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p(0)

x

x

exp (-x/L    )Dnn(x) ~ 

exp (-x/L    )Dpp(x) ~ 

equation:diodeShockley

J = J sat

 e kT/eV − 1 



J sat =
L Dp

De p pn 0________ +
L Dn

De n np 0________

00.ds √ where L Dp ≡ 00.ds √ and L Dn ≡ oflengthsdiffusionare
(carriersminorityinjected τn and τp lifetimes).carrierminoritythebeing

ofdependenceTemperature J sat situation):idealthe(in

J sat ∝ ni
2 ∝ e − E G kT/
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CharacteristicsIdeal

I (mA)

V(V)

2Fig. aofcharacteristicsvoltageCurrent: pn temperaturesdifferentatjunction
scales).currentdifferent(or

Jsat

10-10

10-5

1/T

EG

Jsat

Voltage (V)

J (A/cm  )2

105

10-5

1 At 300 K
66 mV/dec

3Fig. aofcharacteristicsvoltageCurrent: pn theplot;semi-logainjunction
slope "must" toequalis)rarely(butbe kT/e oftenreality,In. J ∝ e /eV ( kTn )

where n > diodethecalledis1 " factorideality ".

equalsenergyActivationcurrent.saturationtheofplotArrhenius E G.
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Non-ideality

smallatdominate(mayregiondepletionwithinGeneration-recombination—
(currentdiffusionthebias,largerAtbias).forward n = 1 ˆ dominatewill)

(currentgeneration-recombinationover n ∼∼ ).2

e kT/eV eversus /eV ( kTn ) n > 1

regions)undepletedthe(indropvoltageSeries—

leakage)(parallelconductionSurface—

breakdownReverse—

n

p

substrate

4Fig. diode.mesaun-passivatedaninleakageSurface:

E Fp

E Fn

E C

E V

5Fig. currentshighatdropvoltageSeries:
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Digression conductorsinCurrent:

J
→

σ= E
→

conductivityconstantawith σ charges,theareWherewire.aexample,For.
forresponsible E

→
?

Answer: "outside" surface).its(onconductorthe

case.2DConsider

∇
→

× E
→

= 0 ☛ E
→

∇=
→

φ
∇
→ . J

→
= 0 ☛ J

→
∇=
→

× A
→

Ex −=
∂x
∂φ___ =

∂y
∂A____ Ey =

∂y
∂φ___ −=

∂x
∂A____

thatconditionsCauchy-RiemanntheareThese w −φ≡ i A is analytic
argumentcomplextheoffunction z ≡ x + yi thatmeansThis. w (z ahas)

isderivativethewhichindirectiontheofindependentderivative,definite
directiontheinderivativethetakingThus,taken. x findwe,

dz
dw____ −= Ex + i Ey

potentialComplex w conditions.boundarythebydetermineduniquelyis
w (z planetheofmapconformalais) z = x + yi planetheonto
w −φ= i A .

capacitor.ainlikeareflow)current(andfieldelectricThe

z
w

6Fig. lines.(field)currentandEquipotential:
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capacitanceDiffusion storage)carrier(minority

E Fp

E Fn

E C

E V

V

n(0)

7Fig. arecarriersminorityInjected: "stored" lifetime.theirofdurationthefor

∆ x
flux (1) flux (2)

recombination

d/dt > 0

8Fig. (time-dependent)equationContinuity:

∂t
∂(n ∆x)_______ = D

∂x
∂n (1)______ − D

∂x
∂n (2)______ −

τ
n − np 0________ ∆x

☛
∂t
∂n___ = D

∂ x 2
∂2 n_____ −

τ
n__

variation,harmonicFor n (t) = n δ+ n e i ωt where, n staticofsolutiontheis
amplitudevariationtheequation, δn formtheofequationanobeys

i δω n = D
∂ x 2
∂2 δn_____ −

τ
δn___ ,

equationstaticthetosimilariswhich – with τ byreplaced

1 + i τω
τ________

forward-biasaofbehavioracThe pn circuit,RCparallelatosimilarisjunction
with RC ∼∼ τ .
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Recall capacitancedepletion :

W (V)

V

V+δ

x  nδ x  pδ

9:Fig. reverseatadmittancejunctionthedominatescapacitancedepletionThe
arecapacitancesdiffusiontheanddepletiontheregime,forwardInbiases.

well.asconductancejunctionthetoandothereachtoparallelineffectively
bias:dctheoffunctionsareparametersThese

C depl = C depl (V)
C diff = C diff (V)

R = R (V)

10:Fig. theofcircuitequivalentsimplestThe pn form:theofisdiode

R

Cdepl

Cdiff
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TunnelingBreakdown:Junction

E Fn

E C

E V

E Fp

+
-

Zener tunneling

Field emission

11Fig. SiinimportantverynotisbreakdownTunneling: pn (usuallyjunctions
forhowever,designed,becanjunctionbreakdown);avalanchebypre-empted

early forwardindecadepermV66(beatingbreakdownofonsetrapidand
morebutdevice,commercialaisdiodeZenertemperature).roomatturn-on

tunneling.Zenerthanrathermechanismavalancheemploysitnotthanoften

diodes.SchottkyforcommonisbreakdownTunneling
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AvalancheBreakdown:Junction

k i

k1 k2

k3

12Fig. recombination)Augerprocess:(inverseionizationImpact:

atelectrononestate:Initial ki electronstwostate:Final. k1 and k2 oneplus
athole k3.

ki − k1 = k2 − k3
ki = k1 + k2 − k3

?

13Fig. multiplicationAvalanche:
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Jn JnαnJn+ dx

JpJnαnJp+ dx

Impact ionization by electrons

dx
Jn Jn+ αp Jp dx

JpJp+ αp Jp dx

Impact ionization by holes

dx

14Fig. kineticsmultiplicationAvalanche:

dJn (x) α= n Jn (x d) x α+ p Jp (x d) x
dJp (x) α−= n Jn (x d) x α− p Jp (x d) x

dx

dJn____ α= n Jn (x) α+ p Jp (x)

dx

dJp____ α−= n Jn (x) α− p Jp (x)

Jn + Jp ≡ J = const

dx

dJn____ + ( αp α− n ) Jn (x) α= p J (*)

Solution: to0from(*)Eq.Integrate W coefficientsionizationthegeneral,In.
α field.electrictheondependstronglytheyasposition,offunctionsare’s

Jn (0) × Mn = Jn (W ofdefinition() Mn )

1 −
Mn

1____ =
0
∫
W

αn e 0
∫
x

( αp α− n d) x′
dx

where αn and αp ondepend F (x .) Avalanche: Mn → ∞

1 =
0
∫
W

αn e 0
∫
x

( αp α− n d) x′
dx

takeifresultsameNote: Mp → ∞ be.shoulditas,
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Example: αn α= p α≡ [ E (x ])

M =

1 −
0
∫
W

α dx

1__________

diodesavalancheofapplicationsSelected

(APD)photodiodesAvalanche—

(IMPATT)oscillatorstimeTransit—

(devicesmemoryNonvolatile— write")

E Fn

E C

E V

E Fp

+

-

h ν

15Fig. deliversphotodiodeAvalanche: M percircuitexternalthetoelectrons
photon.absorbedeach

multiplication.avalancheofnaturestochastictodueNoise:

mean <M> dispersionthanless

whenbetterisitnoiseminimizeTo αn >> αp wheni.e.versa)vice(or
carrier.†oftypeonebyinitiatedisavalanche

_______________

McIntyre,J.R.† " photodiodesavalancheuniforminnoiseMultiplication ", TransactionsIEEE
DevicesElectonon ED-13 (1966);164,

McIntyre,J.R. " photodiodesavalanchemultiplyinguniformlyingainsofdistributionThe ",
DevicesElectononTransactionsIEEE ED-19 (1972);703,
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detectionsingle-photonandAPD’s

V

CURRENT

Reverse

Forward

VOLTAGE

TIME

Vmax

Vmax

16:Figure macroscopicadeliversAPD)(single-photonSPAD
1duringcurrentofmA10(say,charge µ wasphotonaifsec)

Theavalanche.intodeepbiasedwasdiodethewhileabsorbed
circuitquenchingabyquenchedthenisavalanchetriggered

passive).†or(active

V

17:Figure (schematically)quenchingPassive

_______________

al.,etCovaS.† " detectionphotnsingleforcircuitsquenchingandphotodiodesAvalanche ",
OpticsApplied 35 (1996).1956-1976pp.,
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diodesSchottky .

Φ0

Φ (V)

Bethe

Schottky

metal-semiconductor
contact in equilibrium...

... and under forward bias

18Fig. diode.SchottkyaofdiagramBand:

thetocomparedsmalliscurrentnetthesteep,sufficentlyisslopetheIf
thehencefluxes;driftanddiffusionlargeanddirectedoppositely

applies.pictureBetheandequilibriuminapproximatelyissemiconductor

applies.†theorydiffusionSchottky’sgentle,isslopetheWhen

n TOP = N C e Φβ− (V) where ≡β
kT
e___ and N C = 2



 2π h_2

kTm_____




3/2

v AVE =

− ∞
∫
∞

ρ (vx d) vx

0
∫
∞

vx ρ (vx d) vx

______________ =

☛ J = ne TOP v AVE = TA 2 e Φβ− (V) ,

where A ≡
2 π2 h_3

ke 2 m_______ ∼∼ 120 ×
m 0

m____
cm2 K2

A_______ constant.Richardsontheis

_______________

appliedincreasingwithdecreasesslopetheasregimestwothesebetweenTransition†
Sze,M.S.cf.Sze,andCrowelloftheoryabydescribedisvoltage SemiconductorofPhysics

Devices 5.4.3.Sect1981)(Wiley,
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ρ

v

ρ

v

vAVE

vAVE

correct result
due to cancellation
of two errors:

velocity is twice higher
and concentration on
top is twice lower...

19Figure annotisbarrierSchottkyaoftoptheondistributioncarrierCorrect:
abutdistributionMaxwellianequilibrium hemi-Maxwellian distribution.

halfapproximatelyisconcentrationcarrieractualThe n TOP thebygiven
isvelocityaveragecorrectthebutpage,previoustheonformulaequilibrium

twice v AVE.

correct.†isformulaRichardson’sthatmeanserrorstwoofcancellationThis

_______________

Luryi,S.andGrinbergA.A.† " baseshortainDiffusion ", Electron.St.Solid 35 1299-1310pp.,
(1992).
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loweringbarrierSchottky .

"Image force"
potential x

20Figure functionworkmetaltheofmodelforceImage:

F (x) =
4 επ (2x)2

e_________

ϕ (x)

δϕ

F 8

21Figure loweringbarrierforceImage:

=φ
16 επ x

e_______ + F ∞ x


