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Chapter 4

Metal-Oxide-Semiconductor
Field-Effect Transistors
(MOSFETS)

Sedra/Smith, Sections 4.1- 4.10, {also 10.3, 6.3}
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Outline of Chapter 4

e 1- Intro to MQOS Field Effect Transistor (MOSFET)
e 2- NMOS FET

e 3-PMOS FET

o 4- DC Analysis of MOSFET Circuits

e 5- MOSFET Amplifier

 6- MOSFET Small Signal Model

e 7- MOSFET Integrated Circults

« 8- CSA, CGA, CDA

e 9- CMOS Inverter & MOS Digital Logic
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Transistors

o A three terminal device Is required to
Implement current switches and

______ '_ amplifiers.
5 : — need voltage control terminal
Control . 5 — used to control current flow through
P other two terminals
)

o All four ideal amplifier
configurations (Chapter 1) employ
dependent sources.

* A small control voltage can allow a
large change in current.
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Transistors-Two PN Junctions
» Metal Oxide Semiconductor Field-Effect Transistors (MOSFET)
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Transistors-Two PN Junctions
« Metal Oxide Semiconductor Field-Effect Transistors (MOSFET)

- ch:*.udyO Source

Gate T Drain

PMOS

p-type

» Bipolar Junction Transistor (BJT)
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contact
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E .
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Basic Characteristics of the MOSFET

e The current flows parallel < BJTs generally have
to the surface. better performance

» The MOSFET is usually (predictable small signal
smaller than the BJT. parameters).

— It consumes less power.

— It has a much smaller
transconductance, g,

because of I1ts small cross-

sectional area.

e Massive Iintegration
techniques for digital
applications.

Modern digital very-
large-scale-integrated
(VLSI) circuits employ
MOSFETSs almost
exclusively.

Analog applications use
BJTs only when top
performance is absolutely
essential.
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NMQOS Circuit Symbol
e A MOSFET s a * Simplified symbol
four-terminal device with implicit Body

. terminal connection
e Body terminal is always o
biased at most negative | * Arrow indicates

potential direction of current
DO DO
G G ‘
O—| ¢—O O——
‘ B —p

S O
S O MOSFETs 7



@ Mc(G1]] Bepartment of Electrical and ECSE-330B Electronic Circuits |

Computer Engineering

PMOS Circuit Symbol
e A MOSFEET is a four o Simplified symbol with
terminal device Implicit Body terminal
« Body terminal is always Connect_lon_ o
biased at most positive e Arrow Indicates direction
potential of current flow
S O S o
G 4
ok S
. D O mosFeTss
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The n-channel MOSFET (nMOS)

very-thin SiO, polysilicon gate

Drain Gate Source Body

 nMOS created in p-type » (Gate electrode over thin
well, this is the Body S10, dielectric forms

e Heavily doped n+ Drain parallel plate capacitor
and Source regions. with Body

Usually Eody and Souree [

connected.
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The p-channel MOSFET (pMOS)

very-thin Si0, polysilicon gate

Silicon
e pMOS created In n-type « (Sate electrode over thin
well, this is the Body S10, dielectric forms

» Heavily doped p+ Drain parallel plate capacitor
and Source regions. with Body

Uscally Bodyand

Source connected. MOSFETS 10
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VCompIementary IMOS Technology (CMOS)
dd n

Body Source Gle Drain Out Drain G4te Source Body|

 CMOS technologies provide b
nMOS and pMOS devices s
* The example shown called T e |§O ou
dual-well technology. B t
e p-well only and n-well only il

technologies also exist MOSFETs 11
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Outline of Chapter 4

e 1- Intro to MOS Field Effect Transistor (MOSFET)
e 2- NMOS FET

e 3-PMOS FET

o 4- DC Analysis of MOSFET Circuits

e 5- MOSFET Amplifier

 6- MOSFET Small Signal Model

e 7- MOSFET Integrated Circuits

« 8- CSA, CGA, CDA

e 9- CMOS Inverter & MOS Digital Logic
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The n-Channel Enhancement MOSFET
Width

e B-S & B-D pn junctions kept ¢ Parameters

reverse-biased with the body — Channel Length (L)

terminal the most negative (Or ~ — Channel Width (W)

attached to the source). — Oxide Thickness (tsy)
 Aspect ratio of nMOS (W/L) — Oxide permittivity (eox)

chosen freely, affects g,... — Electron Mobility (w,)
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NMOS Channel Cut-off

V=0  Vgs=0

1,=0
= Bc:ndyﬁj Source| T Gate D&ain Cut-Off
AR
n-type @ VGS <Vt

~_ 1. =0

silicon p-type

* Normally, source & body terminals kept at same potential. (Vg = 0)

 When Vg <V, =1V (enhancement nMOS) there is NO conducting
channel. Therefore there can be no movement of charge from drain
to source; the current from drain to source, 15 = 0.
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NnMOS Channel Conduction

- Vg +
A Q Q
V=0 1.3>V,
&
= Bc:ndyﬂj Source| T Gate T Drain
NS SN

R S
\ _—

silicon p-type

 In order to establish a conducting channel, Vs (Vgg) must be made
larger than threshold voltage V.. When V¢ > V, (enhancement
nMOS) an inversion layer is produced below the gate terminal.

« Channel conductivity proportional to V4 - V, (excess gate voltage)
MOSFETSs 15
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NMOS Channel Inversion Process

V=13 * Vgs=0,n0
& 5 channel.
e VGS — 0-5, +

charges flow onto
the gate, repelling
holes from
surface.

* | Vgg=1.1 free
electrons attracted
to surface.

e | Vg =1.3, excess
free-electrons
Assume V,=1.1V connect drain and
source.

silicon p-type

MOSFETs 16
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NMOS - Triode
1.3
-+ ID‘
. ? * | ®  0.2(F) vpe=0.2™W .
D qV..-V,)=2
— Qg s o) ) 4 V-V,
Attt ’ oqVe-V,)=1.25
2
- 1

silicon p-type
Assume V.=1.1V

e Once the channel is set-up
(Vs > V), asmall voltage
between the drain and
source, Vg, IS applied and
current, I, begins to flow
between drain and source.

/ s e B B D I
01 02 03 04 05 06 07 08 VDS

\)

* Forasmall V¢, currentis
proportional to the amount
of inversion (Vss-V)).
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NMOS Triode & Pinch-Off

Vs Increased, channel shape changes .

0.9\/5
D

1.1V

silicon p- J;Za

The channel to
source voltage along
channel increases
from V¢ at S

to Vo + Vs atD.

The gate to channel
voltage decreases
from Vs at S to
Vs - Vps at D.

Channel shallower
at Dthan S, it has a
tapered shape.

| continues to increase up until V=V, at a slower rate

MOSFETs 18
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NMOS Triode & Pinch-Off
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Assusrirl::vt-gflv erozoroeesosor u‘smv"s
* Vpg = -V, atpinch-off, itis « Complete triode model
equivalently re-written as: includes this decreasing
Vps=Vgs-V, at pinch-off. rate of change for I,
e Triode/saturation boundary:

W
ID — kn f[(ves _Vt )\/DS _%Vés]

MOSFETSs 19
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NMQOS Triode- Summary

I
D i
may A ]
VGD
5
! G + |
4 07_'_‘
3 VGS
2 sl
1 ,
A T T T . Triode Example:
1.0 2.0 3.0 40 50 6.0 7.0 E'Dmvns Vee>V,, and Vgp>V,
W
_ 1\/ 2
lp =ky— 1 (Vas —V; Nos — V] If V,=1.1V
- V=3.2V

And VDS:lI\?C}éFETS 20
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NnMOS - Saturation

e Once channel pinch-
off reached (Vpg =
Vps.sat), NMOS
enters saturation.

e As Vg is further
Increased, the edge
near the drain
completely looses
Inversion and the
Inversion/pinch-off
point starts to move
towards the source.

W
L

11
ID _fkn

(VGS _Vt )2

To first-order, |5 doesn’t change:

The voltage from the source up to
the pinch-off point is Vg a1

And the excess voltage (Vps —Vps.
sa7) IS across the rest of the channel.

y

D)

DS

n-type

VDS -SAT
—

m

silicon

p-type
Y

<

DS-SAT
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NMQOS Saturation — Summary

DO DO
+

© | 6 i :
e S v, e

VGS VGS ‘“Fr'__-"d F__.-I.'—""'-‘

-1 ,
et T £ L
-20 Early voltage =V,=1/A 10 2.0 3.0 40 50 6.0 7.0 8.0 Vns

V)

» A Is Channel Length 1 W
Modulation parameter

« Typically 0.005-0.05 V-1 2"
i Vps 2Ves =Vi|  Vgs >V,

OX

(VGS Vt)2 1+ V)
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nMOS Saturation — I, vs Vs Curve

* For constant Vg,
Ip vs Vs IS A a—— EEE—
quadratic | .

W
Iy = %krlm T(VGS -V, )2(1"' ﬂ’VDS)

« We will see that this "™
is analogous to I vs |
Vg curve for a BJT

e MOSFET is less |
non-linear compared B
toa BJT

MOSFETSs 23
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NMQOS - The Body Effect

 Itis not always possible to keep source and body at same potential:
— Vg # 0 accounted for in V,
— v: Body effect parameter, typically 0.5VY? |V, =V, + 7/(\/2¢f +Vep —\/ﬂ )
— 2¢¢ Surface potential, equal to ~0.6V
— V,,: threshold when Vg =0

v

INPUT1

L

— Body(‘f SourceT J7Gate i(Drain ~— Body Sourc%
— X ——
n-type n-type

+
-type Well -type Well
VINPUT1 ¥ Ik J
e

n-type
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The Body Effect

DO
D
G
o—
j _’
G .
O ‘ DO
g
G
b |
S O —»
— S &
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Summary of Enhancement nMOS FET
|-V Characteristics

CUtOff: VGS <Vt ID =0
. V.. >V , W
Triode: e t I, = kn T[(VGS -V, )‘/Ds _%VDZS]
VDS <VGS _Vt
i Ves >V, W
' | . =ik —(V V
Saturation:\, 7\, 1, lo=3kiT Ves -V, .

Body effect: V.=V, +7(\/2¢f +Veg — /26 )

S
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Outline of Chapter 4

e 1- Intro to MOS Field Effect Transistor (MOSFET)
e 2- NMOS FET

e 3-PMOS FET

o 4- DC Analysis of MOSFET Circuits

e 5- MOSFET Amplifier

 6- MOSFET Small Signal Model

o 7- MOSFET Integrated Circuits

8- CSA, CGA, CDA

e 9- CMOS Inverter & MOS Digital Logic
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PMOS Circuit Symbol
e A MOSFEET is a four o Simplified symbol with
terminal device Implicit Body terminal
« Body terminal always Connect_lon_ o
biased at most positive e Arrow Indicates direction
potential of current flow
S O S o
G 4
ok S
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PMOS Channel Cut-off

Vgg=0 V=0

1,=0
— Bndyo Source| Gate Tt'ain Cut-Off
Vs > Vip
1, =0

e Source & body terminals are kept at same potential. (V¢g = 0)

 When Vg > Vs = -1V (enhancement pMQOS) there is NO
conducting channel. Therefore there can be no movement of charge
from drain to source; the current from drain to source, Iy = 0.
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PMOS Channel Conduction

V=0 -1.3<V,

— BndyO Source | T Gate TDrain

NSNS
p-type +4+4+4+

» To establish a conducting channel, V¢ (Vgg) must be made smaller
than threshold voltage V. When Vs <V, = -1V (enhancement
PMOS) an inversion layer is produced below the gate terminal.

« Channel conductivity proportional to Vs - Vs (excess gate voltage)

MOSFETSs 30
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PMOS Triode Region

0.8 .
—L 5O cO Dé Yot

R 'uf Vpg=1.1

Assume V=-1.1V

o If Vs =-V, at pinch-off, then V. =V -V
re-written: Vpe=Vge-V,, at B 68 ®
pinch-off. MOSFETS 31




Mc(G1]] Bepartment of Electrical and ECSE-330B Electronic Circuits |

Computer Engineering

PMQOS Triode Region — Summary

S O
A ID Vs )
(mA) G +
5 O
. VGD
. -
DO
2
1 Triode Example:
—t—t—t—t > Vos<Ve and Vp<Vy
-8.0 -7.0 -6.0 -5.0 -4.0 -3.0 -2.0 -1.0 VvV
i\ If V,=-1.1V
W t— -
— 1\/ 2
ID — kp f[(VGS _Vt )‘/Ds _EVDS] Vie=-3.2V
VGD:_2.2V

4 gOX —_— —
i =mp 22 Vgs <Vi| [Vbs > Vs —Vi| And Voe=-1.0V
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PMQOS - Saturation

e Once channel pinch-off  To first-order, |, doesn’t change:
Is reached (Vps = Vpg. — The voltage from the source up to
sat), the pMOS enters the pinch-off point is Ve cat
saturation mode. — The excess voltage (Vs —Vps.car)

o As Vyq is further Is across the rest of the channel.
decreased, the edge near 2V g

the drain completely IS o) o
looses inversion and the —

Inversion/pinch-off point
starts to move towards

the source. .
.-.-" Vossar—» Ppe
W 5 "
— 11 silicon n-type
|D—§kpf(Ves -V,) e
Vos~Vos-sar
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PMQOS Saturation — Summary

8.0 7.0 6.0 50 40 3.0 2.0 1.0

p-channel Enhancement MOSFET

e A Is CLM parameter
e A IS negative
— typically -0.005 to -0.05 V-1

— Extrapolated curves
Intersect at common point.

1

#-*ﬂhl"'-x_—:-b
20
v) DS

- W
5 :Ekp T(VGS _Vt)2(1+/1VDs)

, &
Kp :/"ptﬂ
(0),4

Vs <V,

VDS SVGS _Vt
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Summary of pMOS FET
|-V Characteristics

CUtOff: VGS >Vt ID =0
) V.. <V . W
Triode: y GSV t v Iy = kp T[(VGS -V, )‘/Ds _%VDZS]
ps = Vas ~ Vi
V..
Vs <V, W 2 +
ion: |, =1k! —(V.. =V. ) (1+ AV G

Saturation:,, 7\, lo=7k, T (Vos —Vo) {1+ AVp) .

| =(;

Body effect: M=V, +7(\/ 2 +NVes| —[26¢ )

Note: Vg, Vis, Vegs Vi, 4, are all NEGATIVE
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