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MOSFET Introduction and Operation



Transistor

A B

iAB = VA−VB
R

R

• How can we control the current flowing between the nodes A and B in the figure?
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Transistor

A B

iAB = VA−VB
R

R

A B

iAB = I

I

• We need a third node to (electronically) tune the resistance or current-flow without
disturbing other circuit connections.
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Transistor

+
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A B

R

A B
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Vc

C

Vc

C

• Transistor - Controlling either the resistance or current flow between two terminals
by varying the voltage or current-through the other terminal!
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Why semiconductor?

+

−

A B

I

Vc

C

• Metals and Dielectrics are not useful as variable resistors. (why?)
• Let’s use a doped semiconductor and build a transistor.
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Why not just semiconductor?
+

−

A B

I

Vc

C

p-type semiconductor

A B
Metal connections/tracks

Oxide

(vertical) metal vias
Ē

• How to control the current or resistance? How to add the third terminal?
• Can we get all values of resistances from few Ohms to Mega Ohms?
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Metal-Oxide-semiconductor Field-Effect Transistor

n+ n+

reverse biased pn-junction

p

Gate terminal (VG)

Source terminal (VS) Drain terminal (VD)

• We have added a thin oxide layer and a metal (poly-Si in modern technologies)
above the current conducting region to control the electric field capacitively.
• We have also added n+ regions at the A and B terminals. These n+ regions form

two back to back diodes with p-type substrate. If we connect the substrate to the
lowest potential in the circuit, the diodes are reverse biased and no current flows
between source and drain under normal conditions (for zero gate voltage).
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nMOSFET operation

+ − + −

+ −
+

−

+ −

+

−

n+ n+

VG1

VS VD

Holes pushed down

n+ n+

VG2

VS VD

Electrons from S & D
forms a conducting channel

n+ n+

VG3

VS VD1

n+ n+

VG3

VS VD2

Effective Electric Field Channel pinch-off at drain

•
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nMOSFET: Cross-sectional view

p-type substrate

n+ n+p+ p+

source drain

length

width

bulk bulk

width

oxideGate (poly-silicon)

drain

source

bulk
Gate

drain

source

Gate

nmos symbols

source drain

nmos Top-View

gate

l

w b b

• For fabrication, we draw the top-view of all (physical) layers and send it to fab. We
need not to draw some layers - oxide/dielectric layers like in a PCB design as they
are only used for isolation between conducting layers.
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nMOSFET: I-V Characteristics

+ −

+ −

p-type

n+ n+p+ p+

VG

VD

Vx

x = 0 x = L

VDS

dx

Assumptions:

Gate is an equvi-potential surface

VDS increases linearly from S to D

Overdrive Voltage:

Out of total gate-to-source voltage VGS

VT h is used to keep the channel intact and
remaining VGS − VT h will be used to control

the channel current.

Overdrive Voltage Vov = VGS − VT h

Charge per unit length in the channel at a distance x = CoxWVov when VDS = 0

qd(x) = CoxW (Vov − V (x)) when VDS ̸= 0

where Cox is the gate oxide capacitance per unit area

Vov

V (x) = VDSx
L
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nMOSFET: I-V Characteristics

+ −

+ −

p-type

n+ n+p+ p+

VG

VD

Vx

x = 0 x = L

VDS

dx

qd(x) = CoxW (Vov − V (x))

Current I = qd(x).vdrift

Drift velocity, vdrift = µn|EH |

Current, ID = CoxW (Vov − V (x))µn
dV
dx∫ L

x=0 IDdx =
∫ VDS

V (x)=0 µnCoxW (Vov − V (x))dV

ID = µnCox
W

L
(VovVDS −

V 2
DS

2 )

Once the pinch-off occurs at the drain (when VDS ≥ Vov), the current does not increase further with VDS .

Saturation Current, IDsat = µnCox
W

L
(V 2

ov

2 )
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nMOSFET: Channel Length Modulation

+ −

+ −

p-type

n+ n+p+ p+

VG

VD

The current does not change with VDS in saturation.

IDsat = µnCox
W

L
(V 2

ov

2 )(1 + λVDS)

Leff

L

λ is a model parameter; λ = 1
VEL

VE is similar to Early voltage in BJTs and is constant

for a given technology

1
Leff

= 1
L−∆L ≈

1+∆L/L
L

Let ∆L/L = λVDS

• Note: In a MOSFET source and drain are interchangeable. Terminal with highest
potential acts as a drain and the other one acts as a source.
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nMOSFET: I-V Characteristics

ID = µnCox
W
L ((VGS − VT h)VDS −

V 2
DS
2 )

IDsat = 1
2µnCox

W
L (VGS − VT h)2

I†
Dsat = 1

2µnCox
W
L (VGS − VT h)2(1 + λVDS)

Linear Saturation

VGS − VT hID

VDS

IDsat

I†
Dsat

VGS

ln(ID)

VT h

su
b-

th
re

sh
ol

d

Strong-Inversion

n+ n+

n+ n+

n+ n+
Leff

slope ∝ 1
nVT

n+ IDsub = ID0
W
L e

VGS
nVTn+

Saturation in subthreshold: VGS < VT h and VDS > 3VT ; VT = kT
q
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nMOSFET: Velocity Saturation

E

ϑd

ϑsat
ϑsat ≈ 105 m/s

Ec

ϑd = µnE
L

n+ n+

|EH | ≈ VDS
L

VG VD

• As the channel length decreases, the electric field in the channel increases. The drift
velocity of electrons saturates after a critical field (Ec).
• If VDS > ϑsatL

µn
, the transistor current enters the velocity saturation. Saturated drift

velocity of electrons is ≈ 105 m/s.
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nMOSFET: Velocity Saturation

VD

ID

IDsat

IDvsat

VDvsat = ϑsatL
µn

IDvsat < Idsat

VGS1

VGS2

VG

ln(ID)

VT h VT h + VDvsatVGS1 VGS2

IDvsat ≈ CoxWϑsat(VGS − VT h)

• In velocity saturation, current IDvsat = qd.ϑsat = CoxW (VGS − VT h)ϑsat.
• Note that IDvsat is independent of channel length, and proportional to Vov.
• Also, IDvsat < IDsat and VDvsat = ϑsatL

µn
is a constant for a given technology and

channel length.
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nMOSFET: A note on Vov for velocity saturation voltage
• What we have seen so far, is the velocity saturation due to high VDS (i.e, high

horizontal electric field) at low-to-moderate VGS .
• High VGS (or high vertical electric field), also causes the electron mobility

degradation even for low-to-moderate VDS .
• The effect of high VGS on current is usually modelled by a parameter θ.

ID = µnCox
W

L

V 2
ov

1 + θVov

• We define velocity saturation at which gm = ∂ID
∂VGS

becomes constant. If we equate
the gm expressions for saturation (use the above expression involving θ ) and

velocity saturation (from prev. slide), we can show that Vov,vs = 1
θ

= 2n
ϑsat

µn
L .

• A rough estimate for velocity saturation is Vov,vs ≈ 5L ; where L is the channel
length in µm.
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nMOSFET: Transition between regions

VG

ln(ID)

VT h VT h + Vov,vs

VG

ID

VT h VT h + Vov,vs

VG

gm

ID
= ∂ln(ID)

∂VGS

VT h VT h + Vov,vs

VG

gm = ∂ID
∂VGS

VT h VT h + Vov,vs

= 2
Vov

= 1
Vov

= 1
nVT

∝ Vov
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nMOSFET: Simulated IV Characteristics in 28nm CMOS
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MOSFET: Channel Capacitance

n+ n+p+ p+ n+ n+p+ p+

Linear region Saturation region (Pinch-off)

No-terminal called channel

We assign half of channel capacitance

to source and other half to drain

Total capacitance = CoxWL Total capacitance ≈ (2/3)CoxWL

CGS

CGD

CGS

CGS ≈ 2
3CoxWL

CGS = CGD = 1
2CoxWL

CGD ≈ 0 due to channel
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MOSFET: Junction Capacitances

n+ n+p+ p+ n+ n+p+ p+

Linear region Saturation region (Pinch-off)

CGS

CGD

CGS CGS ≈ 2
3CoxWL

CGS = CGD = 1
2CoxWL

CGD ≈ 0

CSB = CDB = CjbWE + 2Cjsw(W + E)

E E

DdDd Dd Dd

W W W W

E E

CSB

CDB CDB

CSB

CDB = CjbWE + 2Cjsw(W + E)

CSB = CjbWE + 2Cjsw(W + E)

Cjb is per unit area and Cjsw is per unit length.
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MOSFET: Overlap and Depletion Capacitances

n+ n+

W W

n+ n+

W W

Lov
Lov

When VGS < VT h, bottom plate is p-sub (CD). When VGS > VT h, two capacitors are in series.

One is gate-to-channel (Cox) and the other is
channel-to-substrate (CD = ϵsi

tsi
).Overlap capacitance = CovWLov is always present.

No carriers –> more like a dielectric

CD/Cox = n− 1, where n is the subthreshold gate coupling coefficient. Typically n ranges from 1.2 to 1.5
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MOSFET: CV Characteristics

CGS

CGD
CovWLov

(1/2)CoxWL

(2/3)CoxWL

VGS

C

CoxWL

VT h VT h + VDS

CovWLov

(1/2)CoxWL

(2/3)CoxWL

VGS

Ctotal

CoxWL

VT h

Saturation Triode TriodeCut-off

VDS = 0

• Overlap capacitance is always present, but shown only when oxide capacitance is not
there in the above figure. Also, junction capacitances are not included.
• In many applications, MOSFET is also used as a capacitor by shorting source and

drain terminals as shown above.
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MOSFET: Folding or Gate-Fingers

L

W
W/2

L L

G

D

S

E E

E

E E

G

DS

W/2 W/2

CGS = CGD = CjbWE + 2Cjsw(W + E)
CGD = Cjb

W E
2 + 2Cjsw(W

2 + E)

CGS = CjbWE + 2Cjsw(W + E)

Two transistors
in parallel

(a) (b) (c)

• We can reduce the junction capacitance at drain by using two fingers of W/2 width
instead of a single finger with width W .
• The real benefit is coming due to shared drain (diffusion) between two

half-transistors.
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pMOSFET: Cross-sectional view

p-type substrate

p+ p+n+ n+length

width

body body

width

oxideGate (poly-silicon)

drain

source

body
Gate

drain

source

Gate

pmos symbols

source drain

pmos Top-View

gate

l

wb b

n-well

• pmos is realized in an n-well on the same p-type substrate as nmos.
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Body/bulk contact

n+p+ p+

All nmos share the same p-type substrate

n+ p+ n+p+n+ n+ p+n+p+ p+ n+p+n+

n-well n-well

• In majority of designs (definitely in digital design), nmos devices are realized on the
same substrate, and hence their body/bulk terminals are shorted (via substrate).
• Unlike nmos, each pmos is realized in it’s own n-well in majority of designs.

Therefore the body terminal of each pmos device can be connected individually to
any node in a circuit.
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Tripple-well process

n+p+ p+n+ n+n+ n+ p+n+p+ n+

n-well p-well

p-type substrate

n-well

isolated

Deep n-well (DNW)

• nmos transistor can also be realized in a p-well (isolated by n-wells on both-sides +
at the bottom) if the process supports (Tripple-well process). The bottom layer is
called deep N-well layer. Mainly used for critical analog/RF circuits only.
• Draw the top-view of this transistor showing all layers.
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Effect of source-to-body potential

D

G

S

B

VT h = VT h0 + γ
[√

2ΦF + VSB −
√

2ΦF

]

As the source voltage increases

Width of deplection region (reverse biased pn-junction) increases

Threshold voltage increases as the amount of charge in depletion region increses

where γ is the body-effect parameter, and

ΦF = VT ln(NA
ni

) is the bulk Fermi potential

• Most common scenarios: series switches, common-gate and common-drain stages,
common-source with a resistor in the source.
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MOSFET Models for Circuit Analysis
and Design



MOSFET as a tunable resistor

+

−

Vdd

VG

VG = Vdd

Vdd − VT h

VG

IDS

Vdd
VDS

VG1

VG2

VG3

RD

Vout = Vdd
Ron

Ron+RD

RD

For small values of VDS , ID ≈ µnCox
W
L (VGS − VT h)VDS

⇒ Ron = VDS

ID
= 1

µnCox
W
L (VGS − VT h)
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MOSFET as a switch

+

−

+

−

Vdd

VG

Parameters of interest

Ron

Roff

Dealy (τ) <— speed/frequency

A B

VG = Vdd

Vdd − VT h

VddVdd VG

IDS

Vdd
VDS

• MOSFET behaves like a resistor in the linear region –> an ON-switch.
• MOSFET behaves like an open circuit in the cut-off region –> Off-switch.
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MOSFET: Switch model

n+ n+p+ p+

Linear region

CGS

CGD
CGS = CGD = 1

2CoxWL

CSB = CDB = CjbWE + 2Cjsw(W + E)Dd

E E

DdDd

W W

S

D

G

CSB

CDB

Note: In cut-off, no channel is prsent.

CGS = CGD = 0 for off-switch

but CDB, and CSB are present

S

D

G

ON-Switch OFF-Switch
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Switch Size Vs. Performance

Vdd
Vdd Vdd

Vdd

Ideal switch Ideal switch turn-on

MOS switch off

Ideal switch off

MOS switch on

Vdd
Vdd

Affects the previous stage speed

Ron

Larger the Coff , larger is the charge it stores during off-period.

When the switch turns-on, Coff Vdd needs to be dicharged through Ron

RonCoff is a good measure of switch intrinsic speed. ← Smaller is faster.

RonCoff ≈
Cj(E + 2Dd)Lmin

µnCox(Vdd − VT h) is independent of switch width.
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MOSFET as a Variable Current Source

+

−

+

−

+

−

VG = Vdd

VG

IDS

VDS

VG1

VG2

VG3
VD

VD

VDI = f(VG)

• For sufficiently high fixed VDS , ID ≈ 1
2µnCox

W
L (VGS − VT h)2 ; Neglecting

channel-length modulation
• MOSFET in saturation acts as a variable current source whose value is controlled by

the gate voltage or overdrive voltage. A voltage-controlled-current-source (VCCS)
model is shown above.
• Note: We are discussing about DC current here.
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MOSFET: r0

+

−

+

−

+

−

VG = Vdd

VG

IDS

VDS

VD

VD

VDI = f(VG)

ideal current source

∆VDS

∆ID

r0

r0 = ∆VDS
∆ID

= 1
∂ID/∂VDS

≈ 1
λID

• MOSFET output current depends on VDS due to channel-length modulation. This
can be modeled by a resistor between drain and source terminals. Ideal current
source should have ∞ output impedance.
• The output impedance of the MOSFET current source is an incremental resistance.

r0 ≈
1

λID
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MOSFET as a Transconducting Amplifier

+

−

+

−
VG

IDS

VDS

VG1 − vg

VG

VG + vg

VD

VD

ID

ID + id

ID − id

vg sin ωt

Transconductance, gm = ∂ID
∂VGS

= id
vgs

IDS

VGS

ID

vg sin ωt

id sin ωt

• If we add a small sinusoidal signal (vg sin ωt) to the gate voltage VG, the drain
current contains multiple harmonics of ω depending on the order of nonlinearity.
The amplitude of the fundamental current depends on the slope of ID − VGS curve.

• Different expressions for gm in S.I. : gm = µnCox
W

L
Vov =

√
2µnCox

W

L
ID = 2ID

Vov
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Transconductance in Strong Inversion
Vdd Vdd

VG + vg

(a)

Ib

(b)

VG + vg

VGS

short-circuit
Assume

for all AC

• What is the DC current flowing through the transistor in (a) and (b)?
• How does the gm vary with VG and W/L in (a)?
• How does the gm vary with Ib and W/L in (b)?
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Transconductance Efficiency - gm/ID

Region ID gm gm/ID

Weak Inv. ID0(W/L)e
VGS
nVT

ID
nVT

1
nVT

Strong Inv. (1/2)µncox(W/L)V 2
ov

2ID
Vov

2
Vov

Velocity Sat. coxWϑsat(Vov) ID
Vov

1
Vov

VG

gm

ID

VT h VT h + Vov,vs

VG

gm

VT h VT h + Vov,vs

= 2
Vov

= 1
Vov

= 1
nVT

∝ Vov

• gm/ID represents transconductance (dc-to-ac conversion) efficiency.
• Except for n, gm/ID is almost independent of technology parameters!
• 1/VT = 40/v at room temperature. For MOSFET, gm/ID ≤ 25.
• gm/ID = 10 is a good compromise between speed and efficiency, and is most

commonly used at moderate frequencies.Nagarjuna Nallam 39/47



Transconductance Nonlinearity

Vdd

ID

VGS

Vb + vgs

Id = ID + f ′(Vb)vgs + f ′′(Vb)
2! v2

gs + f ′′′

3! v3
gs + . . .

ID = f(VGS)

Id = ID + id

id = c1vgs + c2v2
gs + c3v3

gs + . . .

vgs

G D

S

id

gmvgs

• For a sinusoidal input, vgs = A cos ωt, considering upto third order non-linearity

id = c2A2

2 + (c1A+3c3A3

4 ) cos ωt + c2A2

2 cos 2ωt + c3A3

4 cos 3ωt
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Unity current gain frequency (ft)
Vdd

Vb + vgs

Id = ID + id

vgs

G D

S

id

gmvgs

small-signal ground

cgs

cgd ≈ 0 in saturation

iin

• At low frequencies, the input impedance at the gate is very high and can be
considered as an open circuit.
• At high frequencies, the input impedance starts reducing due to the gate

capacitance (cgs). The input current into the gate is iin = vgs(scgs), and current
gain is iout/iin = gm/(scgs).
• We can use the MOSFET as a transconductor upto a frequency at which the

(short-circuited) current gain is unity, ft = gm/(2πcgs) ∝ 1/L2 (for saturation).
This is often used to compare different technologies.
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Voltage Amplification

Vdd

Vb + vin
Id = ID + id

D
RD

RD

Vout

Vout

vout

Id

vin

G

gmvgs

cgs

iinvin

r0

S

small-signal modelslope ≈ RD ∥ r0

Vd

• Add a resistor at the drain so that the current generated by MOSFET (by its
transconductance) flows through the resistor. The small signal output voltage
vout ≈ −gmRD.
• If we consider the output impedance of the MOSFET, r0 = 1/(λID), the voltage

gain is ≈ gm(RD ∥ r0). As seen previously, at high frequencies input capacitance
should also be considered.Nagarjuna Nallam 42/47



Intrinsic Voltage Gain

Vdd

Vin

D

Vout

Vout

vout

Id

vin

G

gmvgs

cgs

vin

r0

S

small-signal model

Vd

Open

Aoc = gmr0 ≈
2

λVov
= 2VEL

Vov

Ib

• We can achieve maximum voltage gain, called intrinsic gain, if RD →∞. One
possibility is having an ideal current source at the drain.
• Aoc = gmr0 = VEL

Vov
. Intrinsic gain is proportional to length!!
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Small-Signal Model Including Body Effect

DG

gmvgs

cgs

S

gmbvbs

r0

csb

cdb

B B

S

D

G B

gmb = ∂ID

∂VBS
= ∂ID

∂VT h
.
−∂VT h

∂VSB
= gm

γ

2
√

2ΦF + VSB
= gmη

Valid if the transistor is in Saturation.
cgd

• Since the threshold voltage depends on the source-to-bulk potential, drain current
also depends on VBS . In other words, VBS has similar effect as VGS and hence bulk
is called back-gate. vbs also gives a small-signal current gmbvbs which is in parallel
with gmvgs in the model.
• All capacitances are shown in the small signal model above. cgd in saturation is due

to overlap and layout-parasitic capacitances. Cgb is negligible in saturation.
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MOS Diode
D

S

VD ≥ VG − VT h

VGD ≤ VT h

Saturation condition:
D

S

ID = β
2 (VGS − VT h)2

In MOS diode:

VGS = VDS

VGS = VDS = VT h +
√

2ID
β

D

S

ID + ∆ID

∆ID = gm∆VDS

rout = ∆VDS
∆ID

≈ 1
gm

• When the gate is shorted to the drain, the transistor is always in saturation (can be
either in strong inversion or weak inversion depending on the current flowing).
• MOSFET, in general, is a unidirectional device ⇒ applying a current at drain does

not generate a voltage at gate! But in a MOS diode, we can generate the VGS

(= VDS) by applying a current ID at the drain. ← Inverse function!
• The incremental or small-signal impedance seen between the two terminals of the

MOS diode is ≈ 1/gm. If VSB > 0, the rout ≈ 1/(gm + gmb).
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Thank you!
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