
ECE 225
Lecture 4

MOS & MOSFET Review

Prof. Kaustav Banerjee

Electrical and Computer Engineering

University of California, Santa Barbara



Outline

• MOS Structure

• Derivation of Flat-band condition

• Derivation of Surface-accumulation condition

• Derivation of Surface-depletion condition

• Derivation of Threshold condition and threshold 

voltage

• Derivation of Strong-inversion (beyond VT)

condition 

• MOS/MOSFET C-V characterization

• MOSFET Scaling



MOS Structure

 MOS:  Metal-oxide-semiconductor

 Gate: metal (or polysilicon)

 Oxide: silicon dioxide, grown on substrate

 MOS capacitor: two-terminal MOS structure

Si substrate

Oxide (SiO2)

Metal gate (Al)

Body or substrate terminal

Gate terminal



MOS Energy Band Diagram

 Work function (qM, qS): energy required to take electron from 
Fermi level to free space

 Electron affinity is the energy required to move an electron from 
conduction band to free space (E0) = qXs

 Work function difference between Al and Si = 0.8V
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MOS Energy Band Diagram
 Bands must bend for Fermi levels to line up

 Amount of bending is equal to work function difference: qM - qS

 Fermi levels equalized by transfer of –ve charge from materials with higher EF

(smaller work functions) across interfaces to materials with lower EF

 Part of voltage drop occurs across oxide, rest occurs next to O-S interface
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MOS Capacitor Operation
Assume p-type substrate

Three regions of operation

Accumulation (VG < 0)

Depletion (VG > 0 but small)

 Inversion (VG >> 0)

P-type Si substrate

VB = 0

VG



Accumulation

 Negative voltage on gate: attracts holes in substrate 

towards oxide

 Holes “accumulate” on Si surface (surface is more

strongly p-type)

 Electrons pushed deeper into substrate

P-type Si substrate

VG < 0

VB = 0

EFp

EV

EC

Ei

EFm

qVG



Depletion
• Positive voltage on gate: repels holes in substrate

– Holes leave behind negatively charged acceptor ions

• Depletion region forms: devoid of carriers

– Electric field directed from gate to substrate

• Bands bend downwards near surface

– Surface becomes less strongly p-type (EF close to Ei)

P-type Si substrate

VG > 0

VB = 0
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EiEFm
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Depletion region
Eox



Inversion
 Increase voltage on gate, bands bend more

 Additional minority carriers (electrons) attracted from 

substrate to surface

 Forms “inversion layer” of electrons

 Surface becomes n-type

P-type Si substrate

VG >> 0

VB = 0

EFp

EV

EC

Ei

EFm

qVG

electrons

Eox



Inversion
 Definition of inversion

 Point at which density of electrons on surface 

= density of holes in bulk

 Surface potential is same as fF, but different 

sign

EV

EFp

Ei

EC

qfF

qfS = -qfF

Remember:

qfF = EF - Ei



Summary…for p-type Si substrate 

with n+poly-Si gate electrode

• Flat-band condition: Vfb = Yg - Ys

• Surface-accumulation condition:

Vox = -Qacc/Cox; Qacc = -Cox (Vg-Vfb)

• Surface-depletion condition:

Vg = Vfb + (qNaWdep
2)/2es + (qNaWdep)/Cox

• Threshold condition: fst = 2fb = 2kT/q ln(Na/ni)

• Threshold Voltage: Vt = Vfb + fs + Vox

= Vfb + 2kT/q ln(Na/ni) + {(qNa2es2fb)
1/2}/Cox

• Strong Inversion: Qinv = -Cox (Vg – Vt)



Summary…MOS CV 

Characteristics

C-V measurements useful for determining:

tox, Na or Nd, Vt, and Vfb

1/C = {(1/Cox
2 + 2(Vg-Vfb)/qNaes)}

1/2

Typical MOS Capacitor C-V

Recall the main 

differences w.r.t the C-V 

for a MOSFET…at any 

frequency!!



MOS Transistor

Add “source” and “drain” terminals to MOS 
capacitor

Transistor types
NMOS: p-type substrate, n+ source/drain

PMOS: n-type substrate, p+ source/drain

source drain

P-substrate

N+ N+

NMOS

source drain

N-substrate

P+ P+

PMOS



What is a Transistor?

VGS  VT

Ron

S D

A Switch!

|VGS|

An MOS Transistor



The MOS Transistor

Polysilicon Aluminum



MOS Transistor

• Important transistor physical characteristics
– Channel length L

– Channel width W

– Thickness of oxide tox

L

W
tox



MOS Transistor Operation
• Simple case: VD = VS = VB = 0

– Operates as MOS capacitor

• When VGS<VT0 (but positive) , depletion region forms
– No carriers in channel to connect S and D

• VT0 is known as the threshold voltage

source drain

P-substrate

VB = 0

Vg < VT0

Vd=0Vs=0

depletion

region



MOS Transistor Operation

• When VGS > VT0, inversion layer forms

• Source and drain connected by conducting n-

type layer (for NMOS)

source drain

P-substrate

VB = 0

Vg > VT0

Vd=0Vs=0

depletion

region

inversion

layer



Threshold Voltage (VT0): Concept

n+n+

p-substrate

DS
G

B

VGS

+

-

Depletion

Region

n-channel



Physical Parameters that Affect VT0

• Threshold voltage (VT0): voltage between 

gate and source required for inversion

– NMOS Transistor is “off” when VGS < VT0

• Components:

– Work function difference between gate and 

channel (Flat-band voltage)

– Gate voltage to change surface potential

– Gate voltage to offset depletion region charge

– Gate voltage to offset fixed charges in gate oxide 

and in silicon-oxide interface



Threshold voltage (1)

Work function difference GC between gate and 

channel

Represents built-in potential of MOS system

For metal gate: GC = F(substrate) - M(gate) = ms

For poly gate: GC = fF(substrate) - fF(gate)

 GCTV 0



Threshold voltage (2)

First component accounts for built-in voltage 

drop

Now apply additional gate voltage to achieve 

inversion: change surface potential by -2fF

 FGCTV f20



Threshold voltage (3)

 Offset depletion region charge, due to fixed acceptor ions

 Calculate charge at inversion (fS =-fF)

 From before:

 So:

 For non-zero substrate bias (VSB  0):

Due to larger depletion region

FSSiAqNQ ffe  2

FSiAB qNQ fe 220 

SBFSiAB VqNQ  fe 22



Threshold voltage (3, cont.)

To offset this charge, need voltage -QB/Cox

Cox = gate capacitance per unit area

Cox=eox/tox

 tox = thickness of gate oxide (normally in Å)


ox

B
FGCT

C

Q
V f20



Threshold voltage (4)

Finally, correct for non-ideal fixed charges

Fixed positive charged ions at boundary between 

oxide and substrate.  Density = NOX

Due to impurities, lattice imperfections at interface

Positive charge density Qox = qNox

Correct with gate voltage = -Qox/Cox

Final threshold voltage formula (for NMOS):

ox

ox

ox

B
FGCT

C

Q

C

Q
V  0

0 2f



Threshold voltage, summary

 If VSB = 0 (no substrate bias):

 If VSB  0 (non-zero substrate bias)

Body effect (substrate-bias) coefficient:

Threshold voltage increases as VSB increases!
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ox

ox

B
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C

Q

C

Q
V  0

0 2f

 FSBFTT VVV ff 220 

ox

SiA

C

qN e


2
 + for NMOS

- for PMOS



Threshold Voltage (NMOS vs. PMOS)

NMOS PMOS

Substrate Fermi potential fF < 0 fF > 0

Depletion charge density QB < 0 QB > 0

Substrate bias coefficient  > 0  < 0

Substrate bias voltage VSB > 0 VSB < 0

Threshold voltage 
(enhancement devices)

VT0 > 0 VT0 < 0



Pinch-off: conduction still 

takes place from Source to 

Drain due to drift of 

electrons under the 

influence of the +ve drain 

voltage

MOSFET Operation (NMOS)

Channel voltage no 

longer > Vt all along 

the channel….

VGS –V(x) < Vt  

Conduction 

dominated by DRIFT



NMOS Characteristics

Quadratic
Relationship

Long Channel Transistor:

Recall that the 

surface channel 

vanishes at the 

drain end of the 

channel….when 

current 

saturates…known 

as “pinch-off” 

Any voltage 

VDS > VDSAT is 

dropped across the 

high-field pinch-off 

region…where 

inversion charge =0

The saturation 

voltage VDSAT

can be estimated  

by equating 

dIds/dVds to zero



Vds = Vgs - Vgd

Qchannel = Cg (Vgc – Vt)

Channel Charge
NMOS Transistor:

Note: i) The inversion layer 

thickness is assumed to be 

zero: all charges are 

assumed to be located at 

the Si surface….like a 

sheet of charge….

ii) Hence, there is no 

potential drop or band 

bending across the 

inversion layer….



Cg = Cox = eox WL/tox

Gate Capacitance



Transistor Currents (NMOS)
Cutoff Region: Ids = 0, Vgs<Vt

Linear Region: Vgs> Vt, Vds< Vgs-Vt

Ids= W Qchannel .carrier velocity(v)

Ids = m Cox W/L (Vgs-Vt-Vds/2)Vds

Since Vds is small, Vds/2 can be neglected…and Ids is linearly 

proportional to Vds….like a resistor

Saturation Region: Vgs>Vt, Vds > Vgs – Vt

Note: as Vds increases, average Qchannel decreases… 

dIds/dVds = 0 at Vds=Vdsat=Vgs-Vt

Substituting Vds with Vdsat above: Ids = b/2 (Vgs-Vt)
2

v = mE

Elateral = Vds/L

b = m Cox W/L

Note: for PMOS Vtp = Vtn mp < mn, hence (W/L)PMOS ~ 2 (W/L)NMOS

Qchannel = Cg (Vgc – Vt)

Vgc = Vgs – Vds/2)



Goals of Technology Scaling

• Making things cheaper

– Integrating more transistors per chip for the same money

– Build same products cheaper, sell same part for less 

money

– Price of fabrication of a transistor to be reduced

• But also want the transistor to be faster, smaller and 

low power



Technology Scaling

• Technology generation spans 2-3 years

• ‰Benefits of scaling the dimensions by 30%:

– ƒReduce gate delay by 30% (increase operating 

frequency by 43%)

– ƒDouble transistor density

– ƒReduce energy per transition by 65% (50% power 

savings @ 43% increase in frequency

• ‰Die size used to increase by 14% per generation



Technology Roadmap

• International Technology Roadmap for 

Semiconductors 2002 data



Acceleration Continues



Technology Scaling Models

• Full Scaling (Constant Electrical Field)

– ideal model, dimensions and voltage scale together 

by the same factor S

• Fixed Voltage Scaling

– most common model until recently 

– only dimensions scale, voltages remain constant

• General Scaling

– most realistic for todays situation 

– voltages and dimensions scale with different factors



Scaling Relationships for Long 

Channel Devices



Gate Length Scaling Trends
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Puri et. al., Nano Lett., 2003



Problems Faced

• Threshold voltage to be scaled aggressively

• Reduced Vth results in higher leakage current

• Temperature on the die increases  higher 

resistance

• Interconnect delay becomes significant

• Soft error rate increases with scaling



Short Channel Effects

• Short-channel device: channel length is  
comparable to depth of drain and source 
junctions and depletion width
– In general, visible when L ~ 1µm and below

• Short-channel effects
– Carrier velocity saturation

– Mobility degradation

– Threshold voltage variation
• VT Roll-Off

• Drain-Induced Barrier Lowering

– Oxide breakdown

– Avalanche breakdown
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Velocity Saturation

Vertical Electric Field

Horizantal Electric Field



Velocity Saturation

• As the horizontal E field grows, so does the 
velocity of the electrons

• As the gate shrinks, the velocity reaches the 
point where it cannot increase as much with 
increasing E field

• This is due to velocity saturation
– Electrons become so energetic that they scatter 

(crash into the crystal lattice)


