length L and thickness 7. W is the width of contact and L is the length between contacts
which are the parameters as aspect ratio (W/L). In this study, W/L <1, W/L =1 and W/L > 1 are
designed. The W/L < 1 are 5/25, 10/25, 5/50, 10/50 and 20/50 pm/pm, W/L = 1 are 5/5, 10/10,
20/20 and 50/50 um/um and W/L > 1 are 10/5, 20/5, 50/5 and 50/25 pm/pm. The thickness is
constant 100 pm for current freely distribution into the bulk. The concentrations of resistor are
10'* c¢cm™ for low concentration or high resistivity and 10'7 cm™ for high concentration or low
resistivity.

B. TCAD

The good method for study magnetoresistance is by TCAD [8, 9]. The advantage is that we can
see the quantity distribution that real measurement cannot show it. Synopsis TCAD sentaurus is the
standard commercial program for device and process simulation of micro/nanoelectronic
technology [10, 11] which use as a tool for analysis. The magnetic model for semiconductor is

explain as

Jo= 8ot g ———3[ 1 B xZ,+ 1, B*(uu; B*Z,)] )
1+(1B)

where o is n or p type semiconductor, J is carrier current density vector, g is current vector
without mobility, u:( is the Hall mobility, B is the magnetic induction vector and B is the magnitude

of vector. .,
L d=5um x_l
—

4

o

. ce2 ccr <

100 um

=

' n-type

(a) Resistor dimensions (b) Simulation structure
Fig. 1 Resistor structure.

Experiment, Results and Discussion

The resistors are biased by constant current source at 1 mA. The magnetic field is applied in y
and —y directions varied from 0 - 0.5 T. The outputs are resistance change AR and percent of
resistance change %6MR(B) which can be written as

%MR(B) = %'Of(w <100 3)

where R(B) is resistance while applied magnetic field, R(0) is the resistance while no applied
magnetic field.
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Fig.2 and Fig. 3 are magnetoresistance responses of concentration 10! and 10'7 cm™ which are
AR and %MR(B), respectively. The representative comparable quantities of each aspect ratio of Fig.
2 and 3 are shown in Table 1 and 2, respectively.

At low concentration 10'* cm™ from Fig. 2(a), W/L < 1, AR increases linearly with longer L or
aspect ratio reducing. In the same aspect ratio, the larger resistor gives AR more than the smaller
one. However, the %MR(B) calculation shows opposite results, the longer L gives %MR slightly
less than the shorter L. It is in the range of 0.5 to 1 % means that magnetoresistance effect by
horizontal magnetic field is not so much around 1 %. Even though the %MR(B) is not so much for
long resistor (W/L < 1), it shows very large AR in the order several kilo ohms. The resistance values
change significantly and clearly. The AR changes with the magnetic field density and direction. The
mechanism explains by the vertical forces unbalance between Lorentz’s force F7 and Hall electrical
force Fu [7]. In this case Fy is more than Fy both in y and -y direction.

%MR(B)
——125W5
—#—125W10
——125W20
——L50W5
==150W10
=0-L50W20
——15W5
~—110W10
L20W20
—<L50W50
fa'al 1.5
AR %MR(B)
X 400
¢ 200 e
1 1
- ——L5W10
4 100 = ~—L5W20
3 B(T)
( ) == L5W50
06 100 g, 06 ——125W50
RN
\:’
300
X
-400

(c) W/L> 1

Fig. 2 Magnetoresistance and %MR(B) Responses at low substrate concentration 10'* cm™.
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——L25W5

- 125W10

== 25W20

| 50W5

== 50W10

=0 L50W20

-0.6 -0.4 -0.2 0 0.2 0.4 06| -0.
(a) W/L<1
ARQ) %MR(B)
812 B e 1117 — —

—4—L5W5
——-110W10
- L20W20
e | S50W50
——15W10
—8—15W20

L5W50
= [25W50

(cyw/L>1
Fig. 3 Magnetoresistance and %MR(B) Responses at high substrate concentration 10'7 cm™.

In the case of aspect ratio W/L = 1 in Fig. 2(b), the resistance of devices are equal. The AR and
%MR(B) of the larger resistor is better than the smaller one. The AR is in the range 500Q - 1kQ, and
%MR(B) is in the range 0.5 - 1 % which is the same as in the case W/L < 1. The AR changes
significantly even though %MR(B) does not change so much. It is response to magnitude and
direction of magnetic field. The mechanism is the same as describe before which Fr > Fy [7].

In the case of aspect ratio W/L > 1 in Fig. 2(c), the resistance is lower than of the two cases
before. The AR decreases with the increasing of aspect ratio or the wider resistor, the lower AR. In
the same aspect ratio, the wider resistor shows AR better than the narrower one. The %MR(B) shows
the opposite result, the wider resistor shows %MR(B) smaller than the narrower resistor. The
%MR(B) range is the same as in the two cases before. Due to the smallest resistance condition, AR
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Table 1 AR and %MR(B) of concentration 10'* ¢cm™ (0.5 T, 1 mA).

Magnetic Low concentration ( 10" cm)
field (T) W/L < 1(5/50) W/L = 1(5/5) W/L > 1(50/5)
AR(Q) %MR(B) AR(Q) %MR(B) AR(Q) %MR(B)
0.5 -4835.0251 -0.5520 -280.0824 -0.3706 -98.5045 -1.0745
0.4 -3886.8300 -0.4438 -225.6352 -0.2985 -80.4813 -0.8779
0.3 -2929.2206 -0.3344 -170.3980 -0.2254 -61.6189 -0.6721
0.2 -1962.2051 -0.2240 -114.3768 -0.1513 -41.9174 -0.4572
0.1 -985.7945 -0.1125 -57.5767 -0.0761 -21.3774 -0.2331
0 0 0 0 0 0 0

-0.1 995.2438 0.1136 58.4410 0.0773 22.2129 0.2423
-0.2 1999.9219 0.2283 117.8323 0.1559 45.2589 0.4937
-0.3 3014.0024 0.3441 178.0688 0.2356 69.1348 0.7541
-0.4 4037.4567 0.4610 239.1333 0.3164 93.8369 1.0236
-0.5 5070.2534 0.5789 301.0166 0.3982 119.3608 1.3020

Table 2 AR and %MR(B) of concentration 10’7 cm™ ( 0.5T, 1 mA).

Magnetic High concentration (10! cm™)
field (T) W/L < 1(5/50) W/L = 1(5/5) W/L > 1(50/5)
AR(Q) %MR(B) AR(Q) %MR(B) AR(Q) %MR(B)
0.5 0.106016 0.027709 0.099565 0.062834 0.014365 0.070261
0.4 0.067929 0.017754 0.063618 0.040148 0.009223 0.045110
0.3 0.038278 0.010005 0.035684 0.022520 0.005214 0.025504
0.2 0.017071 0.004461 0.015768 0.009951 0.002341 0.011449
0.1 0.004311 0.001126 0.003873 0.002444 0.000602 0.002947
0 0 0 0 0 0 0

-0.1 0.004138 0.001081 0.004150 0.002619 0.000533 0.002606
-0.2 0.016726 0.004371 0.016322 0.010300 0.002201 0.010767
-0.3 0.037759 0.009869 0.036512 0.023042 0.005005 0.024479
-0.4 0.067234 0.017573 0.064716 0.040841 0.008943 0.043740
-0.5 0.105144 0.027481 0.100927 0.063693 0.014014 0.068544

is in the range of several hundred ohms. It still responses both magnitude and direction. The
Lorentz’s force F7 is greater than Hall electric force Fu [7].

Table 1 shows the selected of W/L condition. The W/L < 1, W/L =1, W/L > 1 are 5/50, 5/5 and
50/5 pm/pum of low concentration 10" cm™. At 0.5 T 1 mA, when the length is longer from 5 to 50
pum, AR is changed from 300 Q to 5kQ and %MR(B) is changed from 0.39 to 0.57. When the width
is changed from 5 to 50 pm, AR is decreased from 300 to 120 Q but %MR(B) is increased from 0.39
to 1.30. They are so well according to R = (pL/4) = (p/t).(L/W) in Eq.1. The resistance change AR
come from the unbalance between Lorentz’s force /1 and Hall electrical force Fy that will change
the effective thickness 4¢ in Eq. 1 and will become as follow

rR®=p (5).+ )

The 4R and %MR(B) of long resistors (W/L < I) from Table 1 are 5 kilo ohms and 0.57 % and short
resistors (W/L > 1) are 119 ohms and 1.30 %, respectively. Even though the high 4R of long
resistor, the 2MR(B) is less than that of short resistor. It comes from the factor p(L/W) in Eq.2
which has resistivity greater than the short resistor. In the case of W/L = 1, 5/5 pm/pum from Table
1, the AR and %MR(B) are 301 ohms and 0.39 %, respectively.

At concentration 10'” cm™ from Fig.3, all aspect ratio W/L < 1, W/L = 1 and W/L > 1 are not
response to magnetic field. AR and %MR(B) are very little changed less than 0.1 Q and 0.02 % at
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Fig.4 Current density distribution at low substrate concentration 10'* cm™.

0.5 T, 1 mA or we can say that they do not response with magnetic field. Table 2 shows the AR and
%MR(B) that do not change with magnitude and direction of magnetic field.

Fig. 4 and 5 are cross section of current distribution of resistors. The aspect ratios (W/L) are the
same as shown in Table 1 and 2 which are 5/50, 5/5 and 50/5 pm/um. We observe that long resistor
(W/L < 1) current is uniformly distributed deep into the bulk. The depth shown in Fig. 4(a) and 5(a)
is 80 um from the surface that current is relatively uniform entire area with no current crowding.

In short resistor (W/L = 5/5, 50/5) in Fig. 4 and 5 (b) and (c), the currents are mostly crowded on
the surface and are not uniform distribution deep into the bulk. The 4R in this case is mainly caused
by At and current density distribution. Because the higher current density distribution from short
structure, %MR(B) is higher than the long structure that has lower current density distribution.
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Fig.5 Current density distribution at high substrate concentration 10'7 cm™.

Even though the higher %MR(B) of short structure but the p(L/W) is lower so the total AR is less
than long structure so much which are shown in Table 1.

On the other hand, at the high concentration 107 cm?, even though the long and short current
distribution are like in the case of low concentration that are long resistor current uniformly
distribute deep into the bulk and short resistor currents are crowded on the surface but the
magnetoresistance does not response to magnetic field. The current distribution does not change in
magnitude and direction of magnetic field because the high concentration low resistance. The
current distribution lines in Fig. 5 are flatter than low concentration so much. It looks like in the
case of symmetry planar Hall effect device at high concentration. The Hall voltage cannot induce
for high carrier concentration material such as high doping semiconductor and metal.
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Conclusion

The magnetoresistance by horizontal magnetic field affects the low concentration condition such
as 10 ¢cm™ more than high concentration 10'” cm™ so much because the Hall effect hardly occurs
for high concentration material. The %MR(B) is around 1 % in y and —y direction at 0.5 T, 1 mA in
any aspect ratio. Only 1 %MR(B) can create significant resistance difference AR of the long resistor
(W/L < 1) in several kilo ohms and several hundred ohms for short resistor (W/L > 1). The current
distribution of long resistor is uniform deep into the bulk that gives %MR(B) lower than 1 %. The
resistance difference 4R mostly depend on factor p(L/W) than (1/4t). In short resistor (W/L > 1), the
currents are crowded near the surface and current density is much higher than long resistor and the
effective At sensitive with horizontal field means that the short resistance that give %MR(B) more
than 1 %. In this case, the main factor of resistance difference 4R normally depends on (//4t). The
high concentration 107 ¢cm?, current distribution is very flat and current crowding occurs near
surface for short resistor. It is similar to Hall effect in planar device that Hall voltage cannot induce
in high concentration material. From this study, we can design the resistor for horizontal magnetic
field by low concentration as possible and aspect ratio for high %MR(B).
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