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Abstract; Thisreportdocumentshe JUNCAP2compacimodelwhichdescribeshebehaior of the
junction diodesin a MOSFET The JUNCAP2modeldescribeghe following physical
effects:

geometricabkcaling:bottom,STI-edge andgate-edgeomponents;
depletioncapacitance;
idealdiodecurrent;

Shocklg/-Read-Hallgeneration/recombinatioaurrent, both in forward and re-
versemodeof operation;

trap-assistetlinnelingcurrent,bothin forwardandreversemodeof operation;
band-to-bandunnelingcurrent;
avalancheandbreakdavn;

shotnoise.
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History of modeland documentation

Intr oduction

The rst versionof thecompactMOS modelJUNCAP2,Level 200, hasbeenreleasedo the public domainin
April 2005. Changesandadditionsto the modelaredocumentedby adaptingor extendingthe documentation
in this Report.

History of the model

April 2005 Releaseof JUNCAP2,level 200 as part of SiMKit 2.1. A Verilog-A implementations made
availableaswell.

August 2005 Releaseof JUNCAP2,level 200.1as part of SiMKit 2.2. Similar to the previous version,a
Verilog-A implementatiorof the JUNCAP2-models madeavailableaswell. Focusof this releasavasmainly
ontheoptimizationof the evaluationspeedf JUNCAP2.This new versionis fully parametecompatiblewith
thepreviousversion.

Thefollowing changehave beenmade:

limiting of chaige modeland of Wsgh;step iS NOW basedon the minimum of threebuilt-in voltages,
insteadof separatdéimiting for bottom,STl-edgeandgate-edgeomponent;

limiting of V; to V;.sr1 in Shocklg-Read-Halimodelreplacedy adopting MAX /IMAX -construction
of ideal-currentmodel;subsequentlyhe original Vj;srr2 hasbeenrenamednto Vj;sgrh ;

limiting of Vak toV; in chagemodelchangedrom In-exp typeinto so-calledhyp5function; limiting of
Vak t0Vj:sru (i.€. thepreviousV;;srH2 ) in Shocklg-Read-Hallmodelchangedrom In-exp typeinto
so-callechyp2function.

expressionfor  wsgry rewrittenim more conciseform (mathematicallyidenticalto previousversion),
seeEq. (4.43).

August2006 Releas®f JUNCAP2 level 200.2.1n thisversiona problemthatwasfoundin theband-to-band
tunnelingmodelis solved.

October 2007 Releasef JUNCAP2 level 200.3aspartof SiMKit 3.0. In this version,JUNCAPEXxpresss
introduced.The Expressmodelcanbe invoked by settingthe parameteSWJUNEXP to 1. Thisresultsin a
very signi cant decreaséabouta factor5 in typical situations)of the JUNCAP2modelevaluationtime. Yet
the Expresanodelwascreatedo give only very limited lossof accurag undertypical operatingconditionsof
thedevice.

November 2008 Releasef JUNCAP2, level 200.3.3aspartof SiMKit 3.2. In this version,abug w.r.t. the
JUNCAPEXxpresgparameteFJUNQ hasbeencorrected.

History of the documentation

April 2005 Firstreleaseof JUNCAP2 level 200documentation.

August2005 Documentatioupdatedor JUNCAP2 level 200.1releaseSectionA hasbeenaddedo docu-
mentthe so-callechyp-functionsgntroducedn level 200.1.

March 2006 Documentatiorupdate.Section6.7 hasbeenadded.
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June2006 Documentatiorupdate Errorin Eq.(4.51),whichde nesbrat, is corrected.

August2006 Documentatiompdatedvith modi ed band-to-bandunnelingequationsEqs.(4.62)and(4.63)
added,Eqgs. (4.64) and (4.65) modi ed, andconstant V,; addedto list of modelconstantdn Section3.2.
Additional information on simulationtimes associatedo the variousphysicaleffectsin the modeladdedto
Section6.7.

October 2007 Documentatiorupdatedfor JUNCAP2version200.3,including JUNCAP2Express. Look
andfeel of documentatiotbroughtin closeragreementvith PSPdocumentation.

April 2009 Documentatiorupdatedfor JUNCAP2version200.3.3. Egs.(4.108),(4.109),and (4.110)are
broughtin accordancevith FJUNQ-relatedbug x madein 200.3.3(releasedn November2008).1n addition,
sometyposhave beencorrected.
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Sectionl

Intr oduction

The JUNCAP2modelis intendedto describethe behavior of the diodesthatareformedby the source drain,
or well-to-bulk junctionsin MOSFETS.It is the successoof the JUNCAPIevel=1 model[1].

Whereaghe JUNCAPIlevel=1 modelgivesa satishctorydescriptionof the junction capacitancests descrip-
tion of diodeleakagecurrentss ratherpoorfor present-dafMOStechnologiesThisis dueto everincreasing
dopingconcentrationdn the junctions,leadingto increasingelectric elds. Dueto thesehigh electric elds,
leakagemechanismsuchas trap-assistedunnelingand band-to-bandunnelinghave gainedimportanceto
suchanextent,thatthey arestartingto contribute to the MOSFET off-statecurrent. Thus,accuratenodelling
of thesdeakagecurrentsis calledfor.

In additionto its relevancefor advancedCMOStechnologiesaccuratgunctionmodellingis alsorelevantfor

partially depletedSOI (PDSOI).Here,a smallpositive voltageat the oating body exists,whichis determined
by the equilibrium betweenimpactionization and gate currenton one handand currentthroughthe source
junction on the otherhand. Due to the back-gateeffect, this small positve oating body voltagegivesrise

to additionaldrain current,whereit is visible asthe so-called‘kink effect”. Thus,for PDSOlapplications,
accuratgunctionmodellingin the low-forwardregimeis required.
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Section2

Summary of physicsbehind JUNCAP2

The JUNCAP2modelhasbeendevelopedfor the descriptionof sourceanddrainjunctionsin MOSFETS.The
modelequation$ave beendevelopedfor symmetricajunctionsof arbitrarygradingcoefcient. Thefollowing
physicaleffectshave beenincluded:

Geometrical scaling

JUNCAP2modelsthe capacitanceand currentsof bottom-, STI-edge,and gate-edgecomponents.This is
illustratedin Figs.2.1and2.2.

Depletion capacitance

Thedepletioncapacitancenodel,similarto JUNCAP1 s astandardextbookequation It hasbeersafgguarded
againstumericalover ow in theforwardmodeof operation.

Ideal current

Theidealdiodecurrentis modeledusingtheideal-caseshockle equation.Thebandgahasbeenmadea free
parameteto be ableto tunethe temperaturelependenceNo (unphysical)ideality factorhasbeenincluded.
Non-idealitiesaremodeledwith physics-basedquationsasoutlinedbelow.

Shockley-Read-Hallcurr ent

TheShocklg-Read-Halkurrentis calculatedy integratingthe Shockleg/-Read-Halbeneration-recombination
rate over the depletionregion. This is donefor arbitrary grading coefcient and resultsin a single-piece
expressiorin forwardandreversemodeof operation.

Trap-assistedtunneling current

Thetrap-assistetlnnelingcurrentis calculatedn a similar fashionasthe Shockleg/-Read-Hallcurrent. Now
alsothe eld-enhancementactor[2] is takeninto accountin the calculation.In contrastto e.g. Diode Level
500[1], the calculationis not basedon the low- eld approximationof this eld-enhancementactor, but is
generallyvalid for bothlow andhigh elds. The calculationresultsin a single-piecexpressiorwhichis valid
in boththeforwardandreverseregime,andfor arbitrarygradingcoefcient.
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Band-to-band tunneling curr ent

For the band-to-bandunneling current, a physicalmodel similar to the Diode Level 500 [1] equationhas
beenimplemented.Someadditionalfreedomin tting the (small) temperaturalependencef this currentis
provided.

Avalanchebreakdown

For avalanchébreakdavn, anexpressiorhasbeenderivedwhichis asimpli ed form of theDiodeLevel 500[1]
equationdor this phenomenonin comparisorwith Diode Level 500, someadditionalfreedomin tting the
onsetto breakdaevn is provided.

Noise

In partially depletedsilicon-on-insulato(PD SOI), the shotnoiseof thejunctioncurrentis importantbecause,
togethemwith the shotnoiseof theimpactionizationcurrentof the MOSFET, it leadsto additionalLorentzian
noisein thedraincurrent[3]. Therefore shotnoisehasbeenimplementedn JUNCAP2.

gate oxide

gate-edge
component

bottom

component ///}

Figure2.1: Thethreecontributionsto the source/draijunctionof aMOSFET

1}
IIIIIIIIIIIII/I/I/I/I/I/I/I/I/IA

7

Figure2.2: Schematidop view of the MOSFET The meaningof theinstanceparameter&\B, LS, andLG is
indicatedin thedrainregion.
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Section3

Model parametersand constants

3.1 Physical Constants

‘ No. ‘ Symbol ‘ Unit ‘ Value Description
1 | To K 273.15 offsetbetweerCelsiusandKelvin temperature
scale
2 | kg J/IK | 1:3806505 10 22 | Boltzmannconstant
3 |q C 1:6021918 10 1° | elementanchage
4 J s | 1:05457168 10 3* | reducedPlanckconstant
5 | mg kg 9:1093826 10 31 | electronrestmass
6 0 F/m | 8:85418782 10 2 | Permittiity of vacuum
7 r Si - 11:8 Relative permittivity of silicon

3.2 Other constants

‘ No. ‘ Symbol ‘ Unit ‘ Value Description

1 | Tmin C 250 minimumtemperaturéor modelequations

2 | Vhilow \Y 0.050 lower boundaryfor built-in voltage

3 |a - 2 setsupperlimit of forward capacitancéo a
Cio

4 ch - 0.1 smoothingconstanfor chage model

5 Vi — 0.050 voltage differenceusedin band-to-bandun-
nelingmodel

6 av - 10 6 smoothing constantfor effective voltage in
avalanchemodel

7 | Vor:max \/ 10° upper limit for VBR; for larger values,
avalanchemodelis switchedoff

8 av - 0.999 belowv av VBR avalanchemodelis lin-
earized

9 | Vmaxlarge | V 108 valueassignedo Vimax Whenlpsat is zero.

10 | Qeric - 0.29214664 parametem erfc approximation

11 | Peric - V= Aerfe parametem erfc approximation

continuedon next page. .
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... continuedrom previous page
‘ No. ‘ Symbol ‘ Unit ‘ Value ‘ Description
12 | bere - es fa Pt parametem erfc approximation
13 | Cerfc — 1 aefc beric | parametem erfcapproximation
3.3 Instanceparameters
‘ No. ‘ Name ‘ Unit ‘ Default ‘ Min. ‘ Max. ‘ Description
0 | AB m? | 10 2 0 junctionarea
1 |LS m 10 6 0 STI-edgepartof junctionperimeter
2 | LG m 10 6 0 gate-edg@artof junctionperimeter
3 | MULT - 1 0 multiplicationfactor
3.4 Model parameters
‘ No. ‘ Name ‘ Unit ‘ Default Min. ‘ Max. ‘ Description
0 | LEVEL - 200 200 200 | modelselectionparameter
1 | TYPE - 1 switch( lorl)toselectp nandn p
junction
2 TRJ C 21 Tmin referencaemperature
3 | SWIUNEXP - 0 0 1 ag for JUNCAPExpress0 $ full JUN-
CAP2model,1$ Expressmodel
4 | DTA C 0 temperatureffsetwith respecto ambient
temperature
5 | IMAX A 1000 (1 10 *? maximumcurrentup to which forwardcur-
rentbehaesexponentially
Capacitanceparameters
6 | CJORBOT F/m? 10 3 10 12 zero-biascapacitanceper unit-of-areaof
bottomcomponent
7 | CJORSTI F/im 10 ° 10 18 zero-biascapacitanc@er unit-of-lengthof
STI-edgecomponent
8 | CJORGAT F/m 10 ° 10 18 zero-biascapacitancger unit-of-lengthof
gate-edgeomponent
9 | VBIRBOT \Y 1 Vbi:low built-in voltage at the referencetempera-
ture of bottomcomponent
10 | VBIRSTI \Y 1 Vhi:low built-in voltage at the referencetempera-
ture of STI-edgecomponent
11 | VBIRGAT \Y 1 Vbi:low built-in voltage at the referencetempera-
ture of gate-edgeomponent
12 | PBOT - 0:5 0:05 0:95 | gradingcoefcient of bottomcomponent
13 | PSTI - 0:5 0:05 0:95 | gradingcoefcient of STI-edgecomponent
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... continuedrom previous page
‘ No. ‘ Name Unit Default Min. ‘ Max. ‘ Description
14 | PGAT - 0:5 0:05 0:95 | grading coefcient of gate-edgecompo-
nent
Ideal-curr ent parameters
15 | PHIGBOT V 1:16 zero-temperaturbandgapvoltage of bot-
tom component
16 | PHIGSTI \Y, 1:16 zero-temperaturbandgapvoltageof STI-
edgecomponent
17 | PHIGGAT \% 1:16 zero-temperaturbandgaproltageof gate-
edgecomponent
18 | IDSATRBOT A/m? 10 12 0 saturationcurrentdensityat the reference
temperaturef bottomcomponent
19 | IDSATRSTI A/m 10 18 0 saturationcurrentdensityat the reference
temperaturef STI-edgecomponent
20 | IDSATRGAT A/m 10 18 0 saturationcurrentdensityat the reference
temperaturef gate-edgeomponent
Shockley-Read-Hallparameters
21 | CSRHBOT A/m3 107 0 Shockle/-Read-Hall prefactor of bottom
component
22 | CSRHSTI A/m? 10 4 0 Shocklg-Read-Hallprefactorof STl-edge
component
23 | CSRHGAT A/m? 10 4 0 Shocklg-Read-Halprefactorof gate-edge
component
24 | XJUNSTI m 10 7 10 ° junctiondepthof STI-edgecomponent
25 | XJUNGAT m 10 7 10 ° junctiondepthof gate-edge€omponent
Trap-assistedtunneling parameters
26 | CTATBOT A/m?3 107 0 trap-assistetlinnelingprefactorof bottom
component
27 | CTATSTI A/m? 10 4 0 trap-assistedunneling prefactor of STI-
edgecomponent
28 | CTATGAT A/m? 10 4 0 trap-assistedunneling prefactor of gate-
edgecomponent
29 | MEFFTATBOT - 0:25 0:.01 relative effective mass for trap-assisted
tunnelingof bottomcomponent
30 | MEFFTATSTI - 0:25 0:.01 relative effective mass for trap-assisted
tunnelingof STI-edgecomponent
31 | MEFFTATGAT - 0:25 0:01 relatve effective mass for trap-assisted
tunnelingof gate-edgeomponent
Band-to-bandtunneling parameters
32 | CBBTBOT AV 3 10 12 0 band-to-bandunneling prefactor of bot-
tom component
33 | CBBTSTI AV 3m | 10 18 0 band-to-bandunneling prefactor of STI-
edgecomponent
34 | CBBTGAT AV 3m | 10 18 0 band-to-bandunneling prefactor of gate-
edgecomponent
continuedon next page. .
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... continuedrom previous page
‘ No. ‘ Name Unit ‘ Default ‘ Min. ‘ Max. ‘ Description

35 | FBBTRBOT Vm 1! 10° normalizationeld atthereferencaemper
aturefor band-to-bandunnelingof bottom
component

36 | FBBTRSTI vm ! 10° normalizationeld atthereferenceemper
ature for band-to-bandunneling of STI-
edgecomponent

37 | FBBTRGAT vm ! 10° normalizationeld atthereferencéemper
aturefor band-to-bandunnelingof gate-
edgecomponent

38 | STFBBTBOT K 1! 10 8 temperaturecalingparametefor band-to-
bandtunnelingof bottomcomponent

39 | STFBBTSTI K 1! 10 3 temperaturecalingparametefor band-to-
bandtunnelingof STI-edgecomponent

40 | STFBBTGAT K ! 10 3 temperaturecalingparametefor band-to-
bandtunnelingof gate-edgeomponent

Avalancheand breakdownn parameters

41 | VBRBOT \% 10 0:1 breakdaevn voltageof bottomcomponent

42 | VBRSTI \% 10 0:1 breakdevn voltage of STI-edge compo-
nent

43 | VBRGAT \% 10 0:1 breakdevn voltage of gate-edgecompo-
nent

44 | PBRBOT V 4 01 breakdavn onsettuning parametenof bot-
tom component

45 | PBRSTI V 4 01 breakdavn onsettuning parameteof STI-
edgecomponent

46 | PBRGAT V 4 01 breakdaevn onsettuningparametenof gate-
edgecomponent

JUNCAP ExpressParameters

47 | VJUNREF V 2:5 0:5 typical maximumjunctionvoltage;usually
about2 Vsyp

48 | FJUNQ V 0:03 0 fraction below which junction capacitance]
componentgarenegglected
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Model equations

4.1 Inter nal parameters
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In this section,bias-independerihternal parametersre calculated.All computationsn this sectionare de-
pendenton model/instancg@arameterandtemperaturenly; they areindependentf bias. Therefore these

equationsieedto be evaluatedn theinitialization phaseonly.

Thermal voltage

Tkr

Tko

T —

Band gap

GR —

To+ TRJ

To+ max(Ta + DTA; Tmin)

_ ke Tkr

q

_ ks Tko

q

7:02 10 4 T2,
11080+ Tyr

GR:bot = PHIGBOT +  @r

GR ;sti

= PHIGSTI + GR

GR;gat = PHIGGAT + GR

GD

7:02 10 4 T2,
11080+ Tkp

GD:bot = PHIGBOT + GD

GD ;sti

= PHIGSTI + GD

GD;gat = PHIGGAT + GD

(4.1)

(4.2)

(4.3)

(4.4)

(4.5)

(4.6)
(4.7)
(4.8)
(4.9)

(4.10)
(4.11)

(4.12)
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Intrinsic carrier concentration

1:5

Tkp GR bot GD ;bot
F1p ot = —— exp ’ ’
Tkr 2 1R 2 1
Tko P GR;sti GD ;sti
;Sti ;Sti
Friost = —— exp 2 :
Tkr 2 R 2 1
Tko ° GR GD
- ;gat ;gat
Fro gat = =/ exp
Tkr 2 R 2 T

Saturation curr ent density at device temperature

Ipsat:bot = IDSATRBOT Frp :hot?
Ipsat:si = IDSATRSTI Frp .g”

IpsaT:gat = IDSATRGAT Frp gat?

Determination of Vimax

8
5 Vimax ;large if IpsaT;pot AB =10
Vmax:bot = IMAX
2 m In ————+1 if |DSAT;b0t AB 6 0
IpsaT;bot AB
8
E Vmax;large if |DSAT;sti LS=0
Vmax;sti = IMAX
32 15 In ———=+1 iflpsaTisi LS60
IpsaT;si LS
8
5 Viax :large if IpsaT:gat LG =0
Vmax ;gat = IMAX
3 m n —+1 if |DSAT;gat LG6O0

IpsaT:gat LG

Vimax = MiN (Vmax :bot ; Vimax :sti ;Vmax;gat)

Built-in voltages

T
Upibot = VBIRBOT —2 2 15 InFrp ot
Tkr

Vhizlow  Uni;bot
TD

Vbisbot = Upisbot + 10 I 1+ exp
_ Tko

Upisi = VBIRSTI —— 2 1 InFyp s
Tkr

Vhistow  Ubi;sti
™

Whisi = Upicsi + 10 IN 1+ exp
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(4.19)
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T
Upigat = VBIRGAT =2 2 15 InFrp ga
Tkr

Vhisow  Ubiigat

Vbi;gat = Ubi;gat + m In 1+ exp
TD

Determination of Vg:min and Ven

4.2

Vbi;min = Min (Voi;bot ; Vbi;sti ; Vbi;gat)

Note: in taking this minimum, only the V,;; of therelevantcontributionsaretaken into
account.For example,whenAB = 0, Vi ot iS NOttakeninto account.

Voimn 1 a PST it Voi:min = Voi:sti

8
% Voi ; min 1 a 1=PBOT if Vbi:min = Vbi:bot
VF;min = E

1=PGAT _
Vbimn 1 & if Voi:min = Voi:gat

Veh = b Vbimin

The juncap-function

(4.27)

(4.28)

(4.29)

(4.30)

(4.31)

This sectiondescribes functionwhich containghefull (electrical)characteristicef the JUNCAP2model.In
theactualmodelit will beevaluatedupto threetimes:for thebottom,STI-edge andgate-edgeomponentsf
themodel. Thede nition of the hyp-functionsaregivenin SectionA.

Input parametersof the juncap-function

‘ No. ‘ Name ‘ Description ‘

0 | Vak in caseTYPE = 1: voltagebetweeranode(p-side)andcathode(n-side);in case
TYPE = 1: voltagebetweercathodeandanode

1 | Tkr referencaemperatureén Kelvin

2 | Tkp device temperaturén Kelvin

3 o) thermalvoltageat device temperature

4 GD bandgapvoltageat device temperature

5 Fmp intrinsic carrierconcentratiorat device temperaturedivided by that at reference
temperature

6 lpsaT saturatiorcurrentdensityof ideal current

7 | Vbi built-in voltageat thedevice temperature

8 | Vhi:min minimumV,,; of bottom,STl-edge andgate-edgeontribution

9 | VE:min limiting voltagefor chagemodel

10 | Ve smoothingconstanfor transitionVe.min ! Ven in chagemodel

11 | VMAX maximumvoltageup to which forward currentbehaesexponentially

12 | CJOR zero-biasapacitanc@erunit-of-area

13 | VBIR built-in voltageat thereferencaemperature

10

continuedon next page. .
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... continuedrom previous page
‘ No. ‘ Name Description
14 | P gradingcoefcient
15 | CSRH Shocklg/-Read-Hallprefactor
16 | XJUN junctiondepth
17 | CTAT trap-assistetlinnelingprefactor
18 | MEFFTAT | effective masg(in unitsof my) for trap-assistetlnneling
19 | CBBT band-to-bandunnelingprefactor
20 | FBBTR normalizationeld atthereferencdemperaturdor band-to-bandunneling
21 | STFBBT temperaturecalingparametefor band-to-bandunneling
22 | VBR breakdaevn voltage
23 | PBR breakdavn onsettuning parameter
Outputs of the juncap-function
‘ No. ‘ Name‘ Description
0 IjO junctioncurrentperunit of areaor length
1 QJQ junctionchageperunit of areaor length
De nition of the juncap-function
Junction charge
VBIR ©
Cio = CJOR (4.32)
bi
Vj = hyps(VAK s VE:min ; Ven) (4.33)
Co Vi " Ve a :
0_ jo  Vbi ] ) A
f= T Loy +a Co (Vax M) (4.34)
Ideal current
S V,
% exp 2% if Vak < Vmax
TD
M|D = (435)
; 1+ Vax  VMAX - VMAX FVa Virm
TD TD
I3=(Mp 1) lpsat (4.36)
Shockley-Read-Hallcurr ent
Note:if CSRH = CTAT = 0, Egs.(4.37)... (4.46)shouldbeskippedand! ¢z, = O.
Zny = Mp (4.37)
¢ NXP Semiconductor2009 11



April 2009 JUNCAP2 Unclassi edReport

1
7= — 4.38
Zinv ( )
8 h p i
2 1 Inz+2+ (z+1) (z+3) if Vak > 0
p .
z V2AK + m In 1+2 Zpy+ 1+ Ziny) 1+ 3 zZiny) if Vak 0
(4.39)
Viiim = Vbiimin 2 (4.40)
Viisri = hyp,(Vak ; Visim; 1) (4.41)
s
w =1 1 %2 (4.42)
SRH ;step Vbi \/J SRH .
WsRH :step >IN WsRH:
WsRrH = SRHistep Sl WsrH;step (1 2 P) (4.43)
WSRH ;step
WsRH = WsRH;step T WSsRH (4.44)
_ XJUN s Voi Visrn
Waer = —E30R VBIR (4.45)
I9rn = CSRH Frp  (Ziny 1) Wsrn Waep (4.46)
Trap-assisted-tunnelingcurr ent
Note:if CTAT = 0, Egs.(4.47)... (4.61)shouldbeskippedand! 9, = 0.
_ Wi Vjsru
Fmax = Wer (L P) (4.47)
me = MEFFTAT mg (4.48)
E = max %; ™ (4-49)
E
araT = (4.50)
TD
P 32me q E?3
e
= 4.51
brat 3~ Foo (4.51)
2 a
0o _ TAT
umax 3 b'I'AT (452)
s
o = e (4.53)
max Upnaxz 1 .
T
W = 1+ brat Umax 3=2 (4.54)
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_ WsrH W
WrAT = 7WSRH T w (4.55)
s
3
kTAT = 8—pr (4.56)
Umax
4 atat P
lraT = 3 brar max  Umax (4.57)
2 arat? p—— brat 322
= — + —— .
MtaT 3 Drat Umax aTAT Umax 2 Umax (4.58)
8 8
1
P — ify>0
torte = 1+ Pertc Y y
eric —
3 1 ify 0
1 Petc Y
erfcappraox(y) =
pprax(y) erfcappfO(+ = Berfe terfic T Deric tgrfc + Cerfc tgrfc exp( y2)
8
< erfcapprox® if y>0
erfcapprax(y) = .
' 2 erfcapprox” if y O
(4.59)
_ arat exp(mrat) erfcapprax[krat (lrar  1)] P
max = K (4.60)
TAT
I'|QAT = CTAT Fmo (Znv 1) max Wrat Waep (4.61)
Band-to-band tunneling curr ent
Note:if CBBT = 0, Eqgs.(4.64)... (4.67)shouldbeskippedandl §z; = 0.
VaeT -im = Min(VBIRBOT; VBIRSTI ; VBIRGAT) Vi (4.62)
Veet = hyp,(Vak ; VBBT :lim; TR) (4.63)
XJUN g VBIR  VggT
Wep:r = 4.64
dep:r CJOR VBIR (4.64)
VBIR  VggT
Frax:t = —v 88T 4.65
max;r Wdep;r (1 P) ( )
Fger = FBBTR [1+ STFBBT (Tkp Tkr)I (4.66)
II(B)BT = CBBT Vak Fmax;rz exp FBi (4.67)

I:max;r
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Avalancheand breakdown

Note: if VBR > Vpr:max , EQS.(4.68)... (4.71)shouldbe skippedandf preakdo wn = 1.

Vay = hypz(VAK 105 av) (4.68)
_ 1
fstop - 176WPBR (4.69)
PBR
St = fstopz avPBR ! VBR (4.70)
8 1
% ~— . _PBR |f Vav > av VBR
Vay
f breakdo wn = § 1 VBR (4.71)
fstop + (Vav + av VBR) St if Vav av VBR
Total current
IJ'O: (18 + 1ry + 19a1 * 1887 ) fbreakdo wn (4.72)

4.3 The juncap model

The sectiondescribesow the full junction characteristicare evaluatedby calling the “juncapfunction’ for
eachcomponentlf thefull JUNCAP2modelis used(thatis, whenSWJUNEXP = 0), this calculationis done
ateachbiaspoint. If the JUNCAPExpressoptionis used(thatis, whenSWJUNEXP = 1), this calculationis
doneduringtheinitialization phasefor a smallnumberof biaspointsonly (seeSection4.4).

VAK = TYPE (VA VK) (4.73)

4.3.1 Junction charge

Qo = Q(Vak = Vak; Tkr = Tkr: Tko = Tko: ™ = 70
GR = GRibot; GD = GD;bot; FTD = F1D:bot;
IpsaT = IpsaT;bot s Vbi = Vhisbot s Vbismin = Vbismin 3 VE:min = VE;min ;
Veh = Ven; VMAX = VMAX ; CJOR = CJORBOT;
VBIR = VBIRBOT; P = PBOT; CSRH = CSRHBOT ;
XJUN = 1; CTAT = CTATBOT;
MEFFTAT = MEFFTATBOT; CBBT = CBBTBOT ;
FBBTR = FBBTRBOT ; STFBBT = STFBBTBOT ;

VBR = VBRBOT ; PBR = PBRBOT ) (4.74)
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Qs QP(Vak = Vak: Tkr = Tkr; Tko = Tko; ™ = 10
GR = GRisti; GD = GD;sti; FTD = F1Dsti;
IpsaT = IpsaT:sti; Vbi = Vbissti; Vbismin = Vbizmin 5 VE;min = VEmin 5
Veh = Ven; VMAX = VMAX ; CJOR = CJORSTI;
VBIR = VBIRSTI ; P = PSTlI; CSRH = CSRHSTI;
XJUN = XJUNSTI ; CTAT = CTATSTI ;
MEFFTAT = MEFFTATSTI; CBBT = CBBTSTI ;
FBBTR = FBBTRSTI ; STFBBT = STFBBTSTI ;
VBR = VBRSTI ; PBR = PBRSTI ) (4.75)
Quat = Q(Vak = Vak; Tkr = Tkr; Tko = Tkp; 1 = 10
GR = GRigat; GD = GDgat, Fmb = Fipigat
IpsaT = |DSAT;gat; Vi = Vbi;gat; Voi:min = Vbi:min 5 VE:min = VE:min ;
Veh = Ven; VMAX = VMAX ; CIJOR = CJORGAT ;
VBIR = VBIRGAT ; P = PGAT; CSRH = CSRHGAT ;
XJUN = XJUNGAT ; CTAT = CTATGAT ;
MEFFTAT = MEFFTATGAT; CBBT = CBBTGAT ;
FBBTR = FBBTRGAT ; STFBBT = STFBBTGAT ;
VBR = VBRGAT ; PBR = PBRGAT ) (4.76)
Qj= TYPE MULT AB Qo+ LS Qg + LG Qlgu 4.77)

4.3.2 Junction current

0
j;bot

1°(Vak = Vak; Tkr = Tkr: Tko = Tkoi ™ = 0

GR = GRibot; GD = GD;bot; Fo = F1D bot ;
Ipsat = IpsaT:bot s Vbi = Vhisbot s Voismin = Voismin + VE:min = VE;min ;
Veh = Ven; VMAX = VMAX ; CJOR = CJORBOT;
VBIR = VBIRBOT; P = PBOT; CSRH = CSRHBOT ;
XJUN = 1; CTAT = CTATBOT;
MEFFTAT = MEFFTATBOT; CBBT = CBBTBOT ;
FBBTR = FBBTRBOT ; STFBBT = STFBBTBOT ;

VBR = VBRBOT ; PBR = PBRBOT ) (4.78)
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12 = 12(Vak = Vak; Tkr = Tkr: Tko = Tko; ™ = 10
GR = GRisti; 6D = oGD;sti; FD = Frpsti;
Ipsat = lpsaT:sti s Vbi = Vhissti s Vbismin = Vbismin 3 VEimin = VE:min ;
Veh = Ven; VMAX = VMAX ; CIJOR = CJORSTI;
VBIR = VBIRSTI ; P = PSTI; CSRH = CSRHSTI;
XJUN = XJUNSTI ; CTAT = CTATSTI ;
MEFFTAT = MEFFTATSTI; CBBT = CBBTSTI ;
FBBTR = FBBTRSTI ; STFBBT = STFBBTSTI ;
VBR VBRSTI ; PBR = PBRSTI ) (4.79)

12 = 1°(Vak = Vak: Tkr = Tkr: Tko = Tkp: ™ = 10
GR = GRigat; GD = GD;gat; Fto = F1Dgat;
IpsaT = IpsaT;gat ; Vbi = Vbiigat: Voizmin = Vbi:min 3+ VEmin = VE:min ;
Veh = Ven; VMAX = VMAX ; CJOR = CJORGAT ;
VBIR = VBIRGAT ; P = PGAT; CSRH = CSRHGAT ;
XJUN = XJUNGAT ; CTAT = CTATGAT ;
MEFFTAT = MEFFTATGAT; CBBT = CBBTGAT ;
FBBTR = FBBTRGAT ; STFBBT = STFBBTGAT ;
VBR = VBRGAT ; PBR = PBRGAT ) (4.80)

lj = TYPE MULT AB 1%+ LS 104 + LG 10y (4.81)

4.3.3 Junction noise

S=2q jl (4.82)

4.4 JUNCAP Express

Theequationsn this sectionareevaluatedonly if SWJUNEXP = 1. Notethatonly themainmodelequations

aregivenhere.Somedetailsof theimplementatione.g.,to avoid numericalissuesareomitted. Pleasaeferto
the Verilog-A codeof the model[4] for full details.

4.4.1 Calculation of internal parameters
In this section,bias-independerihternal parametergor JuncapExpressare calculated.All computationsn

this sectionaredependenbn model/instanc@arametersindtemperaturenly; they areindependenof bias.
Thereforetheseequationsieedto be evaluatedn theinitialization phaseonly.

Curr ent modelinitialization

Vi

0:4 VJUNREF (4.83)

Vo

0:65 VIJUNREF (4.84)
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V3 = 0:8 VJUNREF
Vy =01
Vs = 0:2

April 2009

(4.85)
(4.86)
(4.87)

(4.88)

Here,fjuncap (V) is de ned astheresultof Eq. (4.81)with Vax = V, MULT = 1,andTYPE = 1.

g(Vilo;m) = lo [exp(V m= 1p) 1:0]
Idealforwardcurrent
ISATFOR1 = AB IpsaT;bot + LS Ipsat:sii + LG IpsaT;gat
MFOR1 =1
Non-idealforwardcurrent

l4.cor = 12 0(Va; ISATFOR1; MFOR1)

Is g(Vs; ISATFOR1; MFOR1)

I 5;cor

for = l4;cor=Is:cor
|n( for)
MFOR2 = N
Vs Vs
ISATFOR2 = | gicor

exp(\/4 MFOR2= TD) 1
Reversecurrent

l1  g(Vi;ISATFOR1; MFOR1) g(Vi;ISATFOR2; MFOR?2)

I1;<:or
l2.cor = I3 g(Vo; ISATFOR1; MFOR1) g(V»;ISATFOR2; MFOR2)

I3 g(Vs;ISATFOR1; MFOR1) g(Vs; ISATFOR2; MFOR?2)

I3;<:or
rev = |1;cor:|2;cor

| n rev

Vo Vg

Mo = 1D

V2

(rev 1) & 1

Vi

ev Vi Vot (Vo Vi) e 2

MREV = mg+ m

I'3;cor
ISATREV = :
exp( Vs MREV= TD) 1
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(4.91)

(4.92)
(4.93)

(4.94)

(4.95)

(4.96)

(4.97)
(4.98)
(4.99)

(4.100)

(4.101)

(4.102)

(4.103)

(4.104)
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Chargemodelinitialization

VBIRBOT "BOT

Ciinor = CIORBOT o= (4.105)

ibo

VBIRSTI T
Cjo;sti = CJORSTI T (4.106)
i ;sti
VBIRGAT "4

Cjo;gat = CIJORGAT T (4.107)

i;gal
Zpot = AB Cio:pot (4.108)
Zsi = LS Cjoisti (4.109)
Zgat = LG Cjo;gat (4.110)
Ziot = Zpot + Zsti + Zgat (4.111)

4.4.2 JUNCAP Expressmodel equations

The equationgjivenbelor have to be evaluatedat eachbiasstep. The very ideabehindthe JUNCAPExpress
modelis thattheseequationshave beenkeptvery simple, at the expenseof a muchmore complicatednodel
initialization.

Curr ents
lion = 9(Vak ; ISATFOR1; MFOR1) (4.112)
ltorz = g(Vax ; ISATFOR2; MFOR?2) (4.113)
lev = o( Vak ;ISATREV; MREV) (4.114)
I = TYPE MULT (ltors + lorz + lrev) (4.115)
Chargemodel
Vi = hyps(VAK s ViEsmin 5 Ven) (4.116)
C]O bot Vbiibot 11 V : raor”
% 1 PBOT Vbi-bot )
Qpor = +a Copot (Vak V) if Zpot > FIUNQ Zyy  (4.117)
3
otherwise
S ( Cio;sti Vbissti 1 V 1 st
§ 1 PSTI Voi :sti )
Qi = +a Cposti (Vak V) if Zey > FIUNQ Ziot (4.118)
%
0 otherwise
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8 ( " 1 PGAT#
CJO ;gat Vhi ;gat 1 1 VJ
1 PGAT Vhi;gat )
Qjo;gat i % +a Cpigar (Vak V) if Zgae > FIUNQ Zir  (4.119)
otherwise
Q= TYPE MULT AB Q,—O;bot + LS Qjo;sti + LG QJ'O;gat (4.120)
Noise
S =2 q jlj (4.121)
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Section5

DC operating point output

The DC operatingpoint outputfacility givesinformationon the stateof a device at its operatingpoint. Note
that—conformthe PSPmodeloperatingpoint output—theinformationis alwaysgivenasif TYPE = 1. E.g.,
in forwardbiasbothvak andij arepositive.

‘ No. ‘ Name‘ Unit ‘ Value Description
0 vak \Y Vak voltagebetweeranodeandcathode
1 Cj F cjbot+cjsti+ cjgat total junctioncapacitance
cjpot | F MULT AB @Djo;bot:@AK bottom componentof the junction
capacitance
3 cjsti F MULT LS @QRS“:@'AK STIl-edge componentof the junc-
tion capacitance
4 cjgat | F MULT LG @Qﬁgat:@’AK gate-edgecomponentof the junc-
tion capacitance
ij A ijbot +ijsti + ijgat total junctioncurrent
6 jjoot | A MULT AB Ij?bot bottom componentof the junction
current
7 ijsti A MULT LS Ij?sti STI-edge componentof the junc-
tion current
8 ijgat A MULT LG Ij‘?gat gate-edgecomponentof the junc-
tion current
9 Si A2MHz | S total junction currentnoisespectral
density

Note: If SWIJUNEXP = 1, only a total junction currentis computed,not the three separateeomponents.
Thereforejjbot, ijsti, andijgat areall setto 0in thatcaseandij is thetotal junctioncurrent.
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Section6

Parameter extraction

6.1 Teststructures

For extraction of JUNCAP2parameterspne needsthreedifferenttest structures depictedschematicallyin
Figure6.1. The rst structureis a simple, squarediode, which hasa large bottom componenta relatively
small STI-edgecomponentandno gate-edgeomponent.The secondstructureis a nger diode,which hasa
muchlarger STI-edgecomponentandno gate-edgeomponentThethird structurels a Miller diode,whichis
nothingelsethana multi- ngered MOSFETwith sourceanddrainstied together It hasarelatively smallSTI-
edgecomponentandasigni cant gate-edgeomponentBesideghethreeteststructureglescribedere which
areneededor parameteextraction,onecanoptionallyuseadditionalgeometriegor veri cation purposesThe
teststructureshouldbe sufciently large sothatcurrentsandcapacitanceareeasilymeasurable.

square diode finger diode Miller diode

active

active

well well

Figure6.1: Schematiaepresentationf threeteststructureseededor parameteextraction.

6.2 Measurements

For extractionof JUNCAP2parameterspneneedsbothCV andl V measurementsThel V datashouldbe
taken over a large rangeof temperaturesiangingfrom -40 C to atleast125 C. If available, even higher
temperaturesanbe very helpful in the extractionbecauséhe junction currenttendsmoreandmoreto ideal
behaior athighertemperatures.

Becausg¢hetemperaturelependencef capacitancés fairly low, it is possiblgbut notrecommendedp restrict
oneselfto room-temperatur€V measuremenisnly. For optimalaccurag of the capacitancenodelhowever,
measurementat differenttemperaturere needed.Thereforeit is recommendedo take the CV dataat the
sametemperatureasthel V data.
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All 1V measurementshouldbe donefrom reversebias( Vsupply ) up to smallforward bias(e.g. 0.5V). If

avalanchebreakdevn parametergseedto be extracted oneneed<o do additionalmeasurementsith areverse
biasmuchlargerthanthe supplyvoltage. Becauseghe JUNCAP2modelhasno parameterso modeltemper

aturedependencef the breakdavn, it sufces to do this breakdaevn characterizatiomt roomtemperatureln

thel V measurementst is recommendedb apply a currentcompliance(e.g. 10 mA) to avoid damaginghe
teststructuresvhenthey arebiasedn theforwardregimeor in the avalanchébreakdavn regime.

The CV measurementshouldbe donefrom reversebias( Vsypply ) Up to zerobias. CV measurementis
the forward modeof operationrapidly becomeunreliablebecausehe phaseanglestartsto deviate from 90
quickly. Whenthejunctioncapacitancés measureen a Miller diode,the gateshouldbegrounded.

6.3 Extraction of bottom, STl-edge,and gate-edgecomponents

All measurementgrecarriedout on threeteststructuresThe measurementsn thesethreestructuresareused
to extractthethreecomponentgbottom,STI-edge andgate-edgeomponentspf eithercurrentor capacitance.
For the capacitanceheextractionprocedurewill beoutlinedbelow.

For the capacitancef the squarediodeand nger diode,bothhaving zerogateedge we canwrite:
Cj;square = ABsquare Cjt;)bot + Lssquare Cjo;sti (6-1)
Ciinger = ABnger CPhor + LSnger CP (6.2)

For the Miller diode,we write:

Ci:miter = ABuiiler  CPlhor + LSmiter  Cllsii + LGmiiter  Clgar (6.3)
FromEqQs.(6.1) and(6.2) we straightforvardly solve thetwo unknozvnst?bot andCﬁSti :
LS Ci. LS Ci.
CO - nger ],square square J, nger 64
],bOt LS nger ABsquare Lssquare AB nger ( )
AB Ci. AB Ci.
CO = square J, nger nger J;square 65
Jist LS nger ABsquare LSsquare AB nger ( )
And now we canderive the nal unknavn quantitijO;gat from Eq. (6.3):
O = Ci:mitler ~ ABuwiter  Clho  LSwmiter  Clgy (6.6)
: LG miller

The procedureasoutlinedabore is alsoappliedto the junction currents resultingin the currentcomponents

0 0 0
Ij;bot’ Ij;s:ti ' andlj;gat'

6.4 Extraction of CV parameters

Having extractedthe currentand capacitance&omponentsas explainedin Section6.3, we are readyfor the
actualparameteextraction.

First, onehasto setsomegeneraparameters:

LEVEL is equalto 200for the rst releaseof the JUNCAP2model. Possiblesuccessorwill be 201,
202, etc.

TYPE shouldbesetproperlyto selecteithern porp n junction.
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DTA shouldbe setto zero

IMAX shouldbe setto a value which is large enough(e.g. larger thanthe highestforward current
measured¥othatit doesnotaffectthe extractionprocedure.

Beforel V parameteextractionis startedjt is mandatoryto performthe CV extraction rst, because¢he CV
parametergareusedthroughoutthe | V model. In otherwords,changingCV parametersfter | V parameter
extractionwill changenotonly theCV curves,but alsothel V curves.

The CV parameteextractionis basicallythe samefor the threecomponents.Thereforewe will restrictthe
descriptionto the bottomcomponentThe PHIGBOT hasto beinitialized to areasonablealue,e.g. 1.16 V.
(It will be tted lateronto theforward| V curves,but this usuallyhasa negligible effectonthe CV curves).
If neededpneFromtheCV curves,oneextractsthreeparameterpercomponent:

CJORBOT, i.e. thezero- bias:apacitanC@erunit of areaat the referencaemperaturelts initial value

is directly takenfrom theC "hot CUNVES. OneshouldselecttheCOIOOt curve measurect thetemperature
closesto thereferenceemperatureandusethezero b|a§3J bot Valueof thatcurvesasstartingvaluefor

CJORBOT.

PBOT, i.e. thegradingcoefcient. As startingvalueonecantake PBOT = 0:5.

VBIRBOT, i.e. thejunctionbuilt-in voltageat thereferencaemperaturés startingvalueonecantake
VBIRBOT = 1.

Using the startingvaluesspeci ed above, one canperforma least-squaret of thesethreeparameterso the
measuredV curves.Typical valuesfor thegradingcoefcient arebetweerD.3and0.6. Typical valuesfor the
built-in voltagearebetweern0.5V and1.2V (from physics,we know thatthis quantitymay exceedthe band
gapvoltageonly slightly).

6.5 Extraction of IV parameters

Ideal-current parameters

Thel V parameteextractionstartswith theextractionof theideal-currenparametersyhichareDSATRBOT
and PHIGBOT (we restrict ourselesagainto the bottom component). The parameteiDSATRBOT has
effect on theideal currentonly. The parametePHIGBOT is usedthroughoutthe model. Theideal-current
parametersire extractedon thosepartsof the forward 1V curveswhich shavn nearlyideal behaior. These
partsareselectedusingtheideality factorny, which canbe determinedrom the forwardl V measurements
asfollows:

0 1
@n Ij;bot

@/ak 6.7

Npot = ™D

For the tting of theideal-currenparametersve selectthosemeasuremergoints,for which theideality factor
is reasonablycloseto 1. For instance the criterion npo; > 0:9 works well for this purpose. Becausethe
parametePHIGBOT hasalreadybeeninitialized to 1.16, we only needto worry abouta startingvalue for
IDSATRBOT. This startingvaluecanbefoundby settingIDSATRBOT to 1, andcalculatethe averageratio
of measurecand modelledcurrentin the region selectedoy the ideality-factormethod. (Note: this canonly
be donesuccessfullywhenIMAX is temporarilysetto a hugevalue.) After this initialization, modelledand
measuredaturvesshouldbe reasonablycloseand one canfurther optimizethe parameteréDSATRBOT and
PHIGBOT using a least-squaret of the model to the measuremenpoints selectedby the ideality-factor
method.

Pleasenoteoncemorethatthis ideality factoris only a quantitydirectly derivedfrom measurementdt is not
amodelparametersin mary otherjunctionmodels.
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Identi cation of leakagemechanisms

Thenext stepis theextractionof theremainingeakagecurrentparametersk-irst,oneneedso getanideawhich

effectsneedto be included. Sometimespnly Shocklg-Read-Halland trap-assistedunnelingare relevant,

sometime®nly band-to-band-tunnelm sometimedboth. To this purposeonemayinvestigatehe temperature
dependencéy inspectionof the activation enegy of the leakagecurrents,which is calculated(in eV) as

follows:

0
@1 Ij;bot

Eact =
1
@ TD

(6.8)

An activation enepgy closeto the bandgap(1.16 eV) is anindicationthat the currentis ideal. An activation
enegy aroundhalf the bandgapis an indication that the currentis dominatedby Shocklg-Read-Halland
trap-assistedunneling. An activation enegy well below half the bandgags anindicationthatthe currentis
dominatedby band-to-band-tunneling

Not only thetemperaturelependencéasexpressedn termsof activationenepy), but alsothebiasdependence
is indicative for the mechanism&ehindthe obsened reversejunction current. The ideal currenthasno bias
dependencéfor reversebiasesin excessof a few timesthe thermalvoltage). Shockle/-Read-Hallandtrap-
assistedunnelinghave muchmoresigni cant biasdependence-or Shocklg-Read-Hallthe biasdependence
goesapproximatelasthesquareaootof thevoltage.For trap-assistetunneling,dueto the eld-enhancement,
thebiasdependencss larger. Thelargestbiasdependenchoweveris seenin caseof band-to-bandunneling.

In conclusionjnspectionof bothtemperatur@ndbiasdependencef the reversecurrenthelpsto identify the
relevantleakagemechanism(sin thejunctioncomponentinderinvestigation.

Extraction Shockley-Read-Halland trap-assistedtunneling parameters

The tting of Shockle/-Read-Hallandtrap-assistetunnelingparametergoesasfollows. First, oneneedso
initialize therelevantparameters:

1. MEFFTATBOT shouldbe initialized to 0.25. It will be tted to the datalater and affects the bias
dependencef thetrap-assistetlinnelingcurrent.

2. XJUNSTI or XJUNGAT shouldbeinitialized to aphysicallyreasonablealue(betweerlOand100nm
for modernCMOS). Thereis obviously no XJUN for thebottomcomponent.

3. CTATBOT = CSRHBOT. A good startingvalueis found as follows. First, set CTATBOT and
CSRHBOT equalto 1 andcalculatehejunctioncurrent. Therequiredstartingvalueis now foundby av-
eragingheratio of measureéindmodelledcurrentdor thosereverse-biapointswhich areselectedising
theactivation-enegy method.A suitablecriterionto selectthosebiaspointsis 0:3V < Ea < 0:7 V.

After this initialization the parameter€TATBOT = CSRHBOT, MEFFTATBOT areoptimizedby a least-
squaret of the parameterso the measurediata.For the STI-edgeandgate-edgeomponentsilsothe param-
etersXJUNSTI resp. XJUNGAT may be optimized. Usuallya good t canbe achievedwhile retainingthe
identity CTATBOT = CSRHBOT. The parameteMEFFTATBOT is sometimeseento deviate from the
valueof 0.25expectedtheoretically Oneshouldbe ableto retaina physicallyreasonablealuefor the XJUN

parametetin caseof STl-edgeandgate-edgeomponentsalthoughit is dif cult to retainthe expecteddentity
XJUNSTI = XJUNGAT.

Extraction band-to-bandtunneling parameters
If band-to-bandunnelingis of importancepneneeddo initialize therelevantparameters:

1. FBBTRBOT shouldbeinitializedto 1  10° V/m. It will be tted to the datalater, andaffectsthebias
dependencef theband-to-bandunnelingcurrent.
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2. STFBBTBOT shouldbe initializedto 1 10 2. It will be tted to the datalater, and affects the
temperaturelependencdependencef the band-to-bandunnelingcurrent.

3. CBBTBOT. A goodstartingvalueis foundasfollows. First,setCBBTBOT to 1 andcalculatehejunc-
tion current. The requiredstartingvalueis now found by averagingthe ratio of measurec&ndmodelled

currentsfor thosereverse-biapointswhich areselectedisingthe activation-enegy method.A suitable
criterionto selectthosebiaspointsis E5; < 0:2V.

After this initialization the parametersre optimizedby a least-squaret of the parameterso the measured

data.

Extraction avalanchebreakdown parameters

The breakdevn voltage VBRBOT is easilyfound by inspectionof the breakdevn measurementurves: at
V = VBRBOT asharpincreasdn the currentis obsened. The parametePBRBOT canbe usedto tune
theonsetto breakdaevn. Again, aleast-squaresurve t canbeusedto getagood t. It isimportantto check
that the Shockle/-Read-Hall trap-assisted-tunnelingind band-to-bandunnelingmodel extrapolatewell to
the regime of avalanchebreakdevn. Sometimespneneedsto tunethe correspondingparameterslightly to
accomplistthis.

6.6 General extraction scheme

Here we list a generalextraction schemewhich shouldwork for mostjunctions. But pleasebe aware that
parameteextractioncannever be a “push-hutton” exercise. The parameteextractionmay have to be adapted
to speci c cases.

1. t CV parameters;

2. t idealcurrentparameters;

3. t Shockle-Read-Hallandtrap-assistetunnelingparameters;

4. t band-to-bandunnelingparameters;

5. t full IV curves,exceptavalanchecurve,oncemorewith all relevantparameters;

6. t avalanchebreakdevn parameters;

7. re-t CV parametergbecausdandgapsoltagemayhave changed);

8. re-t full I V curves,exceptavalanchecurve,oncemorewith all relevantparametersxceptthebandgap
voltage:thisis neededecause¢he capacitancenay have changedwhich affectsthe current;

9. calculateall modelcurvesoncemore.

6.7 Simulation time considerations

First, simulationtime considerationgor the full JUNCAP2modelwill be discussed.n the last section,the
JUNCAP2Expresanodel—whichwasespeciallydesignedo greatlyreducesimulationtime—istreated.
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6.7.1 Full JUNCAP2 model

MOSFET junction modelsare computationallyexpensve by their very nature: every MOSFET hasat least
two junctions(source,drain); eachjunction hasthree componentgbottom, STI-edge,gate-edge)pachcur-
rentcomponentjn turn, canhave asmuchas ve differentconductionmechanismgideal, SRH, TAT, BBT,
avalanche)Moreover, thephysicsof junctionsis ruledby computationallyexpensve functionssuchaspowers
andexponents.

JUNCAP2hasbeenconstructedn suchaway thatcalculationsareskippedwhenjunctioncomponentsnd/or
currentmechanismsare setto zero. For instance whenBBT is not neededn the bottom componentf a
junction,onecansetCBBTBOT to zero,andthecorrespondingalculationis entirely skipped.

Considerableamountof simulationtime canbe sared when nggligible currentcontributionsare completely
switchedoff in a parametersetthat is being extracted. Thus, in the above-mentionedexample,insteadof

leaving CBBTBOT at a small, nggligible non-zerovalue,oneshouldsetCBBTBOT to exactly zeroin order
to avoid unnecessarfunctionevaluationswhenthe modelis usedby circuit designers.

avalanche
BBT
charge & ideal current
chagemodel& idealcurrent | 21.5%
Shocklg-Read-Hall 22.5%
trap-assistetlinneling 34.9%
band-to-bandunneling 17.0%
TAT SRH avalanchebreakdevn 4.1%

Figure6.2: Typical distribution of simulationtimesoverthe variouspartsof the model. Resultsvereobtained
for JUNCAP2,level 200.1usingthe Spectrecircuit simulatorand SiMKit 2.3.2onaLINUX platform. Note
thatswitchingoff theideal currentdoesnotleadto signi cant CPUtime savings.

In Fig. 6.2 a typical resultfor the contribution of the variouspartsof the JUNCAP2modelto the total JUN-

CAP2simulationtime is depicted.(Note thatthe resultsmay be differentfor differentsimulatorsor operating
systems).It is obsenedthat SRH, TAT, andBBT arevery signi cant contributorsto the overall JUNCAP2
simulationtime. Thereforeit is usefulto checkfor eachjunction componenibottom, STI-edge gateedge)
whetherit is possibleto switch off oneor moreof thesephysicaleffectswithout affectingthe modelaccurag

too much. It shouldbe notedthat switching off the SRH effect only decreasethe simulationtime whenthe
correspondingAT parameteis alsoswitchedoff. Thereasorfor thisis thatthe TAT equationsnake useof

guantitiescalculatedn the SRH equations.Thereforethe SRH part of the equationds alsocalculatedn the
situationwhen SRH is switchedoff and TAT is switchedon. Switchingoff TAT, on the otherhand,always
decreasethe simulationtime, irrespectve of thevalueof the correspondingsRH parameter

For a typical casethe JUNCAP2featuresthat are neededare givenin Table6.1. Typically, the numberof
currentcomponentsieededs only half of thetotally availablecurrentcomponentsOften,the BBT component
of the gate-edgeomponentiominateghereverseleakagejn which caseadditionalCPUtime savings canbe
achievedby switchingoff SRHandTAT for this junctioncomponent.

For completenesssale, we recapitulatehereoncemore how to switch off the differentcurrentcomponents
(seealsoTable6.2): for the bottomcomponenttheideal current,SRH current, TAT current,andBBT current
are switchedoff by settingthe parametersdDSATRBOT, CSRHBOT, CTATBOT, CBBTBOT to zero,re-
spectvely. Thebreakdevn modelis skippedby settingVBRBOT to a valuelargerthan1000. The procedure
for STI-edgeandgate-edgeurrentsis, mutatismutandis the same.Note thatit is not possibleto switch off

junction capacitanceecausén JUNCAP2thejunction capacitanceareinternally usedto calculateelectric
elds, andthusin uence thejunctioncurrents.

Finally, whena geometricacomponents not neededthe correspondingnstanceparametefAB, LS, or LG)
canbesetto zeroandthe calculationfor thatcomponents completelyskipped.An exampleis thewell diode
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of ap-channeMOSFETwhich hasno gate-edgeontribution (LG = 0).

geometricatcomponent

JUNCAP2feature | gate-edge| STl-edge| bottom
capacitance
idealcurrent
SRHcurrent
TAT current
BBT current

breakdevn current

Table6.1: Guidelinefor which JUNCAP2featuredo take into accounin JUNCAP2parameteextraction.

JUNCAP2feature parametevalueneededo switch off feature

bottom STl-edge gate-edge
idealcurrent IDSATRBOT = 0 | IDSATRSTI = 0 | IDSATRGAT = 0
SRHcurrent CSRHBOT =0 CSRHSTI=0 CSRHGAT =0
TAT current CTATBOT =0 CTATSTI =0 CTATGAT =0
BBT current CBBTBOT = 0 CBBTSTI = 0 CBBTGAT =0

breakdevn current| VBRBOT > 1000 | VBRSTI > 1000 | VBRGAT > 1000

Table6.2: How to switchoff JUNCAP2features.

6.7.2 JUNCAPZ2 Express

FromJUNCAP2version200.3onwards,the JUNCAP2modelhasanexpress-optionywhich canbeinvokedby
settingSWJUNEXP = 1.

Curr ents

In the Expressversionof the JUNCAP2model, the full setof | V-equationsin the bias dependensection
of the modelis replacedby a greatly simpli ed setof equations(just three exponentials). This leadsto a
greatlyreducedsimulationtime of the JUNCAP2model. Theinitialization of the Expresamodelis muchmore
comple, but asthisis carriedout only oncein anentiresimulation,its contributionto thetotal simulationtime
is nggligible.

Notethat—contraryto thefull JUNCAP2model—inthe Expressrersionthe simulationtime is independentf
thenumberof current-componentshich areswitchedon/off. Thereforetheresultsin Fig. 6.2donotapplyto
the Expressmodel.

Charges

Thenew parameteFJUNQ canbeusedto reducethe simulationtime of thechaige-modelin mary casespne
or two of thethree(bottom,sti-edge gate-edgegomponentso thetotal junction capacitancés negligible. In
the Expresamodel,ary capacitanceomponentvhich contrituteslessthen(approximatelyg fraction FJUNQ
to the total capacitancés ignored. This allows the userto save up to 2/3 of the computationtime associated
with the chaige model,with alimited (adjustable)ossof accurag. Whenthe Expresamodelis invoked, the
chagemodelactuallydominateghetotal evaluationtime of themodel. Thereforethis featureleadsindeedto
yetanothersigni cant reductionof thetotal evaluationtime.

If necessarysettingFJUNQ = 0 ensureghatall componentsaretakeninto accountunderall circumstances
andthefull chagemodelis alwaysevaluated.
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Appendix A

Auxiliary equations

In this appendixthe hyp-functionghatareusedin the JUNCAPmodelequationsarede ned. Thesefunctions
have beenadoptedrom MOS Model 9, andtheir namingis consistentvith the MOS Model 9 description5].

Thefunctionshyp;, hyp,, andhyps aregivenby Eqgs.(A.1), (A.2), and(A.3), respectiely, andillustratedin

Figs.A.1, A.2, andA.3, respectiely.

=

O
hypy(x; )= 5 x+ x2+4 2 (A1)

hyp,(X;Xo; ) = x  hyp;(X  Xo; ) (A.2)

hyps(x;Xo; ) = Xo hyp;(xo X X—O;) (A.3)

1.00

0.75

> 0.5(

FigureA.1: Solidline: thefunctiony = hyp,(x; ). Dashedine: they = x asymptote.
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4

FigureA.2: Solidline: thefunctiony = hyp,(X; Xo; ). Dashedines:they = x andy = xo asymptotes.

4

FigureA.3: Solidline: thefunctiony = hyps(X; Xo; ). Dashedines:they = x andy = X, asymptotes.
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