
MOSFET - Structure

P-TYPE: Substrate

Terminals:
Gate (G) Drain (D)

N-TYPE Well

Source (S)

oxide
insulator

Properties
Oxide Insulator: εox=
N-Type:  μn=

N-TYPE Well



MOSFET - Dimensions

Length (L)

Width (W)

Thickness
 (tox)



MOSFET – Operation and Modes

Source Gate Drain

No current flows into the gate.
Try to make current flow into the 
drain.



MOSFET – Operation and Modes

Source Gate Drain

vDS



MOSFET – Operation and Modes

Source Gate Drain

vDS

No current flows into the drain. 
Wrong way into a PN junction.



MOSFET – Operation and Modes

Source Gate Drain

No current flows into the source. 
Wrong way into a PN junction.

vSD



MOSFET – Operation and Modes

Source Gate Drain

For fun apply a voltage to the 
gate.



MOSFET – Operation and Modes

Source Gate Drain

For fun apply 
a voltage to 
the gate. vGS



MOSFET – Operation and Modes

Source Gate Drain

vGS

vGS exceeds the PN 
junctions turn on 
voltage



MOSFET – Operation and Modes

Source Gate Drain

vGS

A conducting path 
exists between the 
Drain and Source.



MOSFET – Operation and Modes

Source Gate Drain

vGS

A conducting path 
exists between the 
Drain and Source.

What is the 
Resistance?



MOSFET – Operation and Modes

Source Gate
Drain

vGS

The Gate-Oxide-f.e. 
path resembles a 
capacitor.

What is the 
Resistance?



MOSFET – Operation and Modes

Source Gate
Drain

vGS

Capacitance/Unit Area
Cox = εox/tox

What is the 
Resistance?



MOSFET – Operation and Modes

Source Gate
Drain

vGS

Capacitance/Unit Area
Cox = εox/tox

What is the 
Resistance?



Resistance Calculation

Resistance of uniform charge distribution:
R = Length/((mobility)·(charge per unit length))

Capacitance/Unit Area: Cox = εox/tox
Area = W·L (from MOSFET Dimensions Slide)
Total Capacitance: C = Cox·Area = (Cox·W·L)
Total Charge (Q=C·V): Q = (Cox·W·L)·(vGS-Vt)
charge per unit length = Q/L = (Cox·W)·(vGS-Vt)

R = L/(μn·Cox·W·(vGS-Vt))

vGS exceeds the 
PN junctions turn 
on voltage, Vt.



MOSFET – Review channel shape

Source Gate Drain

For fun apply 
a voltage to 
the gate. vGS



MOSFET – Operation and Modes

Source Gate Drain

vGS

vGS exceeds the PN 
junctions turn on 
voltage



MOSFET – Operation and Modes

Source Gate Drain

vGS

A conducting path 
exists between the 
Drain and Source.



MOSFET – Operation and Modes

Source Gate
Drain

vGS

Capacitance/Unit Area
Cox = εox/tox

R = L/[μn·Cox·W·(vGS-Vt)]



MOSFET – Operation and Modes

Source Gate
Drain

vGS

Capacitance/Unit Area
Cox = εox/tox

R = L/[μn·Cox·W·(vGS-Vt)]

Rectangular
Channel



MOSFET – Operation and Modes

Source Gate
Drain

vGS

Increase vGS

R = L/[μn·Cox·W·(vGS-Vt)]

Rectangular
Channel



MOSFET – Operation and Modes

Source Gate
Drain

vGS

rDS = L/[μn·Cox·W·(vGS-Vt)]

vDS

Increase vGS
rDS Decreases

Rectangular
Channel



MOSFET – Operation and Modes

Source Gate
Drain

vGS

Apply small vDS

rDS = L/[μn·Cox·W·(vGS-Vt)]

vDS

Rectangular
Channel



MOSFET – Operation and Modes

Source Gate
Drain

vGS

Apply small vDS
Current Flows

rDS = L/[μn·Cox·W·(vGS-Vt)]
iD = vDS/rDS = μn·Cox·(W/L)·(vGS-Vt)·vDS

vDS Positive
iD



MOSFET – Operation and Modes

Source Gate
Drain

vGS

Increase vDS

rDS = L/[μn·Cox·W·(vGS-Vt)]?
iD = vDS/rDS = μn·Cox·(W/L)·(vGS-Vt)·vDS

vDS Positive
iD



MOSFET – Operation and Modes

Source Gate
Drain

vGS

Increase vDS
Channel Tapers

rDS = ?
iD = ?

vDS Positive
iD

Tapered
Channel



MOSFET – Operation and Modes

Source Gate
Drain

vGS

Increase vDS
Channel Tapers

rDS … increases
iD = ?

vDS Positive
iD

Tapered
Channel



MOSFET – Operation and Modes

Source Gate
Drain

vGS

Increase vDS
Channel Tapers

rDS … increases
iD = ?

vDS Positive
iD

Approximate 
Channel



MOSFET – Operation and Modes

Source Gate
Drain

vGS

Increase vDS
Channel Tapers

vDS Positive
iD

Approximate 
Channel

rDS = L/[μn·Cox·W·(vGS-Vt-vDS/2)]
iD = μn·Cox·(W/L)·(vGS-Vt-vDS/2)·vDS



MOSFET – Operation and Modes

Source Gate
Drain

vGS

Increase vDS even more.
Channel Tapers more.

rDS … increases
iD = ?

vDS Positive
iD



MOSFET – Operation and Modes

Source Gate
Drain

vGS

Increase vDS even more.
Channel Pinches.

rDS … ???
iD = ?

vDS Positive
iD

Channel
Pinches



MOSFET – Operation and Modes

Source Gate
Drain

vGS

Increase vDS even more.
Channel Pinches.
Current Saturates.

rDS … ???
iD = Constant

vDS Positive
iD

Channel
Pinches



MOSFETs: Mode Dependence

Vt

vDS < vGS – Vt
Triode
Region

vDS > vGS – Vt
Saturation

Region

vGS < Vt
Cutoff
Region

vGS

iD

vDS = Vt + 0.5 Vt

vDS = Vt + 1.0 Vt

vDS = Vt + 1.5 Vt
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𝑖𝑖𝐷𝐷 = 0

𝑖𝑖𝐷𝐷 = 𝜇𝜇𝑛𝑛𝐶𝐶𝑜𝑜𝑜𝑜
𝑊𝑊
𝐿𝐿

𝑣𝑣𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑡𝑡𝑛𝑛 −
1
2
𝑣𝑣𝐷𝐷𝐺𝐺 𝑣𝑣𝐷𝐷𝐺𝐺

𝑖𝑖𝐷𝐷 =
𝑣𝑣𝐷𝐷𝐺𝐺
𝑟𝑟𝐷𝐷𝐺𝐺

= 𝜇𝜇𝑛𝑛𝐶𝐶𝑜𝑜𝑜𝑜
𝑊𝑊
𝐿𝐿

𝑣𝑣𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑡𝑡𝑛𝑛 𝑣𝑣𝐷𝐷𝐺𝐺

𝑖𝑖𝐷𝐷 = 𝐼𝐼𝐷𝐷′ =
1
2
𝜇𝜇𝑛𝑛𝐶𝐶𝑜𝑜𝑜𝑜

𝑊𝑊
𝐿𝐿

𝑣𝑣𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑡𝑡𝑛𝑛 2

𝑖𝑖𝐷𝐷 =
1
2
𝜇𝜇𝑛𝑛𝐶𝐶𝑜𝑜𝑜𝑜

𝑊𝑊
𝐿𝐿

𝑣𝑣𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑡𝑡𝑛𝑛 2 1 + 𝜆𝜆𝑣𝑣𝐷𝐷𝐺𝐺

𝑣𝑣𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑡𝑡𝑛𝑛 < 0

𝑣𝑣𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑡𝑡𝑛𝑛 > 0
𝑣𝑣𝐷𝐷𝐺𝐺 < 𝑣𝑣𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑡𝑡𝑛𝑛

𝑣𝑣𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑡𝑡𝑛𝑛 > 0
𝑣𝑣𝐷𝐷𝐺𝐺 ≪ 𝑣𝑣𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑡𝑡𝑛𝑛

𝑣𝑣𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑡𝑡𝑛𝑛 > 0
𝑣𝑣𝐷𝐷𝐺𝐺 ≥ 𝑣𝑣𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑡𝑡𝑛𝑛

𝑣𝑣𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑡𝑡𝑛𝑛 > 0
𝑣𝑣𝐷𝐷𝐺𝐺 ≥ 𝑣𝑣𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑡𝑡𝑛𝑛

i-v Characteristic Inequality ConditionsMode

Cut-off

Triode

Triode (small vDS)

Saturation*

Saturation with
Finite Output
Resistance

vGS = vG – vS
vDS = vD – vS
iD : Drain Current
Vtn : Threshold Voltage, Vtn > 0
vOV = vGS – Vtn : Excess Gate Voltage

µn : Free Electron Mobility
Cox = εox/tox : Capacitance/Area
εox : Oxide Permittivity
tox : Oxide Thickness
kn‘ = µnCox : Process Parameter

W: Channel Width
L: Channel Length
W/L: Aspect Ratio
kn = kn’(W/L): Device Parameter
VA = 1/λ : Early Voltage, VA > 0

NMOS: Equations and Models
Channel Shape

No Channel

Tapered

Rectangular

Pinched

Pinched

G

S

D
iD

vGS

vDS
vGS rDS

S

G D
vGS ro = VA/ID’

S

G D

Triode (small vDS) Saturation

ID’



𝑖𝑖𝐷𝐷 = 0

𝑖𝑖𝐷𝐷 = 𝜇𝜇𝑝𝑝𝐶𝐶𝑜𝑜𝑜𝑜
𝑊𝑊
𝐿𝐿

𝑣𝑣𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑡𝑡𝑝𝑝 −
1
2
𝑣𝑣𝐺𝐺𝐷𝐷 𝑣𝑣𝐺𝐺𝐷𝐷

𝑖𝑖𝐷𝐷 =
𝑣𝑣𝐺𝐺𝐷𝐷
𝑟𝑟𝐺𝐺𝐷𝐷

= 𝜇𝜇𝑝𝑝𝐶𝐶𝑜𝑜𝑜𝑜
𝑊𝑊
𝐿𝐿

𝑣𝑣𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑡𝑡𝑝𝑝 𝑣𝑣𝐺𝐺𝐷𝐷

𝑖𝑖𝐷𝐷 = 𝐼𝐼𝐷𝐷′ =
1
2
𝜇𝜇𝑝𝑝𝐶𝐶𝑜𝑜𝑜𝑜

𝑊𝑊
𝐿𝐿

𝑣𝑣𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑡𝑡𝑝𝑝
2

𝑖𝑖𝐷𝐷 =
1
2
𝜇𝜇𝑝𝑝𝐶𝐶𝑜𝑜𝑜𝑜

𝑊𝑊
𝐿𝐿

𝑣𝑣𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑡𝑡𝑝𝑝
2 1 + 𝜆𝜆 𝑣𝑣𝐺𝐺𝐷𝐷

𝑣𝑣𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑡𝑡𝑝𝑝 < 0

𝑣𝑣𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑡𝑡𝑝𝑝 > 0
𝑣𝑣𝐺𝐺𝐷𝐷 < 𝑣𝑣𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑡𝑡𝑝𝑝

𝑣𝑣𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑡𝑡𝑝𝑝 > 0
𝑣𝑣𝐺𝐺𝐷𝐷 ≪ 𝑣𝑣𝐺𝐺𝐷𝐷 − 𝑉𝑉𝑡𝑡𝑝𝑝

𝑣𝑣𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑡𝑡𝑝𝑝 > 0
𝑣𝑣𝐺𝐺𝐷𝐷 ≥ 𝑣𝑣𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑡𝑡𝑝𝑝

𝑣𝑣𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑡𝑡𝑝𝑝 > 0
𝑣𝑣𝐺𝐺𝐷𝐷 ≥ 𝑣𝑣𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑡𝑡𝑝𝑝

i-v Characteristic Inequality Conditions Channel Shape

No Channel

Tapered

Rectangular

Pinched

Pinched

Mode

Cut-off

Triode

Triode (small vSD)

Saturation*

Saturation with
Finite Output
Resistance

vSG = vS – vG
vSD = vS – vD
iD : Drain Current
Vtp : Threshold Voltage, Vtp < 0
vOV = vSG – |Vtp|: Excess Gate Voltage

µp : Hole Mobility
Cox = εox/tox : Capacitance/Area
εox : Oxide Permittivity
tox : Oxide Thickness
kp‘ = µpCox : Process Parameter

W: Channel Width
L: Channel Length
W/L: Aspect Ratio
kp = kp’(W/L)
VA = 1/λ : Early Voltage, VA < 0

PMOS: Equations and Models

vSG rSD

S

G D

vSG

S

G DTriode (small vSD) Saturation

ID’G

D

SvSG

vSD

iD

ro = |VA|/ID’



MOSFET Small Signal Model: Saturation Mode of Operation

NMOS PMOS

vgs ro

S

G D
gmvgs vsg

S

G D

rogmvsg

𝑔𝑔𝑚𝑚 = �
𝑑𝑑𝑖𝑖𝐷𝐷
𝑑𝑑𝑣𝑣𝐺𝐺𝐺𝐺 𝑣𝑣𝐺𝐺𝐺𝐺=𝑉𝑉𝐺𝐺𝐺𝐺

= 𝜇𝜇𝑛𝑛𝐶𝐶𝑜𝑜𝑜𝑜
𝑊𝑊
𝐿𝐿

𝑉𝑉𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑡𝑡𝑛𝑛

𝑖𝑖𝐷𝐷 =
1
2
𝜇𝜇𝑛𝑛𝐶𝐶𝑜𝑜𝑜𝑜

𝑊𝑊
𝐿𝐿

𝑣𝑣𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑡𝑡𝑛𝑛 2

𝑖𝑖𝐷𝐷 =
1
2
𝜇𝜇𝑝𝑝𝐶𝐶𝑜𝑜𝑜𝑜

𝑊𝑊
𝐿𝐿

𝑣𝑣𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑡𝑡𝑝𝑝
2 1 + 𝜆𝜆 𝑣𝑣𝐺𝐺𝐷𝐷

𝑟𝑟𝑜𝑜 = �
𝑑𝑑𝑣𝑣𝐷𝐷𝐺𝐺
𝑑𝑑𝑖𝑖𝐷𝐷 𝑖𝑖𝐷𝐷=𝐼𝐼𝐷𝐷

=
1
𝜆𝜆𝐼𝐼𝐷𝐷

=
𝑉𝑉𝐴𝐴
𝐼𝐼𝐷𝐷

𝑖𝑖𝐷𝐷 =
1
2
𝜇𝜇𝑛𝑛𝐶𝐶𝑜𝑜𝑜𝑜

𝑊𝑊
𝐿𝐿

𝑣𝑣𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑡𝑡𝑛𝑛 2 1 + 𝜆𝜆𝑣𝑣𝐷𝐷𝐺𝐺

𝑟𝑟𝑜𝑜 = �
𝑑𝑑𝑣𝑣𝐺𝐺𝐷𝐷
𝑑𝑑𝑖𝑖𝐷𝐷 𝑖𝑖𝐷𝐷=𝐼𝐼𝐷𝐷

=
1
𝜆𝜆 𝐼𝐼𝐷𝐷

=
𝑉𝑉𝐴𝐴
𝐼𝐼𝐷𝐷

𝑖𝑖𝐷𝐷 = 𝐼𝐼𝐷𝐷′ =
1
2
𝜇𝜇𝑝𝑝𝐶𝐶𝑜𝑜𝑜𝑜

𝑊𝑊
𝐿𝐿

𝑣𝑣𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑡𝑡𝑝𝑝
2

𝑔𝑔𝑚𝑚 = �
𝑑𝑑𝑖𝑖𝐷𝐷
𝑑𝑑𝑣𝑣𝐺𝐺𝐺𝐺 𝑣𝑣𝐺𝐺𝐺𝐺=𝑉𝑉𝐺𝐺𝐺𝐺

= 𝜇𝜇𝑝𝑝𝐶𝐶𝑜𝑜𝑜𝑜
𝑊𝑊
𝐿𝐿

𝑉𝑉𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑡𝑡𝑝𝑝
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