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Announcements

• No Lab this week
• Lab 1 next week

• Current ReadingCurrent Reading
• Razavi’s CMOS book chapter 2
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Agenda

• MOS Transistor Modeling
• DC I-V Equations
• Threshold Voltage, VT
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MOS Transistor

P-type transistor

S

B G

D

BASIC IDEA:

S G DB

Thick oxideThin oxide
BASIC IDEA:

SOURCE-DRAIN CURRENT IS 
CONTROLLED BY THE 
SOURCE-GATE VOLTAGE. 

Substrate or well

P+ P+

P-channel

N

N+

Polysilicon (heavily doped)

The system is “isolated” if the
diodes are biased in reverse region
by using the Bulk terminal.
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P-channel Polysilicon (heavily doped)
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MOS Transistor

N-type transistorAccumulation: Two diodes back to back
D-S current is zero

VS=0
VG<0

VD>0B
D

B G

D S current is zero

substrate

N+ N+

P

P+

S

+ + + + + + + + + +

P+

VS=0
VG>0

VD>0B

Inversion: Channel is connecting D and S
D-S current is possible

Under this condition, there are 3 possible 
applications:

Subthreshold (extremely low-voltage low-
power applications)

Substrate

N+ N+

P

P+ - - - - - - - - - -
IDS

power applications)

Linear region (voltage controlled resistor, 
linear OTA’s, multipliers, switches)

Quasi free electrons
N+

- 5 -

Substrate P Saturation region (Amplifiers)N+
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MOS Transistor

N-type transistorTriode Region (D-S channel is complete)

D

B G

N+ N+

VS=0
VG>0

VD ~ 0

P+

B

- - - - - - - - - -

S

In this condition there are 3 possible

substrate

N+ N+

P

P+

Channel
In this condition, there are 3 possible 
applications:

Subthreshold (extremely low-voltage low-
power applications)

VS=0
VG>0

VD > 0B

Saturation Region (D-S channel is incomplete)

Linear region (voltage controlled resistor, 
linear OTA’s, multipliers)

Saturation region (Amplifiers)
substrate

N+ N+

P

P+

N h l
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g ( p )N-channel
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MOS Transistor

N-type transistor
VT >VG>0

Subthreshold (weak inversion)

N+ N+

VS=0 VT >VG>0 VD>0

P+

B

- - - - - - - -

Linear region

Saturation

IDS

VGS2

VGS3

substrate P (NA)

Mobile carriers
concentration< NA

Subthreshold

VD

GS2

VGS1

VS=0
VG>VT VD>0B

Saturation (Strong inversion) S

Subthreshold (extremely low-voltage low-
power applications)

substrate

N+ N+

P (NA)

P+

Mobile carriers

- - - - - - - - Linear region (voltage controlled resistor, 
linear OTA’s, multipliers)

Saturation region (Amplifiers)
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Mobile carriers
concentration< NA



VT Definition

[Silva]

• The threshold voltage, VT, is the voltage at 
which an “inversion layer” is formedwhich an inversion layer  is formed
• For an NMOS this is when the concentration of 

electrons equals the concentration of holes inelectrons equals the concentration of holes in 
the p- substrate
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MOS Equations in Linear Region

V

tox

VDSGND
VGS

TGCOXd

d

VVWCxQ

QI





)()(

 Source-Drain Current

Incremental Charge Density

L

W
x

Vc(x)

N+ N+

TCSGSTGC

TGCOXd

VxVVVV

Q

 )(

)()( Incremental Charge Density

Gate-channel Voltage
I

L

 

 TCSGSOXD

xdV

VxVVWCI ))(( Drain-Source Current
x=0 x=L

 





DVL

nTCSGSOXD

dVVxVVWCdxI

dx
xdVVxVVWCI





))((

))((
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MOS Equations in Linear Region

V Drain current: Expression used in SPICE level 1

tox

VDSGND
VGS Drain current: Expression used in SPICE level 1

  DSDSTGSOXnD VV5.0VVC
L
WI 

L

WN+ N+

Linear approximation
ID

tox

VDSGND
VGS IDSAT

WN+ N+

Non-linear channel

VDS

VDSAT

VGS > VT

- 10 -

Non linear channel
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MOS Equations in Saturation and Linear Region

VT

GND

VGS

+- + -
Under these conditions  current is highest

VDS = VGS -VTGND +- + -

 2TGSOXnD VVC
L2

WI 

DS GS T

N+ N+

Weak channelStrong channel

V V V V

SATURATION REGION (VDS > VGS –VT ) 

GND

VGS

+- + -

VDS > VGS -VT Carriers are attracted to the drain, and swept in the 
region where channel is incomplete (why??)

Current is till given by  2TGSOXnD VVC
L2

WI 

N+ N+

 2DSATOXnDSAT VC
L2

WI

or
L2

SPICE level 1
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no channelStrong channel L2
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MOS Equations in Saturation and Linear Region: VGS>VT

Linear region:
GND   DSDSTGSOXnD VV5.0VVC

L
WI 

VGS > VT VD < VG -VT

 2TGSOXnD VVC
L2

WI 

g

Saturation region: 
W

tox

N+ N+

  DSDSTGSOXnD L


Linear regionIDS

Non-linear channel

GND
VGS > VT VD > VG -VT

Subthreshold

Saturation

VGS2

N+ N+

N-type transistor

VDS

VGS1
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no channelStrong channel
yp
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MOS Equation in Saturation : VGS>VT

GND
VGS > VT VD < VG -VT

Linear region:   DSDSTGSOXD VV50VVCWI 

 2TGSOXnD VVC
L2

WI Saturation region: 
W

tox

N+ N+

Linear region:   DSDSTGSOXnD VV5.0VVC
L

I 

SaturationIDSNon-linear channel

GND
VGS > VT VD > VG -VT

Real Current

Equation

N+ N+

N type transistor: saturation

VG

SVGS=VT

Equation
< 1 uA
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no channelStrong channel N-type transistor: saturation



What about the PMOS device?
NMOS PMOS

[Sil ][Silva]

• The current equations for the PMOS device are 
th th NMOS EXCEPT ththe same as the NMOS EXCEPT you swap the 
current direction and all the voltage polarities

NMOS PMOS

  DSDSTnGSOXnDS VVVVC
L
WI 5.0    SDSDTpSGOXpSD VVVVC

L
WI 5.0 

W  2W

Linear:

NMOS PMOS
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2 TnGSOXnDS VVC
L

WI    2
2 TpSGOXpSD VVC
L

WI  Saturation:
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MOS MODEL: SPICE LEVEL-II

D i t T i d i
  DSDSTnGSOXnDS VVVVC

L
WI 5.0   :NMOS

•Drain current, Triode region

•Drain Current, Saturation region

  SDSDTpSGOXpSD VVVVC
L
WI 5.0   :PMOS

 2
2 TnGSOXnDS VVC
L

WI    :NMOS, g

•Threshold voltage (zero bias)

 2
2 TpSGOXpSD VVC
L

WI    :PMOS

FFFBT VV  220 

•Threshold voltage  
000 22




SBVTFSBFTT VVVV 

•KP and  (Spice Model)
OX

Bulksi
OX C

Nq
CKP




2
; 

- 15 -



Next Time

• MOS Transistor Modeling
• Small-Signal Model
• Spice Models
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