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course:thisinmaterialRemaining

Sections:4,ChapterShur,
4.1-4.5Sect.
4.7Sect.
4.9Sect.
4.11Sect.

sectionsall7,ChapterShur,

Problems:Required

4-2-6
4-3-3
4-4-1
4-4-3
4-4-6
4-5-7
4-5-10
4-7-2
4-11-1†
7-3-1

?25NovemberonclassahaveweShall

_______________

derived,bemustthat(4-11-7)Eq.isitproblem;thisofformulationtheinmisprintaNote†
(4.11.12).Eq.not



----

-2-10Lect
transistorseffectField

ChannelDimensionalTwo

VG

ne cm[ − 2 ] =
A
C___ V G

sample:3DofConductance

g ≡
dV
dI____ = [ Ne µ ]

L
A___ , Ne µ



 Ω . cm

1_______




sample:2DofConductance

g ≡
dV
dI____ = [ ne µ ]

L
W___ , ne µ



 Ω

1___




L

W v

cube!)awith(contrastsizeitsofindependentsquareaofresistanceNote: ☛ Ω⁄
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theKnowing " squareperresistance "
ne µ
1_____

squares:countsimplycanone

1/3

3

cmA[widthunitperdensityCurrent − 1 ]

J ≡
W
I___ = ven

= en µ F = en µ
L
V___

widthchannelunitperconductance ☛ g = en ⁄µ L mS[ ⁄ ]mm

Transconductance width)unitper(also

g m ≡
∂V G

∂J_____


V D

J = ven

g m =
∂ V G

∂ (en )______ n =
A
C___ v mS[ ⁄ ]mm

MeritofFigure ("FOM"):

g m

C____ =
v
L__ )timedelay(
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Characteristics

mW/Len

V

I

D

I

VD

VG1

VG2

VG3
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VG VD

Transistor channel
                    versus thin film diode

VD

Potential diagram
along the channel

pinch−off

 "gated diode"
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effectschannelShort

VD

pinch−off

 

shorter.becomeschanneltheleft,movespointoffpinchtheAs
decreasingThe L conductance)output(finitecurrentincreasingtoleads

bipolarsineffectEarlyRecall

I

VD

VG1

VG2

VG3

lessthechannel,thetogatethecloserthelength,channelgivenaFor
effectsshort-channeltheareimportant



----

-7-10Lect
transistorseffectField

JFET and MESFET

layerthinaofportionundepletedanisChannel
gateabycontrolledisportionundepletedtheofThickness

FETJunction

p

n

p

channel

gate

gate

VG

FETMetal-Semiconductor

n channel

VG

p  body
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JFETainoffPinch

p

p

gate

gate

VG = − 3 V

VD = + 5 Vn channel
pinch

approximationchannelGradual

(cross-sectionchannelanyatdiagrampotentialtheTreat x )
drain,theandsourcethebetweendifferencevoltagenocurrent,noisthereifas

atbutvoltagegroundatnotischannelthebut V = V ch (x )

replacingtoequivalentisThis V G → V G − V ch (x )

highsufficientlyaFor V D belowgoesvoltagegatetheofvalueeffectivethe
thehappens,thatWhenforms.offpinchanddrainthenearthreshold

muchverymovenotdoespointpinch-offthebecausesaturatecharacteristics
increasingwith V D why!).(think

islengthchanneleffectivetheofdecreasesmallthedevices,channelshortIn
saturate.notdocharacteristicsandappreciablestill
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characteristicsVelocity-field

v

v = vsat

m
v 

= 
   

F

FF cr

remember:tonumbersTypical

v sat ∼∼ 107 cm⁄ s

n ∼∼ 1012 cm − 2

J = vne sat ∼∼ A1 ⁄cm = mA100 ⁄mm



----

-10-10Lect
transistorseffectField

structureMOS

EF φ
B

Flatbands

VFB

φ (x)

EF φ
B

Equilibrium

Vbi

1Figure voltageBuilt-in: V bi voltageflatbandand V FB.

identical.notarequantitiesThese

V bi theofsumequalsitequilibrium:indroppotentialelectrostatictheis
oxide.theandsemiconductortheindropspotential

V FB Sincebands.theflattentogatethetoappliedbemustthatvoltagetheis
"voltage" thedifference,†levelFermithemeans V FB indifferencetheequals

metal.theandsemiconductortheoffunctionsworkthe

_______________

inevenexistcanwhichdifference,potentialelectrostatictheasthingsametheNot†
equilibrium.



----

-11-10Lect
transistorseffectField

EF∆

EF
φ

B VFB

vacuum level

EC

Ei

EV

WM
WS

χ
S

2Figure flatbands.atsystemMOStheinenergiesRelevant:

• W S semiconductortheoffunctionwork:

• W M metaltheoffunctionwork:

• V FB = W S − W M voltagegateflatband:

• χS semiconductortheofaffinityelectron:

• φB ≡ Ei − E F characteristic,dopingbulk: φB = kT (ln N A ⁄ ni .)

W S χ= S + E G − ∆E F

χ= S + (E C − E V) − (E F − E V)
χ= S + E C − E F
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φ = 0
F = 0

φ
s

Fs

φ (x)
F (x)

W

de
pl

et
io

n 
bo

un
da

ry

3Figure structureMOSinbendingbandtheofEvaluation:

equation:Poisson’s φ′′ −=
ε

e (N A − p )__________

p = N A e βφ− ☛ φ′′ −=
ε

eN A_____ 
 1 − e βφ− 

 (1)

trick:aNote φ′′ ≡
dx
d φ′
____ =

dφ
d φ′
____

dx
dφ___ =

dφ
dF___ F =

2
1__

dφ
dF 2
____

☛ dby(1)equationPoisson’smultiply φ integrateand
from x −= ∞ =φ 0 F = 0
to x = surface φ=φ S F = F S

using

0
∫
φS 

 1 − e βφ− 
 d =φ

e
kT___ 

 βφS + e βφ− S − 1
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Exact:

2
1__ F S

2 =
ε
NkT A_______ 

 βφS + e βφ− S − 1



Approximate ( βφS >> i.e.,,1 φS >> kT ⁄e ):

F S
2 =

ε
2 NkT A________ βφS =

ε
2 Ne A_______ φS

approximation:depletiontheinobtainedisresultsameThe

φS =
2 ε

eN A W 2
________ F S =

ε
eN A W_______ where W widthdepletiontheis

φ = 0
F = 0

φ (x)

φ
s

Fs

Fox

Vox

dox

VG

W

φ
B

Ei

4Figure evaluation:voltagegateThreshold:

dopingbulkGiven N A ☛ e φB = kT (ln N A ⁄ ni )

thresholdat φS = 2 φB ☛ F S = √ εS

4 Ne A φB_________

εS F S ε= OX F OX ☛ F OX =
εOX

εS____ √ εS

4 Ne A φB_________

V OX ≡ d OX F OX ☛ V T = e φS + V OX + V FB
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MOSFETainoffPinch

diagrampotentialtheTreatapproximation:channelgradualtheRecall locally
(cross-sectionchannelanyat x betweendifferencevoltagetheignoringby)

groundatnotnotbetochannelthetakingbutdrain,theandsourcethe
atbutvoltage V = V ch (x replacingbyi.e.,,)

☛ V G → V G − V ch (x )

The V ch (x monotonicallyvarieswhichlevel)quasi-Fermi(theimreftheis)
from E F = tosourcethein0 E F = V D drain.thein

EF

VD

EF

EC

pinch off

VG − Vch < VT

imref 


