
1

Introduction

ManuelToledoQuiñones
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1RESISTANCE2

1Resistance

1.1Basics

1.1.1IntegralFormofOhm’sLaw

•Ohm’sLaw:I=V/R

•IntegratedCircuitResistor(fig.1)
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Figure1:Textbookfigure1.2.

R=ρ
L

xjW



1RESISTANCE4

•ρisthematerial’sresistivity

•conductivity=σ=
1
ρ

•Sheetresistance:RS=
1

σxj

R=RS
L

W

SheetresistanceisexpressedinΩ/�.

•Example:ForR=3.5kΩ,andasheetresistanceof
RS=200Ω/�andafeaturesizeW=1µm,useL=17.5µm.

•ThesmallerWthebetter.
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1.1.2Integralvs.DifferentialPhysicalQuantities

•Integral=Average→likeaboveformofOhm’sLaw

•Differential=local→moreaccuratemodel.

•Conductivityvarieswithdepth.Seefigure2.

•Averagevalueofconductivityisusedasanapproximation.

σ̄=
1

xj

∫∞

0

σ(x)dx

•Averageconductivity→noinformationaboutcurrent
distributioninresistor.
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Figure2:Typicalconductivityprofile.
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•Forfig.2,usingx0=
√

2,wecanfindtheaverageconductivity:

σ(x)=σ(0)e
−(x/x0)

2

σ̄=
10

xj

∫∞

0

e
−(x

2
/2)

dx

=
10(Ω−cm)

−1

3µm×
√

π/2µm

=4.18(Ω−cm)
−1

IntegrationwasperformedusingwhatisknownasLaplace
integral.

•Usingthisdevice,tobuilda100kΩresistor

RS=
1

σ̄xj

=
1

4.18(Ω−cm)
−1×3µm
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=797.4Ω/�

L

W
=

R

RS
=

100,100Ω

797.4Ω
=125

ForafeaturesizeofW=1µm,L=125µmisrequired.



1RESISTANCE9

1.1.3DifferentialformofOhm’sLaw

•ThedifferentialformofOhm’sLawis

j=σE

wherejandEarevectors.

•j=driftcurrent=currentinducedbyanelectricfield.

•Intermsoftheelectricpotential,ϕ,

E=−∇ϕ=−
∂ϕ

∂x
x̂+

∂ϕ

∂y
ŷ+

∂ϕ

∂z
ẑ

•Three-dimensionaldriftcurrent:

j=−σ∇ϕ

•Tohandlemulti-dimensionalaspectsoftheproblem(likethe
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cornereffect)requiresknowledgeoftheelectricpotential
distribution.

•Semiconductordevicesarebasedonexternallyinfluencingthe
conductivity,σ.

•Twothingsdirectlyinfluencetheconductivity:

–concentrationofcarriers.

–mobilityofcarriers.

•Theconductivityisproportionaltothecarrierconcentration
andthemobility.

•Example:Findthemaximumcurrentdensityandtheterminal
currentfortheresistordesignedinthepreviousexampleifa
voltageof5Visapplied.Neglectcornereffects.
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ANSWER:Fromourpreviousresults,L=125µm.Thus

E=
V

L
=

5V

125µm
=40kV/m

Since
jmax=σmaxE

andfromfigure2σmax=10(Ω−cm)
−1

,

jmax=4×10
7
A/m

2

Tofindtheterminalcurrent,integratejfrom0toxj(orto∞)
andmultiplybyW,

I=W

∫∞

0

j(x)dx=W
V

L
σ(0)

∫∞

0

e
(x/x0)

2

dx

whichyieldsaresultof50µA.
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2Chemical-bondModel

Figure3:Elementsusedinsemiconductordevices.
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•PeriodictablegroupsIIItoVareimportant.Seefigure3.

•Twotypesofcarriers:electronsandholes.

•Doping:

–intrinsic:puresemiconductor.

∗Holeandelectronconcentrationsareequal:

n=p=ni

∗Conductivity:

σ=qnµn+qpµp

∗Seetypicalnumbersintable1
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ni(cm
−3

)µn(cm
2
/(V−s))µp(cm

2
/(V−s))

Si1.02×10
10

1450500

GaAs2.1×10
5

8500400

Table1:Mobilityandcarrierconcentrationat300K.

–n-type-donors(groupVatomsorimpurities)areadded.

n≈ND�p;σ≈qµnND

–p-typesemiconductors-acceptors(groupIIIatoms)are
added.

p≈NA�n;σ≈qµpNA

•Atthermalequilibrium,recombinationrateequalscarrier
generationrate.
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•TheMass-actionLawisaconsecuenceofthermalequilibrium,
andisexpressedas

np=n
2
i

•Ifdonors(acceptors)areaddedtothesemiconductor,more
holes(electrons)recombinewiththemajoritycarriers,i.e.the
extraelectrons(holes).Asaconsequencethemass-actionlaw
holdsalsoforextrinsicsemiconductors.

•Minority-carrierconcentration:

–N-type

p=n
2
i/ND

–P-type

n=n
2
i/NA
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•Example:ConsiderN-typeSiliconsampleforwhich
ND=10

16
cm

−3
.Find:(i)theminoritycarrierconcentration,

and(ii)thesamplesconductivity.
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•Example:ConsiderN-typeSiliconsampleforwhich
ND=10

16
cm

−3
.Find:(i)theminoritycarrierconcentration,

and(ii)thesamplesconductivity.

ANSWER:(i)p=
n

2
i

ND;(ii)σ=qµnND
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•Example:DeterminetheresistivityofaSiliconcrystalif
ND=10

17
cm

−3
andNA=10

16
cm

−3
.Useµn=770cm

2
/V−s.
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•Example:DeterminetheresistivityofaSiliconcrystalif
ND=10

17
cm

−3
andNA=10

16
cm

−3
.Useµn=770cm

2
/V−s.

ANSWER:TheN-typesemiconductorasbeenpartially
compensatedbyaddingacceptors.Asaconsecuencethe
effectivedonordensityisn=ND−NA=9×10

16
cm

−3
and

ρ=
1

qµnn
=0.09Ω−cm
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•Example:AP-typeSiliconsamplewithresistivityof0.5Ω−cm

isilluminatedbyaflashoflightthat2×10
16

electron-hole
pairspercm

3
.Determine(i)theelectronconcentration,and(ii)

thechangeinresistivitycausedbytheflashoflight.
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•Example:AP-typeSiliconsamplewithresistivityof
0.5Ω−cmisilluminatedbyaflashoflightthatcreates2×10

16

electron-holepairspercm
3
.Determine(i)theelectron

concentration,and(ii)thechangeinresistivitycausedbythe
flashoflight.

ANSWER:(i)

p=NA=
1

ρqµp
=2.5×10

16

n=
n

2
i

NA

(ii)Excesscarrierscannotbeneglected.Addthemtofindn

andpanduse

ρ=
1

q(µnn+µpp
)
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3CarrierMobility

•Mobilitydirectlydeterminesconductivity.

•Modelofholeandelectrongas:chargedsphericalparticles
performingrandomthermalmotion.Usedtodescribe
transportphenomena.

•Massofisolatedelectron:constantm0=9.1×10
−31

kg.

•Electroninasolid:interactwithsemiconductoratoms.

–dopants

–traps

–phonons

•Touseelectrongasmodelaneffectivemassm
∗

isused.The
samethingistrueforholes.Usually,m

∗
<m0.Noticethatm

∗

isnotaconstant,butdependsonthesemiconductormaterial
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andotherpropertiesandconditions,suchasdopinglevel,
temperature,etc.

•Particle’smomentum:

p=m
∗
v

•Particle’senergy:

Ekin=|p|
2

2m
∗

•Thekineticenergyofthecarriersduetothecrystal
temperatureis

Ekin=
1

2
m

∗
v
2
th

anddependsonthedimensionalityofthemodelbeinguse;for
three-dimensions
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Ekin=
3

2
kT

•vthisthethermalvelocityandisrandomduetocarrierscattering
-collisionswithcrystalimperfections.

•Ifnoelectricfieldisapplied,thedriftvelocityofthecarriersis
equaltozero.

•Whenanelectricfieldisapplied,theeffectivecarriermotionis
expressedasthedriftvelocity.



3CARRIERMOBILITY25

Figure4:Driftvelocityconcept.
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Figure5:vdversusEforSi.PublishedbyJacoboni,Canali,Otta-
vianiandQuaranta,Solid-StateElectronics20,77(Feb.1977).

•Seefigures4and5.
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3.1Mobility

•Ifanelectricfieldisapplied,

Forelectrons:j=−qnvd=qµnnE

Forholes:j=qpvd=qµppE

•Ifa”small”electricfieldisapplied(columnbinfigure4),drift
velocityrepresentsasmallperturbationonrandomthermal
velocityandthemeanscatteringtimeτcnisnotaltered
appreciably.

•Forsteadystate,themomentumgainedbetweencollisionsis
losttothelatticeinthecollisions,andequalstheimpulse(force
timestime)appliedbytheelectricfield.Theforceonthe
electronisF=−qE.Thus

−qEτcn=m
∗

nvd
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or

vd=−
(

qτcn

m
∗

n

)

E=−µnE

•mobilityµ:relatesdriftvelocityandelectricfield.

Forholes:vd=µpE.

Unitsofmobility:<µ>=m
2
/V−s.

•Onfigure5weseethatthemobilityisconstantonlyatlow
electricfields.

•Electronsandholeshavedifferentmobilitiesdueinpartto
theirdifferenteffectivemasses.Also,mobilitydependsonthe
materialsincetheeffectivemassalsochanges.
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3.1.1DependenceofMobilityonTandND/NA

•Phonons=crystalvibrations.

•Astemperatureincreases,phononsincreaseinmagnitude.
Thisincreasesphononscattering.AsTisincreased,thecollision
probabilityincreasesandthemean-freepathdecreases.Mobility
isreducedasaconsequence.

•Impurityatoms(ions)alsointeractwithcarrier,attractingand
repealingelectronsandholes.ThisiscalledCoulombscattering.

•Atlowtemperatures,Coulombscatteringismoreeffective
becausecarriersspendmoretimeclosetotheions.As
temperatureincreases,Coulombscatteringisreducedand
mobilityincreasesatlowtemperatures.

•Athighertemperatures,phononscatteringdominatesandthe
mobilitydecreaseswithtemperature.
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•Seefigure6and7.

Figure6:TemperaturedependenceofmobilityinSiatdifferentdop-
inglevels.
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Figure7:TemperaturedependenceofmobilityinSiatlowfields.

•Thefollowingempiricalequationsexpressingthedependence
onmobilityontemperatureTn=T/300anddopant
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concentrationNwereproposedby:

N.D.Arora,J.R.HauserandD.J.Roulson,IEEETrans.Electr.
Dev.ED-30,292(Feb.1982).

µn=88T
−0.57
n+

1250T
−2.33
n

1+(N/(1.26×1017T2.4
n))0.88T

−0.146
n

(1)

µp=54.3T
−0.57
n+

407T
−2.33

n

1+(N/(2.35×1017T2.4
n))0.88T

−0.146
n

(2)

•Athighelectricfieldsthehotelectronsinteractwiththelattice
throughanadditionalscatteringprocessandmobility
decreases.Seefigure5.

•Thefollowingexpressionthatapproximatesthedatashownin
figure5wasprovidedbytheauthorsofthepublication.



3CARRIERMOBILITY33

|vd|=vl
E

EC

(
1

1+(E/EC)β

)1/β

Forelectrons,thefittingparametersvl,ECandβare,atroom
temperature,equalto1.07×10

7
cm/s,6910V/cmand1.11,

respectively.

•Problem1.21fromtextbook.AnE=1V/µmproduces
j=0.8×10

9
A/m

2
onanN-typesamplewithND=10

17
cm

−3
.

Findthecurrentdensityiftheelectricfieldisincreased5times
sothattheelectronsreachvelocitysaturationvsat=0.1µm/ps.
Findtheconductivityonbothcases.
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•Problem1.21fromtextbook.AnE=1V/µmproduces
j=0.8×10

9
A/m

2
onanN-typesamplewithND=10

17
cm

−3
.

Findthecurrentdensityiftheelectricfieldisincreased5times
sothattheelectronsreachvelocitysaturationvsat=0.1µm/ps.
Findtheconductivityonbothcases.ANSWER:j=vsatqND;
σ=j/E
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•Problem1.22fromtextbook.AbarofSiwithauniformN-type
dopingconcentrationof10

15
cm

−3
is1cm.long,0.5cm.wide

and0.5mmthick,andhasaresistanceof190Ω.Find(i)the
electronmobility,and(ii)thedriftvelocityoftheelectrons
when10Vareappliedtotheendsofthebar.
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•Problem1.22fromtextbook.AbarofSiwithauniformN-type
dopingconcentrationof10

15
cm

−3
is1cm.long,0.5cm.wide

and0.5mmthick,andhasaresistanceof190Ω.Find(i)the
electronmobility,and(ii)thedriftvelocityoftheelectrons
when10Vareappliedtotheendsofthebar.

ANSWER:(i)R=ρ
L

t×W;µn=
1

qNDρ.(ii)vd=µnE.
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•Problem:AnelectronismovinginapieceoflightlydopedSi
underanelectricfieldatroomtemperature.Itsdriftvelocityis
one-tenthofitsthermalvelocity.Find(i)theaveragenumber
ofcollisionsitwillexperienceintraversingbydriftaregion
1µmwide.(ii)theelectricfieldappliedacrosstheregion.
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•Problem:AnelectronismovinginapieceoflightlydopedSi
underanelectricfieldatroomtemperature.Itsdriftvelocityis
one-tenthofitsthermalvelocity.Find(i)theaveragenumber
ofcollisionsitwillexperienceintraversingbydriftaregion
1µmwide.(ii)theelectricfieldappliedacrosstheregion.

ANSWER:Fromvth=
√

3kT
m∗,findvd=µnE.Totaltraversing

timet=L/vd;useknownµntofindtimebetweencollisionsis
τ=

m
∗
µn

qandthennumberofcollisionst/τ.Ecanbeobtained
fromvdandµn.
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•Problem:Thevoltageacrossauniform2µm-longregionof1
Ω-cm,N-typeSiisdoubled,butthecurrentonlyincreasesby
50%.Assumeroomtemperature.Findtheappliedvoltage.
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3.1.2Haynes-ShockleyExperiment

•Lightpulsecreatesexcesscarriers-inthiscase,excessholes,
abovethermalequilibrium.

•Excesscarriersdriftduetotheelectricfield.Thisgivesplaceto
asecondkindofcurrentduetodiffusion.

jdiff=







qDn
∂n
∂xelectrons

−qDp
∂p
∂xelectrons

•Excesscarriersarecollectedattheterminalsandavoltage
pulseisobserved.
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Figure8:Haynes-Shockleyexperiment.

•Monitoringthepulsepeak,wecanmeasurethetimeittakes
thepulsetoarrive;fromthiswecanfigureoutthecarrierdrift
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velocity.

vd=L/tmax

andthemobility

µp=
vd

E
=

L/tmax

V/L
=

L
2

V×tmax
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•Becauseofdiffusion,thewidthofthepulsewidenswithtime.
TheholedistributioncanbeexpressedbyaGaussianform,

p=pmaxe
−

(x−xmax)2

4Dpt

For(x−xmax)
2

=4Dpt,p=pmax÷e.Wecanidentifythis
levelinthemeasuredpulseandfromitmeasure

∆x=
√

4Dpt=
√

4Dp(tmax+∆t)

Usingvd=
∆x
∆tandalsovd=

L
tmax,andsolvingforDpyields

Dp=
((∆t×L)/tmax)

2

4(tmax+∆t)
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•ThediffusioncoeficientisrelatedtomobilitybyEinstein
relation:

Dn,p=
kT

q
µn,p
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4Energy-bandModel

4.1QuantumMechanics

•DeBrogliePostulate

λ=
h

m0v

Impliesthewave-particleduality.

•Atomicstatesorquantumnumbers

–principalquantumnumbern

–orbital,orangularquantumnumberl

–magneticquantumnumberm

–spinquantumnumbers

•PauliExclusionprinciple:Inagivensystem(whichmaybean
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atom,amolecule,oranentirecrystalmadeofinteracting
atoms),notwoelectronscanoccupythesamequantumstate.

•AtomicstatesinSilicon:

14electronsineachSiliconatom.

–Firstorbit(n=1)havesphericalsymmetryandcannot
accommodatedifferentangularnormagneticquantum
numbers.Itholds2electronswithdifferentspin.Theseare
the1s

2
electrons.

–Secondorbit:(n=2)havetwo“sub-orbitals,”labelsandp.
Thessub-orbitalsaresphericallysymmetricandcanonly
hold2electrons,identifiedas2s

2
.Thepsub-orbitalshave

x−,y−andz−directionalsymmetry,andcanthushold6
electrons,identifiedas2p

6
.

–Thirdorbit:3s
2

and3p
6

sub-orbitals,butonly4arefilled.

•Electronicbands



4ENERGY-BANDMODEL47

Isolatedatomshaveelectronsconfinedtosinglepotential
wells.Acrystalrepresentsaperiodicpotentialwell.Themany
atomsthatformacrystalformasinglesystemandthusmust
satisfyPauliexclusionprinciple.Atomicstatesthenmustsplit
inordertodoso,andintheprocesstheyformelectronic
bands.Seefigure9.
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Figure9:Splittingofenergystatesintoallowedbandsseparatedby
aforbiddenenergygapastheatomicspacingdecreases.

•Energygapvaluesforsomesemiconductors
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MaterialEg(eV)

Silicon1.12

Galliumarsenide1.42

Germanium0.66

Silicondioxide(SiO2)9

Siliconnitride(Si3N4)5

Carbon5.47

•P-andN-typedopingintroducestatesintheenergygap.See
figure10.
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Figure10:Effectsofdopinginenergy-bandmodelpresentation.
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4.2PopulationofEnergyBands

•Theprobabilitythatanelectronoccupiesanelectronicsstate
withenergyEisgivenbytheFermi-Diracdistribution,

f(E)=
1

1+e
E−EF

kT

wherekistheBoltzmannconstant,Tistheabsolute
temperature,andEFistheenergyoftheFermilevel.TheFermi
energyistheenergyatwhichtheprobabilityofoccupationby
anelectronisone-half.

•IfECistheconduction-bandenergy,andifexp
(

EC−EF

kT

)
>>1,

thenthemathematicallysimplerMaxwell-Boltzmann
distributionfunctioncanbeused;

f(EC)≈e
−

EC−EF
kT
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•TheMBdistributionfunctioncanbeobtainindependentlyif
thePauliexclusionprinciplelimitationsareignored(i.e.any
numberofelectronscanoccupyanenergystate).Atenergy
wellaboveEfveryfewstatesareoccupiedand
exclusion-principlelimitationshavelittleeffect.

•Theconcentrationoffreeelectronscanbeexpressedas

n=NCf
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Figure11:Fermi-Diracdistributions,plottedon(a)linearand(b)
logarithmicscales.
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Figure12:(a)Fermi-Diracdistributionfunction;(b)densityof
states;and(c)product.

•DensityofStatesforelectrons(NC)andholes(NV)
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NC=2

(
2πm

∗

nkT

h2

)3/2

AtroomtemperatureNC=2.86×10
19

cm
−3

and
4.7×10

17
cm

−3
forSiandGaAs,respectively.

Theeffectivedensityofstatesinthevalencebandis

NV=2

(
2πm

∗

pkT

h2

)3/2

forbothSiandGaAs.

AtroomtemperatureNV=2.86×10
19

cm
−3

and
7.0×10

18
cm

−3
forSiandGaAs,respectively.

•IftheexponentialapproximationtotheFermi-Dirac
distributionisvalid,

n≈NCe
−

EC−EF
kT
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p≈NVe
−

EF−EV
kT

•Forintrinsicsemiconductors,EFisinthemiddleoftheenergy
gap.

•Forn-typesemiconductors,

EF=EC−kTln
NC

ND

•Forp-typesemiconductors,

EF=EV+kTln
NV

NA
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•Example:Findtheequilibriumandholeconcentrationsand
thelocationofEfat300KifSiliconisdopedwith8×10

16
cm

−3

arsenic(As)atomsand2×10
16

cm
−3

boron(B)atoms.
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•Example:Findtheequilibriumandholeconcentrationsand
thelocationofEfat300KifSiliconisdopedwith8×10

16
cm

−3

arsenic(As)atomsand2×10
16

cm
−3

boron(B)atoms.

ANSWER:Arsenicispenta-valent;boronistri-valent.Thus
theeffectivedonorconcentrationis

ND,eff=ND−NA=6×10
16

cm
−3

≈n

and

p=
n

2
i

n
=3.5×10

3
cm

−3

Withrespecttothebottonoftheenergyband,theFermilevel
isat

EC−EF=kTln

(
NC

ND

)

≈0.026eVln

(
2.86×10

19

6×1016

)

=0.16eV
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4.3BandsunderanElectricField

•Thebottomoftheconductionbandrepresentsthepotential
energyoftheelectronsintheconductionband.

•Thetopofthevalencebandrepresentsthepotentialenergyof
theholesinthevalenceband.

•Potentialenergyisrelatedtoanelectricpotentialϕappliedto
thesemiconductorby

Epot=−qϕ

•Aconstantappliedelectricfieldresultsinalinearvariationin
theenergy-levelsinthecrystal.Electronsmovedownthehill
ontheconductionbandwhenafieldisapplied.
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Figure13:Energybanddiagram,showingcarrierpotentialenergy
ECandEVversusposition(E−x).
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Figure14:RelationshipbetweenE−kandE−xdiagramsforthe
simplestcaseinwhichtherelationshipbetweenkineticenergyand
momentumisparabolic.
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5DiffusionandLithography

Importanttoforunderstanding:

•Semiconductordoping

•devicephysics

Basicconceptofdiffusion-seefigures1.7and1.8.

6MakinganICResistor

Seefabricationsequenceinfigures1.10.

Figure1.11showsanexampleofadopingprofile.

SeeMATLABAnimationsforsec.1.3
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6.1DiffusionEquation

Inone-dimension:

Jdiff=−D
∂N

∂x

Inthree-dimensions:

Jdiff=−D∇N
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6.2Continuityequation

Consideranarrowregionofwidthdxatadepthxfromthe
surface.Assumethatdopandsentertheregionfromtheleftand
leaveattheright,asshowninthefollowingfigure.

semiconductor
surface

J(x+dx) J(x)

x
dx

Thechangeinconcentrationcanbeexpressedasthedifference
betweentheinfluxandoutfluxofdopands,

∂N

∂t
dx=J(x)−J(x+dx)
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ExpressingthelastquantitybythefirsttwotermsofaTaylorseries
expansion,

J(x+dx)≈J(x)+
∂J

∂x
dx

Substitutinginthepreviousequationandcancelingcommonterms
wegetthat

∂N

∂t
=−

∂J

∂x

ThisiscalledtheContinuityequation.
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6.3Fick’sEquation

•CombiningtheDiffusionandContinuityequations,weget
Fick’sequation

∂N(x,t)

∂t
=D

∂
2
N(x,t)

∂x2

•theDiffusionCoefficientdependsontemperatureandisa
materialproperty:

D=D0e
−EA

kT

where

–Tistheabsolutetemperature,

–kisBoltzmannconstant,

–parametersEAandD0aretheactivationenergyand
frequencyfactordependonthesemiconductormaterialand
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thedopingspecies.

Thisexponentialdependancemakesthediffusionprocess
stronglytemperaturedependant.

•Dplaysthesamerolethanconductivitybutfordiffusion:i.e.
D=−

J
∂N
∂x

=current/drivingforce.

•DiffusionforICfabricationisdoneintwosteps:

–pre-depositiondiffusion-constant-sourcediffusion,in
whichaconstantsurfacedopantconcentrationis
maintained.

–drive-indiffusion-thesubstrateisheatedwhilenodopant
concentrationisprovidedatthesurface.Usedto
redistributedopantatomsalreadyinthesubstrate.

•Thesolid-solubilitylimitisthemaximumsurfaceconcentration
ofdopantatomsthatthesemiconductorcanabsorb.
ApproximatevaluesforSiare:
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DopantSolid-solubilitylimit

boron4×10
20

cm
−3

phosphorous8×10
20

cm
−3

arsenic1.5×10
21

cm
−3

antimony4×10
19

cm
−3

•TofindN(x,t)Fick’sEquationmustbesolvedforthe
appropriateboundaryconditions.Forthepre-depositionstep,
theb.c.are

–nodopandsatt=0foralldepths:N(x,0)=0

–constantconcentrationonthesurfaceequaltothesolubility
limit:N(0,t)=N0,and

–veryfarfromthesurfacethedopandconcentrationiszero,
nomatterhowlongwewait:N(∞,t)=0

•ThesolutiontoFick’sequationthatsatisfiestheseb.c.
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canbeexpressedas

N(x,t)=N0erfc

(
x

2
√

Dt

)

=
2N0
√π

∫∞

x

2
√

Dt

e
−v

2

dv

whereerfcisthecomplementaryerrorfunction.

Seetextbookfigure1.14and1.15aforplotsoferfc.

•Typicalpre-depositiontemperatureandtimeare950
◦
Cand30

min.

•Forthedrive-instep,theboundaryconditionsare:

–totalquantityofdopantsremainconstant: ∫∞

0N(x,t)dx=Φ

–veryfarfromthesurfacethedopandconcentration
vanishes:N(∞,t)=0

ThesolutiontoFick’sequationthatsatisfiestheseb.c.is
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N(x,t)=
Φ

√
πDt

e
−

x2

4Dt

whereDandtrefertothevalueofthesequantitiesduringthe
drive-instep.

Seetextbookfigure1.15bforaplotofthisexpression.

•Φisthedoseofdopingatomsincorporatedintothesubstrate
duringpre-deposition,definedasthedopanddensityperunit
area,givenincm

−2
.Φisaconstantsincenonewatomsdiffuse

duringthedrive-instep,andisgivenby

Φ=N0

∫∞

0

erfc(
x

2
√

Dt
)dx

=2N0

√

Dt

π
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•Foratwo-stepdiffusionprocess(predepositionfollowedby
drive-in),

N(x)=

NS
︷︸︸︷

2N0

π

√

D1t1
D2t2

e
−

x2

4D2t2

whereD1andt1andD2andt2refertothepredepositionand
drive-insteps,respectively,andNS=N(0)isthedoping
concentrationatthesurfaceafterthedrive-in.

•Example:FindDforboronat1000
◦
Cand1100

◦
Cassuming

thatD0=0.76cm
2
/s,EA=3.46eV.Usek=8.62×10

5
eV/K.

•Example:Aconstant-sourcediffusioniscarriedoutat1050
◦
C

onanN-typesiliconsubstratewithbackgrounddoping
NB=10

16
cm

−3
.Thesurfaceconcentrationiskeptatthe

solubilitylimitN0=4×10
20

cm
−3

.Determinethediffusion
timenecessarytoobtainajunctiondepthof1µm.
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•Example:Adrive-indiffusionstepisperformedafterthe
constant-sourcediffusiondescribedinthepreviousexample.
Thetimeandtemperatureforthedrive-instepareequatto
thoseusedfortheconstant-sourcediffusion.Determinethe
finaljunctiondepthandsurfacedopingconcentrationafterthe
drive-indiffusionisperformed.


