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Abstract: ThisreportdocumentstheJUNCAP2compactmodelwhichdescribesthebehavior of the
junction diodesin a MOSFET. The JUNCAP2modeldescribesthe following physical
effects:

� geometricalscaling:bottom,STI-edge,andgate-edgecomponents;

� depletioncapacitance;

� idealdiodecurrent;

� Shockley-Read-Hallgeneration/recombinationcurrent, both in forward and re-
versemodeof operation;

� trap-assistedtunnelingcurrent,bothin forwardandreversemodeof operation;

� band-to-bandtunnelingcurrent;

� avalancheandbreakdown;
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History of modeland documentation

Intr oduction

The�rst versionof thecompactMOS modelJUNCAP2,Level 200,hasbeenreleasedto thepublic domainin
April 2005.Changesandadditionsto themodelaredocumentedby adaptingor extendingthedocumentation
in this Report.

History of the model

April 2005 Releaseof JUNCAP2,level 200 aspart of SiMKit 2.1. A Verilog-A implementationis made
availableaswell.

August 2005 Releaseof JUNCAP2,level 200.1aspart of SiMKit 2.2. Similar to the previous version,a
Verilog-A implementationof theJUNCAP2-modelis madeavailableaswell. Focusof this releasewasmainly
on theoptimizationof theevaluationspeedof JUNCAP2.Thisnew versionis fully parametercompatiblewith
thepreviousversion.

Thefollowing changeshavebeenmade:

� limiting of charge model and of wSRH ;step is now basedon the minimum of threebuilt-in voltages,
insteadof separatelimiting for bottom,STI-edge,andgate-edgecomponent;

� limiting of Vj to Vj ;SRH in Shockley-Read-Hallmodelreplacedby adoptingVMAX /IMAX -construction
of ideal-currentmodel;subsequentlytheoriginalVj ;SRH2 hasbeenrenamedinto Vj ;SRH ;

� limiting of VAK to Vj in chargemodelchangedfrom ln-exp typeinto so-calledhyp5function;limiting of
VAK to Vj ;SRH (i.e. thepreviousVj ;SRH2 ) in Shockley-Read-Hallmodelchangedfrom ln-exp typeinto
so-calledhyp2function.

� expressionfor � wSRH rewritten im moreconciseform (mathematicallyidenticalto previousversion),
seeEq.(4.43).

August2006 Releaseof JUNCAP2,level 200.2.In thisversionaproblemthatwasfoundin theband-to-band
tunnelingmodelis solved.

October 2007 Releaseof JUNCAP2,level 200.3aspartof SiMKit 3.0. In this version,JUNCAPExpressis
introduced.TheExpressmodelcanbe invokedby settingtheparameterSWJUNEXP to 1. This resultsin a
very signi�cant decrease(abouta factor5 in typical situations)of theJUNCAP2modelevaluationtime. Yet
theExpressmodelwascreatedto giveonly very limited lossof accuracy undertypicaloperatingconditionsof
thedevice.

November 2008 Releaseof JUNCAP2,level 200.3.3aspartof SiMKit 3.2. In this version,a bug w.r.t. the
JUNCAPExpressparameterFJUNQ hasbeencorrected.

History of the documentation

April 2005 First releaseof JUNCAP2,level 200documentation.

August2005 Documentationupdatedfor JUNCAP2,level 200.1release.SectionA hasbeenaddedto docu-
menttheso-calledhyp-functionsintroducedin level 200.1.

Mar ch 2006 Documentationupdate.Section6.7hasbeenadded.

c
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June2006 Documentationupdate.Error in Eq.(4.51),whichde�nesbTAT , is corrected.

August2006 Documentationupdatedwith modi�ed band-to-bandtunnelingequations:Eqs.(4.62)and(4.63)
added,Eqs.(4.64) and(4.65) modi�ed, andconstant� Vbi addedto list of modelconstantsin Section3.2.
Additional informationon simulationtimesassociatedto the variousphysicaleffects in the modeladdedto
Section6.7.

October 2007 Documentationupdatedfor JUNCAP2version200.3, including JUNCAP2Express. Look
andfeelof documentationbroughtin closeragreementwith PSPdocumentation.

April 2009 Documentationupdatedfor JUNCAP2version200.3.3. Eqs.(4.108),(4.109),and(4.110)are
broughtin accordancewith FJUNQ-relatedbug�x madein 200.3.3(releasedin November2008).In addition,
sometyposhavebeencorrected.
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Section1

Intr oduction

TheJUNCAP2modelis intendedto describethebehavior of thediodesthatareformedby thesource,drain,
or well-to-bulk junctionsin MOSFETs.It is thesuccessorof theJUNCAPlevel=1model[1].

WhereastheJUNCAPlevel=1modelgivesa satisfactorydescriptionof thejunctioncapacitances,its descrip-
tion of diodeleakagecurrentsis ratherpoorfor present-dayCMOStechnologies.This is dueto everincreasing
dopingconcentrationsin the junctions,leadingto increasingelectric�elds. Due to thesehigh electric�elds,
leakagemechanismssuchas trap-assistedtunnelingandband-to-bandtunnelinghave gainedimportanceto
suchanextent,that they arestartingto contributeto theMOSFEToff-statecurrent.Thus,accuratemodelling
of theseleakagecurrentsis calledfor.

In additionto its relevancefor advancedCMOStechnologies,accuratejunctionmodellingis alsorelevantfor
partially depletedSOI (PDSOI).Here,a smallpositivevoltageat the�oating bodyexists,which is determined
by the equilibrium betweenimpact ionizationandgatecurrenton onehandandcurrentthroughthe source
junction on the otherhand. Due to the back-gateeffect, this small positive �oating body voltagegivesrise
to additionaldrain current,whereit is visible asthe so-called“kink effect”. Thus,for PDSOIapplications,
accuratejunctionmodellingin thelow-forwardregimeis required.

c
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Section2

Summary of physicsbehind JUNCAP2

TheJUNCAP2modelhasbeendevelopedfor thedescriptionof sourceanddrainjunctionsin MOSFETs.The
modelequationshavebeendevelopedfor symmetricaljunctionsof arbitrarygradingcoef�cient. Thefollowing
physicaleffectshavebeenincluded:

Geometrical scaling

JUNCAP2modelsthe capacitancesandcurrentsof bottom-,STI-edge,andgate-edgecomponents.This is
illustratedin Figs.2.1and2.2.

Depletioncapacitance

Thedepletioncapacitancemodel,similarto JUNCAP1,is astandardtextbookequation.It hasbeensafeguarded
againstnumericalover�ow in theforwardmodeof operation.

Ideal curr ent

Theidealdiodecurrentis modeledusingtheideal-caseShockley equation.Thebandgaphasbeenmadea free
parameterto be ableto tunethe temperaturedependence.No (unphysical)ideality factorhasbeenincluded.
Non-idealitiesaremodeledwith physics-basedequations,asoutlinedbelow.

Shockley-Read-Hallcurr ent

TheShockley-Read-Hallcurrentis calculatedby integratingtheShockley-Read-Hallgeneration-recombination
rate over the depletionregion. This is donefor arbitrary gradingcoef�cient and resultsin a single-piece
expressionin forwardandreversemodeof operation.

Trap-assistedtunneling curr ent

Thetrap-assistedtunnelingcurrentis calculatedin a similar fashionastheShockley-Read-Hallcurrent.Now
alsothe �eld-enhancementfactor[2] is taken into accountin thecalculation.In contrastto e.g. DiodeLevel
500 [1], the calculationis not basedon the low-�eld approximationof this �eld-enhancementfactor, but is
generallyvalid for bothlow andhigh �elds. Thecalculationresultsin a single-pieceexpressionwhich is valid
in boththeforwardandreverseregime,andfor arbitrarygradingcoef�cient.

2 c
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Band-to-band tunneling curr ent

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

Avalanchebreakdown

For avalanchebreakdown,anexpressionhasbeenderivedwhichis asimpli�ed form of theDiodeLevel 500[1]
equationsfor this phenomenon.In comparisonwith DiodeLevel 500,someadditionalfreedomin �tting the
onsetto breakdown is provided.

Noise

In partially depletedsilicon-on-insulator(PD SOI), theshotnoiseof thejunctioncurrentis importantbecause,
togetherwith theshotnoiseof theimpactionizationcurrentof theMOSFET, it leadsto additionalLorentzian
noisein thedraincurrent[3]. Therefore,shotnoisehasbeenimplementedin JUNCAP2.

gate-edge 
component

bottom
component

STI-edge 
component

gate

gate oxide

source/drain

STI

Figure2.1: Thethreecontributionsto thesource/drainjunctionof a MOSFET

STI

source
(drain)

LG AB

gate

LS

Figure2.2: Schematictop view of theMOSFET. Themeaningof theinstanceparametersAB, LS, andLG is
indicatedin thedrainregion.
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Section3

Model parametersand constants

3.1 Physical Constants

No. Symbol Unit Value Description

1 T0 K 273.15 offsetbetweenCelsiusandKelvin temperature
scale

2 kB J/K 1:3806505� 10� 23 Boltzmannconstant

3 q C 1:6021918� 10� 19 elementarycharge

4 ~ J � s 1:05457168� 10� 34 reducedPlanckconstant

5 m0 kg 9:1093826� 10� 31 electronrestmass

6 � 0 F/m 8:85418782� 10� 12 Permittivity of vacuum

7 � r,Si – 11:8 Relativepermittivity of silicon

3.2 Other constants

No. Symbol Unit Value Description

1 Tmin
� C � 250 minimumtemperaturefor modelequations

2 Vbi ;low V 0.050 lowerboundaryfor built-in voltage

3 a – 2 setsupperlimit of forward capacitanceto a �
Cjo

4 � ch – 0.1 smoothingconstantfor chargemodel

5 � Vbi – 0.050 voltagedifferenceusedin band-to-bandtun-
nelingmodel

6 � av – 10� 6 smoothingconstantfor effective voltage in
avalanchemodel

7 Vbr ;max V 103 upper limit for VBR; for larger values,
avalanchemodelis switchedoff

8 � av – 0.999 below � � av � VBR avalanchemodel is lin-
earized

9 Vmax ;large V 108 valueassignedto Vmax whenI DSA T is zero.

10 aerfc – 0.29214664 parameterin erfcapproximation

11 perfc –
p

� � aerfc parameterin erfcapproximation

continuedon next page.. .
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. . . continuedfrom previouspage

No. Symbol Unit Value Description

12 berfc – 6� 5�aerfc � p� 2
erfc

3 parameterin erfcapproximation

13 cerfc – 1 � aerfc � berfc parameterin erfcapproximation

3.3 Instanceparameters

No. Name Unit Default Min. Max. Description

0 AB m2 10� 12 0 � junctionarea

1 LS m 10� 6 0 � STI-edgepartof junctionperimeter

2 LG m 10� 6 0 � gate-edgepartof 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(� 1 or 1) to selectp � n andn � p
junction

2 TRJ � C 21 Tmin � referencetemperature

3 SWJUNEXP – 0 0 1 �ag for JUNCAPExpress;0 $ full JUN-
CAP2model,1 $ Expressmodel

4 DTA � C 0 � � temperatureoffsetwith respectto ambient
temperature

5 IMAX A 1000 1 � 10� 12 � maximumcurrentupto whichforwardcur-
rentbehavesexponentially

Capacitanceparameters

6 CJORBOT F/m2 10� 3 10� 12 � zero-biascapacitanceper unit-of-areaof
bottomcomponent

7 CJORSTI F/m 10� 9 10� 18 � zero-biascapacitanceperunit-of-lengthof
STI-edgecomponent

8 CJORGAT F/m 10� 9 10� 18 � zero-biascapacitanceperunit-of-lengthof
gate-edgecomponent

9 VBIRBOT V 1 Vbi ;low � built-in voltageat the referencetempera-
tureof bottomcomponent

10 VBIRSTI V 1 Vbi ;low � built-in voltageat the referencetempera-
tureof STI-edgecomponent

11 VBIRGAT V 1 Vbi ;low � built-in voltageat the referencetempera-
tureof gate-edgecomponent

12 PBOT – 0:5 0:05 0:95 gradingcoef�cient of bottomcomponent

13 PSTI – 0:5 0:05 0:95 gradingcoef�cient of STI-edgecomponent

continuedonnext page.. .
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. . . continuedfrom previouspage

No. Name Unit Default Min. Max. Description

14 PGAT – 0:5 0:05 0:95 grading coef�cient of gate-edgecompo-
nent

Ideal-curr ent parameters

15 PHIGBOT V 1:16 � � zero-temperaturebandgapvoltageof bot-
tomcomponent

16 PHIGSTI V 1:16 � � zero-temperaturebandgapvoltageof STI-
edgecomponent

17 PHIGGAT V 1:16 � � zero-temperaturebandgapvoltageof gate-
edgecomponent

18 IDSATRBOT A/m2 10� 12 0 � saturationcurrentdensityat the reference
temperatureof bottomcomponent

19 IDSATRSTI A/m 10� 18 0 � saturationcurrentdensityat the reference
temperatureof STI-edgecomponent

20 IDSATRGAT A/m 10� 18 0 � saturationcurrentdensityat the reference
temperatureof gate-edgecomponent

Shockley-Read-Hallparameters

21 CSRHBOT A/m3 102 0 � Shockley-Read-Hall prefactor of bottom
component

22 CSRHSTI A/m2 10� 4 0 � Shockley-Read-Hallprefactorof STI-edge
component

23 CSRHGAT A/m2 10� 4 0 � Shockley-Read-Hallprefactorof gate-edge
component

24 XJUNSTI m 10� 7 10� 9 � junctiondepthof STI-edgecomponent

25 XJUNGAT m 10� 7 10� 9 � junctiondepthof gate-edgecomponent

Trap-assistedtunneling parameters

26 CTATBOT A/m3 102 0 � trap-assistedtunnelingprefactorof bottom
component

27 CTATSTI A/m2 10� 4 0 � trap-assistedtunneling prefactor of STI-
edgecomponent

28 CTATGAT A/m2 10� 4 0 � trap-assistedtunneling 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 � relative effective mass for trap-assisted
tunnelingof gate-edgecomponent

Band-to-band tunneling parameters

32 CBBTBOT AV � 3 10� 12 0 � band-to-bandtunneling prefactor of bot-
tomcomponent

33 CBBTSTI AV � 3m 10� 18 0 � band-to-bandtunneling prefactor of STI-
edgecomponent

34 CBBTGAT AV � 3m 10� 18 0 � band-to-bandtunnelingprefactor of gate-
edgecomponent

continuedonnext page.. .
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. . . continuedfrom previouspage

No. Name Unit Default Min. Max. Description

35 FBBTRBOT Vm� 1 109 � � normalization�eld atthereferencetemper-
aturefor band-to-bandtunnelingof bottom
component

36 FBBTRSTI Vm� 1 109 � � normalization�eld atthereferencetemper-
ature for band-to-bandtunneling of STI-
edgecomponent

37 FBBTRGAT Vm� 1 109 � � normalization�eld atthereferencetemper-
ature for band-to-bandtunnelingof gate-
edgecomponent

38 STFBBTBOT K � 1 � 10� 3 � � temperaturescalingparameterfor band-to-
bandtunnelingof bottomcomponent

39 STFBBTSTI K � 1 � 10� 3 � � temperaturescalingparameterfor band-to-
bandtunnelingof STI-edgecomponent

40 STFBBTGAT K � 1 � 10� 3 � � temperaturescalingparameterfor band-to-
bandtunnelingof gate-edgecomponent

Avalancheand breakdown parameters

41 VBRBOT V 10 0:1 � breakdown voltageof bottomcomponent

42 VBRSTI V 10 0:1 � breakdown voltage of STI-edgecompo-
nent

43 VBRGAT V 10 0:1 � breakdown voltage of gate-edgecompo-
nent

44 PBRBOT V 4 0:1 � breakdown onsettuning parameterof bot-
tomcomponent

45 PBRSTI V 4 0:1 � breakdown onsettuningparameterof STI-
edgecomponent

46 PBRGAT V 4 0:1 � breakdown onsettuningparameterof gate-
edgecomponent

JUNCAP ExpressParameters

47 VJUNREF V 2:5 0:5 � typicalmaximumjunctionvoltage;usually
about2 � Vsup

48 FJUNQ V 0:03 0 � fractionbelow which junctioncapacitance
componentsareneglected

c
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Section4

Model equations

4.1 Inter nal parameters

In this section,bias-independentinternalparametersarecalculated.All computationsin this sectionarede-
pendenton model/instanceparametersandtemperatureonly; they areindependentof bias. Therefore,these
equationsneedto beevaluatedin theinitializationphaseonly.

Thermal voltage

TKR = T0 + TRJ (4.1)

TKD = T0 + max(TA + DTA; Tmin ) (4.2)

� TR =
kB � TKR

q
(4.3)

� TD =
kB � TKD

q
(4.4)

Band gap

� � GR = �
7:02� 10� 4 � T 2

KR

1108:0 + TKR
(4.5)

� GR ;bot = PHIGBOT + � � GR (4.6)

� GR ;sti = PHIGSTI + � � GR (4.7)

� GR ;gat = PHIGGAT + � � GR (4.8)

� � GD = �
7:02� 10� 4 � T 2

KD

1108:0 + TKD
(4.9)

� GD ;bot = PHIGBOT + � � GD (4.10)

� GD ;sti = PHIGSTI + � � GD (4.11)

� GD ;gat = PHIGGAT + � � GD (4.12)

8 c
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Intrinsic carrier concentration

FTD ;bot =
�

TKD

TKR

� 1:5

� exp
�

� GR ;bot

2 � � TR
�

� GD ;bot

2 � � TD

�
(4.13)

FTD ;sti =
�

TKD

TKR

� 1:5

� exp
�

� GR ;sti

2 � � TR
�

� GD ;sti

2 � � TD

�
(4.14)

FTD ;gat =
�

TKD

TKR

� 1:5

� exp
�

� GR ;gat

2 � � TR
�

� GD ;gat

2 � � TD

�
(4.15)

Saturation curr ent densityat device temperature

I DSA T ;bot = IDSATRBOT � FTD ;bot
2 (4.16)

I DSA T ;sti = IDSATRSTI � FTD ;sti
2 (4.17)

I DSA T ;gat = IDSATRGAT � FTD ;gat
2 (4.18)

Determination of Vmax

Vmax ;bot =

8
>><

>>:

Vmax ;large if I DSA T ;bot � AB = 0

� TD � ln
�

IMAX
I DSA T ;bot � AB

+ 1
�

if I DSA T ;bot � AB 6= 0
(4.19)

Vmax ;sti =

8
>><

>>:

Vmax ;large if I DSA T ;sti � LS = 0

� TD � ln
�

IMAX
I DSA T ;sti � LS

+ 1
�

if I DSA T ;sti � LS 6= 0
(4.20)

Vmax ;gat =

8
>><

>>:

Vmax ;large if I DSA T ;gat � LG = 0

� TD � ln
�

IMAX
I DSA T ;gat � LG

+ 1
�

if I DSA T ;gat � LG 6= 0
(4.21)

Vmax = min (Vmax ;bot ; Vmax ;sti ; Vmax ;gat ) (4.22)

Built-in voltages

Ubi ;bot = VBIRBOT �
TKD

TKR
� 2 � � TD � ln FTD ;bot (4.23)

Vbi ;bot = Ubi ;bot + � TD � ln
�
1 + exp

�
Vbi ;low � Ubi ;bot

� TD

��
(4.24)

Ubi ;sti = VBIRSTI �
TKD

TKR
� 2 � � TD � ln FTD ;sti (4.25)

Vbi ;sti = Ubi ;sti + � TD � ln
�
1 + exp

�
Vbi ;low � Ubi ;sti

� TD

��
(4.26)

c
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Ubi ;gat = VBIRGAT �
TKD

TKR
� 2 � � TD � ln FTD ;gat (4.27)

Vbi ;gat = Ubi ;gat + � TD � ln
�
1 + exp

�
Vbi ;low � Ubi ;gat

� TD

��
(4.28)

Determination of VF;min and Vch

Vbi ;min = min (Vbi ;bot ; Vbi ;sti ; Vbi ;gat ) (4.29)

Note: in taking this minimum,only theVbi of the relevantcontributionsaretaken into
account.For example,whenAB = 0, Vbi ;bot is not takeninto account.

VF;min =

8
>>>>><

>>>>>:

Vbi ;min �
�

1 � a� 1=PBOT
�

if Vbi ;min = Vbi ;bot

Vbi ;min �
�

1 � a� 1=PSTI
�

if Vbi ;min = Vbi ;sti

Vbi ;min �
�

1 � a� 1=PGAT
�

if Vbi ;min = Vbi ;gat

(4.30)

Vch = � ch � Vbi ;min (4.31)

4.2 The juncap-function

Thissectiondescribesa functionwhichcontainsthefull (electrical)characteristicsof theJUNCAP2model.In
theactualmodelit will beevaluatedup to threetimes:for thebottom,STI-edge,andgate-edgecomponentsof
themodel.Thede�nition of thehyp-functionsaregivenin SectionA.

Input parametersof the juncap-function

No. Name Description

0 VAK in caseTYPE = 1: voltagebetweenanode(p-side)andcathode(n-side);in case
TYPE = � 1: voltagebetweencathodeandanode

1 TKR referencetemperaturein Kelvin

2 TKD device temperaturein Kelvin

3 � TD thermalvoltageatdevice temperature

4 � GD bandgapvoltageat device temperature

5 FTD intrinsic carrierconcentrationat device temperature,dividedby that at reference
temperature

6 I DSA T saturationcurrentdensityof idealcurrent

7 Vbi built-in voltageat thedevice temperature

8 Vbi ;min minimumVbi of bottom,STI-edge,andgate-edgecontribution

9 VF;min limiting voltagefor chargemodel

10 Vch smoothingconstantfor transitionVF;min ! Vch in chargemodel

11 VMAX maximumvoltageup to which forwardcurrentbehavesexponentially

12 CJOR zero-biascapacitanceperunit-of-area

13 VBIR built-in voltageat thereferencetemperature

continuedon next page.. .
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. . . continuedfrom previouspage

No. Name Description

14 P gradingcoef�cient

15 CSRH Shockley-Read-Hallprefactor

16 XJUN junctiondepth

17 CTAT trap-assistedtunnelingprefactor

18 MEFFTAT effectivemass(in unitsof m0) for trap-assistedtunneling

19 CBBT band-to-bandtunnelingprefactor

20 FBBTR normalization�eld at thereferencetemperaturefor band-to-bandtunneling

21 STFBBT temperaturescalingparameterfor band-to-bandtunneling

22 VBR breakdown voltage

23 PBR breakdown onsettuningparameter

Outputs of the juncap-function

No. Name Description

0 I 0
j junctioncurrentperunit of areaor length

1 Q0
j junctionchargeperunit of areaor length

De�nition of the juncap-function

Junction charge

Cjo = CJOR �
�

VBIR
Vbi

� P

(4.32)

Vj = hyp5(VAK ; VF;min ; Vch ) (4.33)

Q0
j =

(
Cjo � Vbi

1 � P
�

"

1 �
�

1 �
Vj

Vbi

� 1� P
#

+ a � Cjo � (VAK � Vj )

)

(4.34)

Ideal curr ent

M ID =

8
>>>><

>>>>:

exp
�

VAK

� TD

�
if VAK < Vmax

�
1 +

VAK � VMAX
� TD

�
� exp

�
VMAX

� TD

�
if VAK � Vmax

(4.35)

I 0
D = (M ID � 1) � I DSA T (4.36)

Shockley-Read-Hallcurr ent

Note: if CSRH = CTAT = 0, Eqs.(4.37).. . (4.46)shouldbeskippedandI 0
SRH = 0.

zin v =
p

M ID (4.37)

c
 NXP Semiconductors2009 11



April 2009 JUNCAP2 Unclassi�edReport

z =
1

zin v
(4.38)

 � =

8
><

>:

� TD � ln
h
z + 2 +

p
(z + 1) � (z + 3)

i
if VAK > 0

� VAK

2
+ � TD � ln

h
1 + 2 � zin v +

p
(1 + zin v ) � (1 + 3 � zin v )

i
if VAK � 0

(4.39)

Vj ;lim = Vbi ;min � 2 �  � (4.40)

Vj ;SRH = hyp2(VAK ; Vj ;lim ; � TD ) (4.41)

wSRH ;step = 1 �

s

1 �
2 �  �

Vbi � Vj ;SRH
(4.42)

� wSRH =
�

wSRH ;step
2 � ln wSRH ;step

1 � wSRH ;step
+ wSRH ;step

�
� (1 � 2 � P) (4.43)

wSRH = wSRH ;step + � wSRH (4.44)

Wdep =
XJUN � � Si

CJOR
�
�

Vbi � Vj ;SRH

VBIR

� P

(4.45)

I 0
SRH = CSRH � FTD � (zin v � 1) � wSRH � Wdep (4.46)

Trap-assisted-tunnelingcurr ent

Note: if CTAT = 0, Eqs.(4.47).. . (4.61)shouldbeskippedandI 0
TAT = 0.

Fmax =
Vbi � Vj ;SRH

Wdep � (1 � P)
(4.47)

me� = MEFFTAT � m0 (4.48)

� E = max
�

� GD

2
; � TD

�
(4.49)

aTAT =
� E
� TD

(4.50)

bTAT =

p
32� me� � q � � E 3

3 � ~ � Fmax
(4.51)

u0
max =

�
2 � aTAT

3 � bTAT

� 2

(4.52)

umax =

s
u0

max
2

u0
max

2 + 1
(4.53)

w� =
�

1 + bTAT � umax
3=2

� P
P� 1

(4.54)
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wTAT =
wSRH � w�

wSRH + w�
(4.55)

kTAT =

s
3 � bTAT

8 �
p

umax
(4.56)

lTAT =
4 � aTAT

3 � bTAT
�
p

umax � umax (4.57)

mTAT =
2 � aTAT

2

3 � bTAT
�
p

umax � aTAT � umax +
bTAT

2
� umax

3=2 (4.58)

erfcapprox(y) =

8
>>>>>>>>>>>>><

>>>>>>>>>>>>>:

terfc =

8
>><

>>:

1
1 + perfc � y

if y > 0

1
1 � perfc � y

if y � 0

erfcapprox+ =
�
aerfc � terfc + berfc � t2

erfc + cerfc � t3
erfc

�
� exp(� y2)

erfcapprox(y) =

8
<

:

erfcapprox+ if y > 0

2 � erfcapprox+ if y � 0

(4.59)

� max =
aTAT � exp(mTAT ) � erfcapprox [kTAT � (lTAT � 1)] �

p
�

2 � kTAT
(4.60)

I 0
TAT = CTAT � FTD � (zin v � 1) � � max � wTAT � Wdep (4.61)

Band-to-band tunneling curr ent

Note: if CBBT = 0, Eqs.(4.64).. . (4.67)shouldbeskippedandI 0
BBT = 0.

VBBT ;lim = min(VBIRBOT; VBIRSTI ; VBIRGAT) � � Vbi (4.62)

VBBT = hyp2(VAK ; VBBT ;lim ; � TR ) (4.63)

Wdep;r =
XJUN � � Si

CJOR
�
�

VBIR � VBBT

VBIR

� P

(4.64)

Fmax ;r =
VBIR � VBBT

Wdep;r � (1 � P)
(4.65)

FBBT = FBBTR � [1 + STFBBT � (TKD � TKR )] (4.66)

I 0
BBT = CBBT � VAK � Fmax ;r

2 � exp
�

�
FBBT

Fmax ;r

�
(4.67)
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Avalancheand breakdown

Note: if VBR > Vbr ;max , Eqs.(4.68).. . (4.71)shouldbeskippedandf breakdo wn = 1.

Vav = hyp2(VAK ; 0; � av ) (4.68)

f stop =
1

1 � � av
PBR (4.69)

sf = � f stop
2 � � av

PBR� 1 �
PBR
VBR

(4.70)

f breakdo wn =

8
>>><

>>>:

1

1 �

�
�
�
�
� Vav

VBR

�
�
�
�

PBR if Vav > � � av � VBR

f stop + (Vav + � av � VBR) � sf if Vav � � � av � VBR

(4.71)

Total curr ent

I 0
j = (I 0

D + I 0
SRH + I 0

TAT + I 0
BBT ) � f breakdo wn (4.72)

4.3 The juncap model

The sectiondescribeshow the full junction characteristicsareevaluatedby calling the `juncapfunction' for
eachcomponent.If thefull JUNCAP2modelis used(thatis, whenSWJUNEXP = 0), thiscalculationis done
at eachbiaspoint. If theJUNCAPExpressoptionis used(that is, whenSWJUNEXP = 1), this calculationis
doneduringtheinitializationphasefor asmallnumberof biaspointsonly (seeSection4.4).

VAK = TYPE � (VA � VK ) (4.73)

4.3.1 Junction charge

Q0
j ;bot = Q0

j (VAK = VAK ; TKR = TKR ; TKD = TKD ; � TD = � TD ;

� GR = � GR ;bot ; � GD = � GD ;bot ; FTD = FTD ;bot ;

I DSA T = I DSA T ;bot ; Vbi = Vbi ;bot ; Vbi ;min = Vbi ;min ; VF;min = VF;min ;

Vch = Vch ; 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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Q0
j ;sti = Q0

j (VAK = VAK ; TKR = TKR ; TKD = TKD ; � TD = � TD ;

� GR = � GR ;sti ; � GD = � GD ;sti ; FTD = FTD ;sti ;

I DSA T = I DSA T ;sti ; Vbi = Vbi ;sti ; Vbi ;min = Vbi ;min ; VF;min = VF;min ;

Vch = Vch ; VMAX = VMAX ; CJOR = CJORSTI ;

VBIR = VBIRSTI ; P = PSTI ; CSRH = CSRHSTI ;

XJUN = XJUNSTI ; CTAT = CTATSTI ;

MEFFTAT = MEFFTATSTI; CBBT = CBBTSTI ;

FBBTR = FBBTRSTI ; STFBBT = STFBBTSTI ;

VBR = VBRSTI ; PBR = PBRSTI ) (4.75)

Q0
j ;gat = Q0

j (VAK = VAK ; TKR = TKR ; TKD = TKD ; � TD = � TD ;

� GR = � GR ;gat ; � GD = � GD ;gat ; FTD = FTD ;gat ;

I DSA T = I DSA T ;gat ; Vbi = Vbi ;gat ; Vbi ;min = Vbi ;min ; VF;min = VF;min ;

Vch = Vch ; 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 ) (4.76)

Qj = TYPE � MULT �
�
AB � Q0

j ;bot + LS � Q0
j ;sti + LG � Q0

j ;gat

�
(4.77)

4.3.2 Junction current

I 0
j ;bot = I 0

j (VAK = VAK ; TKR = TKR ; TKD = TKD ; � TD = � TD ;

� GR = � GR ;bot ; � GD = � GD ;bot ; FTD = FTD ;bot ;

I DSA T = I DSA T ;bot ; Vbi = Vbi ;bot ; Vbi ;min = Vbi ;min ; VF;min = VF;min ;

Vch = Vch ; 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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I 0
j ;sti = I 0

j (VAK = VAK ; TKR = TKR ; TKD = TKD ; � TD = � TD ;

� GR = � GR ;sti ; � GD = � GD ;sti ; FTD = FTD ;sti ;

I DSA T = I DSA T ;sti ; Vbi = Vbi ;sti ; Vbi ;min = Vbi ;min ; VF;min = VF;min ;

Vch = Vch ; VMAX = VMAX ; CJOR = 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)

I 0
j ;gat = I 0

j (VAK = VAK ; TKR = TKR ; TKD = TKD ; � TD = � TD ;

� GR = � GR ;gat ; � GD = � GD ;gat ; FTD = FTD ;gat ;

I DSA T = I DSA T ;gat ; Vbi = Vbi ;gat ; Vbi ;min = Vbi ;min ; VF;min = VF;min ;

Vch = Vch ; 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)

I j = TYPE � MULT �
�
AB � I 0

j ;bot + LS � I 0
j ;sti + LG � I 0

j ;gat

�
(4.81)

4.3.3 Junction noise

SI = 2 � q � jI j j (4.82)

4.4 JUNCAP Express

Theequationsin thissectionareevaluatedonly if SWJUNEXP = 1. Notethatonly themainmodelequations
aregivenhere.Somedetailsof theimplementation,e.g.,to avoid numericalissues,areomitted.Pleasereferto
theVerilog-A codeof themodel[4] for full details.

4.4.1 Calculation of internal parameters

In this section,bias-independentinternalparametersfor JuncapExpressarecalculated.All computationsin
this sectionaredependenton model/instanceparametersandtemperatureonly; they areindependentof bias.
Therefore,theseequationsneedto beevaluatedin theinitializationphaseonly.

Curr ent model initialization

V1 = � 0:4 � VJUNREF (4.83)

V2 = � 0:65� VJUNREF (4.84)
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V3 = � 0:8 � VJUNREF (4.85)

V4 = 0:1 (4.86)

V5 = 0:2 (4.87)

I n = f juncap (Vn ) for n = 1: : : 5 (4.88)

Here,f juncap (V ) is de�ned astheresultof Eq.(4.81)with VAK = V , MULT = 1, andTYPE = 1.

g(V; I 0; m) = I 0 � [exp(V � m=� TD ) � 1:0] (4.89)

Idealforwardcurrent

ISATFOR1 = AB � I DSA T ;bot + LS � I DSA T ;sti + LG � I DSA T ;gat (4.90)

MFOR1 = 1 (4.91)

Non-idealforwardcurrent

I 4;cor = I 4 � g(V4; ISATFOR1; MFOR1) (4.92)

I 5;cor = I 5 � g(V5; ISATFOR1; MFOR1) (4.93)

� for = I 4;cor =I5;cor (4.94)

MFOR2 = � TD �
ln( � for )
V4 � V5

(4.95)

ISATFOR2 =
I 4;cor

exp(V4 � MFOR2=� TD ) � 1
(4.96)

Reversecurrent

I 1;cor = I 1 � g(V1; ISATFOR1; MFOR1) � g(V1; ISATFOR2; MFOR2) (4.97)

I 2;cor = I 3 � g(V2; ISATFOR1; MFOR1) � g(V2; ISATFOR2; MFOR2) (4.98)

I 3;cor = I 3 � g(V3; ISATFOR1; MFOR1) � g(V3; ISATFOR2; MFOR2) (4.99)

� rev = I 1;cor =I2;cor (4.100)

m0 = � TD �
ln � rev

V2 � V1
(4.101)

� m = � TD �
(� rev � 1) �

�
�

V 2
V 2 � V 1
rev � 1

�

� rev � V1 � V2 + (V2 � V1) � �
V 1

V 1 � V 2
rev

(4.102)

MREV = m0 + � m (4.103)

ISATREV =
� I 3;cor

exp(� V3 � MREV =� TD ) � 1
(4.104)
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Chargemodel initialization

Cjo ;bot = CJORBOT �
�

VBIRBOT
Vbi ;bot

� PBOT

(4.105)

Cjo ;sti = CJORSTI �
�

VBIRSTI
Vbi ;sti

� PSTI

(4.106)

Cjo ;gat = CJORGAT �
�

VBIRGAT
Vbi ;gat

� PGAT

(4.107)

Zbot = AB � Cjo ;bot (4.108)

Zsti = LS � Cjo ;sti (4.109)

Zgat = LG � Cjo ;gat (4.110)

Z tot = Zbot + Zsti + Zgat (4.111)

4.4.2 JUNCAP Expressmodelequations

Theequationsgivenbelow have to beevaluatedat eachbiasstep.Thevery ideabehindtheJUNCAPExpress
modelis that theseequationshave beenkeptvery simple,at theexpenseof a muchmorecomplicatedmodel
initialization.

Curr ents

I for1 = g(VAK ; ISATFOR1; MFOR1) (4.112)

I for2 = g(VAK ; ISATFOR2; MFOR2) (4.113)

I rev = � g(� VAK ; ISATREV; MREV ) (4.114)

I j = TYPE � MULT � (I for1 + I for2 + I rev ) (4.115)

Chargemodel

Vj = hyp5(VAK ; VF;min ; Vch ) (4.116)

Q0
j ;bot =

8
>>>>>>>><

>>>>>>>>:

(
Cjo ;bot � Vbi ;bot

1 � PBOT
�

"

1 �
�

1 �
Vj

Vbi ;bot

� 1� PBOT
#

+ a � Cjo ;bot � (VAK � Vj )

)

if Zbot > FJUNQ � Z tot

0 otherwise

(4.117)

Q0
j ;sti =

8
>>>>>>>><

>>>>>>>>:

(
Cjo ;sti � Vbi ;sti

1 � PSTI
�

"

1 �
�

1 �
Vj

Vbi ;sti

� 1� PSTI
#

+ a � Cjo ;sti � (VAK � Vj )

)

if Zsti > FJUNQ � Z tot

0 otherwise

(4.118)
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Q0
j ;gat =

8
>>>>>>>><

>>>>>>>>:

(
Cjo ;gat � Vbi ;gat

1 � PGAT
�

"

1 �
�

1 �
Vj

Vbi ;gat

� 1� PGAT
#

+ a � Cjo ;gat � (VAK � Vj )

)

if Zgat > FJUNQ � Z tot

0 otherwise

(4.119)

Qj = TYPE � MULT �
�
AB � Q0

j ;bot + LS � Q0
j ;sti + LG � Q0

j ;gat

�
(4.120)

Noise

SI = 2 � q � jI j j (4.121)
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Section5

DC operating point output

TheDC operatingpoint outputfacility givesinformationon thestateof a device at its operatingpoint. Note
that—conformthePSPmodeloperatingpoint output—theinformationis alwaysgivenasif TYPE = 1. E.g.,
in forwardbiasbothvak andij arepositive.

No. Name Unit Value Description

0 vak V VAK voltagebetweenanodeandcathode

1 cj F cjbot+cjsti+ cjgat total junctioncapacitance

2 cjbot F MULT � AB � @Q0
j ;bot =@VAK bottom componentof the junction

capacitance

3 cjsti F MULT � LS � @Q0
j ;sti =@VAK STI-edgecomponentof the junc-

tion capacitance

4 cjgat F MULT � LG � @Q0
j ;gat =@VAK gate-edgecomponentof the junc-

tion capacitance

5 ij A ijbot +ijsti + ijgat total junctioncurrent

6 ijbot A MULT � AB � I 0
j ;bot bottom componentof the junction

current

7 ijsti A MULT � LS � I 0
j ;sti STI-edgecomponentof the junc-

tion current

8 ijgat A MULT � LG � I 0
j ;gat gate-edgecomponentof the junc-

tion current

9 si A2/Hz SI total junctioncurrentnoisespectral
density

Note: If SWJUNEXP = 1, only a total junction currentis computed,not the threeseparatecomponents.
Therefore,ijbot , ijsti , andijgat areall setto 0 in thatcaseandij is thetotal junctioncurrent.
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Section6

Parameter extraction

6.1 Teststructur es

For extractionof JUNCAP2parameters,oneneedsthreedifferent test structures,depictedschematicallyin
Figure6.1. The �rst structureis a simple,squarediode,which hasa large bottomcomponent,a relatively
smallSTI-edgecomponent,andno gate-edgecomponent.Thesecondstructureis a �nger diode,which hasa
muchlargerSTI-edgecomponent,andnogate-edgecomponent.Thethird structureis aMiller diode,which is
nothingelsethanamulti-�ngered MOSFETwith sourceanddrainstied together. It hasa relatively smallSTI-
edgecomponent,andasigni�cant gate-edgecomponent.Besidesthethreeteststructuresdescribedhere,which
areneededfor parameterextraction,onecanoptionallyuseadditionalgeometriesfor veri�cation purposes.The
teststructuresshouldbesuf�ciently largesothatcurrentsandcapacitancesareeasilymeasurable.

well

active

square diode

well

ac
tiv

e

finger diode

poly

well

ac
tiv

e

Miller diode

Figure6.1: Schematicrepresentationof threeteststructuresneededfor parameterextraction.

6.2 Measurements

For extractionof JUNCAP2parameters,oneneedsbothCV andI V measurements.The I V datashouldbe
taken over a large rangeof temperatures,rangingfrom -40 � C to at least125 � C. If available,even higher
temperaturescanbe very helpful in theextractionbecausethe junctioncurrenttendsmoreandmoreto ideal
behavior athighertemperatures.

Becausethetemperaturedependenceof capacitanceis fairly low, it is possible(butnotrecommended)to restrict
oneselfto room-temperatureCV measurementsonly. For optimalaccuracy of thecapacitancemodelhowever,
measurementsat differenttemperatureareneeded.Thereforeit is recommendedto take the CV dataat the
sametemperaturesastheI V data.
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All I V measurementsshouldbe donefrom reversebias(� Vsupply ) up to small forwardbias(e.g. 0.5 V). If
avalanchebreakdown parametersneedto beextracted,oneneedsto doadditionalmeasurementswith areverse
biasmuchlarger thanthesupplyvoltage.BecausetheJUNCAP2modelhasno parametersto modeltemper-
aturedependenceof thebreakdown, it suf�ces to do this breakdown characterizationat roomtemperature.In
the I V measurements,it is recommendedto applya currentcompliance(e.g. 10 mA) to avoid damagingthe
teststructureswhenthey arebiasedin theforwardregimeor in theavalanchebreakdown regime.

The CV measurementsshouldbe donefrom reversebias(� Vsupply ) up to zerobias. CV measurementsin
the forwardmodeof operationrapidly becomeunreliablebecausethephaseanglestartsto deviate from 90�

quickly. Whenthejunctioncapacitanceis measuredona Miller diode,thegateshouldbegrounded.

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

All measurementsarecarriedouton threeteststructures.Themeasurementson thesethreestructuresareused
to extractthethreecomponents(bottom,STI-edge,andgate-edgecomponents)of eithercurrentor capacitance.
For thecapacitance,theextractionprocedurewill beoutlinedbelow.

For thecapacitanceof thesquarediodeand�nger diode,bothhaving zerogateedge,we canwrite:

Cj ;square = ABsquare � C0
j ;bot + LSsquare � C0

j ;sti (6.1)

Cj ;�nger = AB�nger � C0
j ;bot + LS�nger � C0

j ;sti (6.2)

For theMiller diode,we write:

Cj ;Miller = ABMiller � C0
j ;bot + LSMiller � C0

j ;sti + LGMiller � C0
j ;gat (6.3)

FromEqs.(6.1)and(6.2)we straightforwardlysolve thetwo unknownsC0
j ;bot andC0

j ;sti :

C0
j ;bot =

LS�nger � Cj ;square � LSsquare � Cj ;�nger

LS�nger � ABsquare � LSsquare � AB �nger
(6.4)

C0
j ;sti =

ABsquare � Cj ;�nger � AB�nger � Cj ;square

LS�nger � ABsquare � LSsquare � AB�nger
(6.5)

And now we canderive the�nal unknown quantityC0
j ;gat from Eq.(6.3):

C0
j ;gat =

Cj ;Miller � ABMiller � C0
j ;bot � LSMiller � C0

j ;sti

LGMiller
(6.6)

The procedureasoutlinedabove is alsoappliedto the junctioncurrents,resultingin thecurrentcomponents
I 0

j ;bot , I 0
j ;sti , andI 0

j ;gat .

6.4 Extraction of CV parameters

Having extractedthe currentandcapacitancecomponentsasexplainedin Section6.3, we are readyfor the
actualparameterextraction.

First,onehasto setsomegeneralparameters:

� LEVEL is equalto 200 for the �rst releaseof theJUNCAP2model. Possiblesuccessorswill be 201,
202,etc.

� TYPE shouldbesetproperlyto selecteithern � p or p � n junction.
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� DTA shouldbesetto zero

� IMAX shouldbe set to a value which is large enough(e.g. larger than the highestforward current
measured)sothatit doesnotaffect theextractionprocedure.

BeforeI V parameterextractionis started,it is mandatoryto performtheCV extraction�rst, becausetheCV
parametersareusedthroughoutthe I V model. In otherwords,changingCV parametersafter I V parameter
extractionwill changenotonly theCV curves,but alsotheI V curves.

The CV parameterextractionis basicallythe samefor the threecomponents.Thereforewe will restrict the
descriptionto thebottomcomponent.ThePHIGBOT hasto be initialized to a reasonablevalue,e.g. 1.16V.
(It will be �tted lateron to theforwardI V curves,but this usuallyhasa negligible effect on theCV curves).
If needed,oneFromtheCV curves,oneextractsthreeparameterspercomponent:

� CJORBOT, i.e. thezero-biascapacitanceperunit of areaat thereferencetemperature.Its initial value
is directly takenfrom theC0

j ;bot curves.OneshouldselecttheC0
j ;bot curvemeasuredat thetemperature

closestto thereferencetemperature,andusethezero-biasC0
j ;bot valueof thatcurvesasstartingvaluefor

CJORBOT.

� PBOT, i.e. thegradingcoef�cient. As startingvalueonecantake PBOT = 0:5.

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

Using the startingvaluesspeci�ed above, onecanperforma least-square�t of thesethreeparametersto the
measuredCV curves.Typicalvaluesfor thegradingcoef�cient arebetween0.3and0.6.Typicalvaluesfor the
built-in voltagearebetween0.5 V and1.2 V (from physics,we know that this quantitymayexceedtheband
gapvoltageonly slightly).

6.5 Extraction of IV parameters

Ideal-current parameters

TheI V parameterextractionstartswith theextractionof theideal-currentparameters,whichareIDSATRBOT
and PHIGBOT (we restrict ourselvesagainto the bottom component). The parameterIDSATRBOT has
effect on the ideal currentonly. The parameterPHIGBOT is usedthroughoutthe model. The ideal-current
parametersareextractedon thosepartsof the forward I V curveswhich shown nearlyidealbehavior. These
partsareselectedusingthe ideality factornbot which canbedeterminedfrom theforwardI V measurements
asfollows:

nbot =
�

� TD �
@ln I 0

j ;bot

@VAK

� � 1

(6.7)

For the�tting of theideal-currentparametersweselectthosemeasurementpoints,for which theideality factor
is reasonablycloseto 1. For instance,the criterion nbot > 0:9 works well for this purpose. Becausethe
parameterPHIGBOT hasalreadybeeninitialized to 1.16,we only needto worry abouta startingvaluefor
IDSATRBOT. This startingvaluecanbefoundby settingIDSATRBOT to 1, andcalculatetheaverageratio
of measuredandmodelledcurrentin the region selectedby the ideality-factormethod. (Note: this canonly
be donesuccessfullywhenIMAX is temporarilysetto a hugevalue.) After this initialization, modelledand
measuredcurvesshouldbe reasonablycloseandonecanfurther optimizethe parametersIDSATRBOT and
PHIGBOT using a least-square�t of the model to the measurementpoints selectedby the ideality-factor
method.

Pleasenoteoncemorethatthis ideality factoris only a quantitydirectly derivedfrom measurements.It is not
a modelparameterasin many otherjunctionmodels.
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Identi�cation of leakagemechanisms

Thenext stepis theextractionof theremainingleakagecurrentparameters.First,oneneedsto getanideawhich
effectsneedto be included. Sometimes,only Shockley-Read-Halland trap-assistedtunnelingare relevant,
sometimesonly band-to-band-tunneling,sometimesboth.To thispurposeonemayinvestigatethetemperature
dependenceby inspectionof the activation energy of the leakagecurrents,which is calculated(in eV) as
follows:

Eact =
@ln

�
I 0

j ;bot

�

@� � 1
TD

(6.8)

An activation energy closeto the bandgap(1.16eV) is an indicationthat the currentis ideal. An activation
energy aroundhalf the bandgapis an indication that the current is dominatedby Shockley-Read-Halland
trap-assistedtunneling. An activationenergy well below half thebandgapis an indicationthat thecurrentis
dominatedby band-to-band-tunneling.

Not only thetemperaturedependence(asexpressedin termsof activationenergy),but alsothebiasdependence
is indicative for the mechanismsbehindtheobservedreversejunction current. The ideal currenthasno bias
dependence(for reversebiasesin excessof a few timesthe thermalvoltage). Shockley-Read-Hallandtrap-
assistedtunnelinghavemuchmoresigni�cant biasdependence.For Shockley-Read-Hall,thebiasdependence
goesapproximatelyasthesquarerootof thevoltage.For trap-assistedtunneling,dueto the�eld-enhancement,
thebiasdependenceis larger. Thelargestbiasdependencehowever is seenin caseof band-to-bandtunneling.

In conclusion,inspectionof bothtemperatureandbiasdependenceof thereversecurrenthelpsto identify the
relevantleakagemechanism(s)in thejunctioncomponentunderinvestigation.

Extraction Shockley-Read-Halland trap-assistedtunneling parameters

The�tting of Shockley-Read-Hallandtrap-assistedtunnelingparametersgoesasfollows. First, oneneedsto
initialize therelevantparameters:

1. MEFFTATBOT shouldbe initialized to 0.25. It will be �tted to the datalater and affects the bias
dependenceof thetrap-assistedtunnelingcurrent.

2. XJUNSTI or XJUNGAT shouldbeinitialized to aphysicallyreasonablevalue(between10and100nm
for modernCMOS).Thereis obviouslynoXJUN for thebottomcomponent.

3. CTATBOT = CSRHBOT. A good startingvalue is found as follows. First, set CTATBOT and
CSRHBOT equalto 1 andcalculatethejunctioncurrent.Therequiredstartingvalueis now foundby av-
eragingtheratioof measuredandmodelledcurrentsfor thosereverse-biaspointswhichareselectedusing
theactivation-energy method.A suitablecriterionto selectthosebiaspointsis 0:3 V < Eact < 0:7 V.

After this initialization theparametersCTATBOT = CSRHBOT, MEFFTATBOT areoptimizedby a least-
square�t of theparametersto themeasureddata.For theSTI-edgeandgate-edgecomponentsalsotheparam-
etersXJUNSTI resp. XJUNGAT maybeoptimized. Usuallya good�t canbeachievedwhile retainingthe
identity CTATBOT = CSRHBOT. The parameterMEFFTATBOT is sometimesseento deviate from the
valueof 0.25expectedtheoretically. Oneshouldbeableto retaina physicallyreasonablevaluefor theXJUN
parameter, in caseof STI-edgeandgate-edgecomponents,althoughit is dif�cult to retaintheexpectedidentity
XJUNSTI = XJUNGAT.

Extraction band-to-band tunneling parameters

If band-to-bandtunnelingis of importance,oneneedsto initialize therelevantparameters:

1. FBBTRBOT shouldbeinitialized to 1 � 109 V/m. It will be�tted to thedatalater, andaffectsthebias
dependenceof theband-to-bandtunnelingcurrent.
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2. STFBBTBOT shouldbe initialized to � 1 � 10� 3. It will be �tted to the datalater, andaffects the
temperaturedependencedependenceof theband-to-bandtunnelingcurrent.

3. CBBTBOT. A goodstartingvalueis foundasfollows. First,setCBBTBOT to 1 andcalculatethejunc-
tion current.Therequiredstartingvalueis now foundby averagingtheratio of measuredandmodelled
currentsfor thosereverse-biaspointswhich areselectedusingtheactivation-energy method.A suitable
criterionto selectthosebiaspointsis Eact < 0:2 V.

After this initialization the parametersareoptimizedby a least-square�t of the parametersto the measured
data.

Extraction avalanchebreakdown parameters

The breakdown voltageVBRBOT is easily found by inspectionof the breakdown measurementcurves: at
V = � VBRBOT a sharpincreasein the currentis observed. The parameterPBRBOT canbe usedto tune
theonsetto breakdown. Again,a least-squarescurve �t canbeusedto geta good�t. It is importantto check
that the Shockley-Read-Hall,trap-assisted-tunneling,andband-to-bandtunnelingmodelextrapolatewell to
the regimeof avalanchebreakdown. Sometimes,oneneedsto tunethe correspondingparametersslightly to
accomplishthis.

6.6 Generalextraction scheme

Here we list a generalextractionschemewhich shouldwork for most junctions. But pleasebe aware that
parameterextractioncanneverbea “push-button” exercise.Theparameterextractionmayhave to beadapted
to speci�c cases.

1. �t CV parameters;

2. �t idealcurrentparameters;

3. �t Shockley-Read-Hallandtrap-assistedtunnelingparameters;

4. �t band-to-bandtunnelingparameters;

5. �t full I V curves,exceptavalanchecurve,oncemorewith all relevantparameters;

6. �t avalanchebreakdown parameters;

7. re-�t CV parameters(becausebandgapvoltagemayhavechanged);

8. re-�t full I V curves,exceptavalanchecurve,oncemorewith all relevantparameters,exceptthebandgap
voltage:this is neededbecausethecapacitancemayhavechanged,whichaffectsthecurrent;

9. calculateall modelcurvesoncemore.

6.7 Simulation time considerations

First, simulationtime considerationsfor the full JUNCAP2modelwill be discussed.In the last section,the
JUNCAP2Expressmodel—whichwasespeciallydesignedto greatlyreducesimulationtime—istreated.
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6.7.1 Full JUNCAP2 model

MOSFETjunction modelsarecomputationallyexpensive by their very nature: every MOSFEThasat least
two junctions(source,drain); eachjunction hasthreecomponents(bottom,STI-edge,gate-edge);eachcur-
rent component,in turn, canhave asmuchas�ve differentconductionmechanisms(ideal,SRH,TAT, BBT,
avalanche).Moreover, thephysicsof junctionsis ruledby computationallyexpensivefunctionssuchaspowers
andexponents.

JUNCAP2hasbeenconstructedin sucha way thatcalculationsareskippedwhenjunctioncomponentsand/or
currentmechanismsare set to zero. For instance,whenBBT is not neededin the bottom componentof a
junction,onecansetCBBTBOT to zero,andthecorrespondingcalculationis entirelyskipped.

Considerableamountof simulationtime canbe saved whennegligible currentcontributionsarecompletely
switchedoff in a parameterset that is being extracted. Thus, in the above-mentionedexample,insteadof
leaving CBBTBOT at a small,negligible non-zerovalue,oneshouldsetCBBTBOT to exactly zeroin order
to avoid unnecessaryfunctionevaluationswhenthemodelis usedby circuit designers.

charge & ideal current

avalanche
BBT

TAT SRH

chargemodel& idealcurrent 21.5%

Shockley-Read-Hall 22.5%

trap-assistedtunneling 34.9%

band-to-bandtunneling 17.0%

avalanchebreakdown 4.1%

Figure6.2: Typical distribution of simulationtimesover thevariouspartsof themodel.Resultswereobtained
for JUNCAP2,level 200.1usingtheSpectrecircuit simulatorandSiMKit 2.3.2on a LINUX platform. Note
thatswitchingoff theidealcurrentdoesnot leadto signi�cant CPUtimesavings.

In Fig. 6.2 a typical resultfor thecontribution of thevariouspartsof theJUNCAP2modelto the total JUN-
CAP2simulationtime is depicted.(Notethattheresultsmaybedifferentfor differentsimulatorsor operating
systems).It is observed that SRH,TAT, andBBT arevery signi�cant contributorsto the overall JUNCAP2
simulationtime. Thereforeit is useful to checkfor eachjunction component(bottom,STI-edge,gateedge)
whetherit is possibleto switchoff oneor moreof thesephysicaleffectswithout affectingthemodelaccuracy
too much. It shouldbe notedthat switchingoff theSRH effect only decreasesthesimulationtime whenthe
correspondingTAT parameteris alsoswitchedoff. Thereasonfor this is that theTAT equationsmake useof
quantitiescalculatedin theSRHequations.ThereforetheSRHpartof theequationsis alsocalculatedin the
situationwhenSRH is switchedoff andTAT is switchedon. Switchingoff TAT, on the otherhand,always
decreasesthesimulationtime, irrespectiveof thevalueof thecorrespondingSRHparameter.

For a typical case,the JUNCAP2featuresthat areneededaregiven in Table6.1. Typically, the numberof
currentcomponentsneededis only half of thetotally availablecurrentcomponents.Often,theBBT component
of thegate-edgecomponentdominatesthereverseleakage,in which caseadditionalCPUtime savingscanbe
achievedby switchingoff SRHandTAT for this junctioncomponent.

For completeness'sake, we recapitulatehereoncemorehow to switch off the differentcurrentcomponents
(seealsoTable6.2): for thebottomcomponent,theidealcurrent,SRHcurrent,TAT current,andBBT current
areswitchedoff by settingthe parametersIDSATRBOT, CSRHBOT, CTATBOT, CBBTBOT to zero,re-
spectively. Thebreakdown modelis skippedby settingVBRBOT to a valuelargerthan1000.Theprocedure
for STI-edgeandgate-edgecurrentsis, mutatismutandis, thesame.Note that it is not possibleto switchoff
junctioncapacitances,becausein JUNCAP2thejunctioncapacitancesareinternallyusedto calculateelectric
�elds, andthusin�uence thejunctioncurrents.

Finally, whena geometricalcomponentis not needed,thecorrespondinginstanceparameter(AB, LS, or LG)
canbesetto zeroandthecalculationfor thatcomponentis completelyskipped.An exampleis thewell diode
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of a p-channelMOSFETwhichhasnogate-edgecontribution(LG = 0).

geometricalcomponent
JUNCAP2feature gate-edge STI-edge bottom

capacitance � � �

idealcurrent � �

SRHcurrent � �

TAT current � �

BBT current �

breakdown current �

Table6.1: Guidelinefor whichJUNCAP2featuresto take into accountin JUNCAP2parameterextraction.

JUNCAP2feature parametervalueneededto switchoff feature
bottom STI-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

breakdown current VBRBOT > 1000 VBRSTI > 1000 VBRGAT > 1000

Table6.2: How to switchoff JUNCAP2features.

6.7.2 JUNCAP2 Express

FromJUNCAP2version200.3onwards,theJUNCAP2modelhasanexpress-option,whichcanbeinvokedby
settingSWJUNEXP = 1.

Curr ents

In the Expressversionof the JUNCAP2model, the full set of I V -equationsin the bias dependentsection
of the model is replacedby a greatly simpli�ed set of equations(just threeexponentials). This leadsto a
greatlyreducedsimulationtimeof theJUNCAP2model.Theinitializationof theExpressmodelis muchmore
complex, but asthis is carriedoutonly oncein anentiresimulation,its contributionto thetotalsimulationtime
is negligible.

Notethat—contraryto thefull JUNCAP2model—intheExpressversionthesimulationtime is independentof
thenumberof current-componentswhichareswitchedon/off. Therefore,theresultsin Fig. 6.2donotapplyto
theExpressmodel.

Charges

Thenew parameterFJUNQ canbeusedto reducethesimulationtimeof thecharge-model.In many cases,one
or two of thethree(bottom,sti-edge,gate-edge)componentsto thetotal junctioncapacitanceis negligible. In
theExpressmodel,any capacitancecomponentwhichcontributeslessthen(approximately)a fractionFJUNQ
to the total capacitanceis ignored. This allows theuserto save up to 2/3 of thecomputationtime associated
with thechargemodel,with a limited (adjustable)lossof accuracy. WhentheExpressmodelis invoked,the
chargemodelactuallydominatesthetotalevaluationtimeof themodel.Therefore,this featureleadsindeedto
yetanothersigni�cant reductionof thetotal evaluationtime.

If necessary, settingFJUNQ = 0 ensuresthatall componentsaretaken into accountunderall circumstances
andthefull chargemodelis alwaysevaluated.
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Appendix A

Auxiliary equations

In thisappendix,thehyp-functionsthatareusedin theJUNCAPmodelequationsarede�ned. Thesefunctions
havebeenadoptedfrom MOS Model 9, andtheir namingis consistentwith theMOS Model 9 description[5].
The functionshyp1, hyp2, andhyp5 aregivenby Eqs.(A.1), (A.2), and(A.3), respectively, andillustratedin
Figs.A.1, A.2, andA.3, respectively.

hyp1(x; � ) =
1
2

�
�

x +
p

x2 + 4 � � 2
�

(A.1)

hyp2(x; x0; � ) = x � hyp1(x � x0; � ) (A.2)

hyp5(x; x0; � ) = x0 � hyp1(x0 � x �
� 2

x0
; � ) (A.3)
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FigureA.1: Solid line: thefunctiony = hyp1(x; � ). Dashedline: they = x asymptote.
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FigureA.2: Solid line: thefunctiony = hyp2(x; x0; � ). Dashedlines: they = x andy = x0 asymptotes.
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FigureA.3: Solid line: thefunctiony = hyp5(x; x0; � ). Dashedlines: they = x andy = x0 asymptotes.
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