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The MOS Transistor



Quiz 30

Under reverse bias, all diodes will break down. Why is the break down often
destructive?

A |D

VBREAK Vp




And the number is ?
3 38



Quiz 30

Under reverse bias, all diodes will break down. Why is the break down often
destructive?

A |D

VBREAK Vp

Solution: Because the power dissipation becomes too large.



MOS Transistors
. "

- -

- a

n-channel p-channel

» Operation very similar
* Model parameters differ modestly
» Direction of current flow differs



MOS Transistors

D
Model:
R
Je T | =0
G — VDS
+ _ ,=f, (V... V.,)
Vs o
S the two-variable function
f, is quite nonlinear
D: Drain
G: Gate

S: Source
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MOS Transistors

Triode
Region

Saturation
Region =

Voss Cutoff

Ves, egion
Vas1
I \:>

Vds



MOS Transistors

A

. Vs
Triode :
| Region
g Vass
Saturation |,

. Gs4
Region

Id

Vass

Cutoff

| Vess egion
Vst
— T T T T >

Vds

Popular square-law model for the transistor

0 V_ <V, —
“COX Vlf/ (VGS - VT - \/2Dsj VDS VGS 2 VT VDS < VGS - VT D

W : .
“COX i (VGS - VT ) i (1 + XVDS ) VGS 2 VT VDS 2 VGS - VT

{M,Cox» V1, AW,L}  are model parameters

Cutoff

Triode

Saturation



MOS Transistors

Triode
Region

Saturation
Region —

|d

Vess Cutoff

Vesa egion
VGS1
[ \:>

In most analog applications, the MOSFET is operated in the saturation region

Vds

In most digital applications, the MOSFET is operated in either the cutoff or triode
regions and changes between these two regions as the boolean variables change
froma “0” to a “1”



n-type resistor

L

|H

v

L
R-p_—_
pWH

L1 n-type semiconductor

If H is small compared to L and W, termed a thin-film resistor



p-type resistor

L

|H

v

L
R-p_—_
pWH

B p-type semiconductor

If H is small compared to L and W, termed a thin-film resistor



n-Channel MOSFET

Gate Drain
Source L

Lere

BN Poly [ 1 Gate oxide Bulk

[ 1 n-active e o-sub

[ depletion region (electrically induced)



n-Channel MOSFET Operation and Model

| |VDS
y

“Cutoff” region of operation Ib=




n-Channel MOSFET Operation and Model

| |VDS
y

Critical value of
Vs that creates
inversion layer
termed threshold
voltage, V)

Vgs small)

“Triode” region of operation

Inversion layer forms in channel IbRcH=Vps
Inversion layer will support current flow from D to S :G=8
B=

Channel behaves as thin-film resistor



n-Channel MOSFET Operation and Model

| |VDS
y

“Saturation” region of operation

Inversion layer disappears near drain ;=0

Saturation first occurs when Vpg=Vs-Vy



Transistor Size Comparison with 24AWG Copper Cable
(Drawn to scale)

O

62.51 Fiber

State of Art transistor dimensions about
200 times smaller (lateral) than 10y fiber

.02in

24 AWG Copper e _
Used in CAT 5 10u Fiber
Often termed

“telephone wire”

The gates of about 40000 transistors can be
placed on the cross-section of this fiber
(maybe only 4000 transistors)



MOS Transistors

A |
J D Vass
-
Vass
[
Vsa
Vas3
VGSZ
Vas1
—
Vbs
Standard square-law model
G=O
0 V. <V, Cutoff

|D= (HCEXWj(VGS-VT _\/é.S\J VDS VGS = VT VDS < VGS-VT TriOde

(V.- V) (1#AV,) V. >V, V. >V -V, Saturation

7~ N\
T
S
=
N——

uC,, ~10°A{.

A~ .0V
V. ~ 0.5V to 3V

WI/L

varies by design



Example:

2\ ——

Ix¢
l E :

Determine I,. Assume W=10u, L=2u, V;=1V, uC,,=10-4A/V?, A=0

| =0
0 V, <V, «——  Cutoff

l, =qHC,, VIY(V -V, —sz Ve V2V, Vo < V=V, <«<—  Triode
\pCOX \2/:/_(VGs ~V.) e(1+AV,)) V.>V. V_>V_-V <+ Saturation

Guess Saturat{/?/n:
ID = IJCox 2|_(VGS - VT )2 V. _> VT VDS < VGS —VT



Example:

2\ ——

Ix¢
l % :

Determine I,. Assume W=10u, L=2u, V;=1V, uC,,=10-4A/V?, A=0

Guess Saturation:

W 2
ID = IJCox 2|_(VGS - VT) VGS > VT VDS > VGS — VT
. 10u 2
|D=10 (2—1) 2V > 1V 5 > 2V -1V
2e2U

| =0.25mA



Example:

Ix
(alternative graphical solution) ¢

2\ ——

!

Determine I,. Assume W=10u, L=2u, V;=1V, uC,,=104A/V?, A=0
Consider model for THIS device:

A
Triode
Region V
- Saturation "
0.25mA Region o -
| Ve~ Cutoff
Ves2 __Region
Vas: é/R
£ >

Vds



Example:

Iw
| 0.5V
2NV —
N

!

Determine I,. Assume W=10u, L=2u, V;=1V, uC,,=10-4A/V?, A=0
=0

0 V, <V, «——  Cutoff
ID =1 lJCOX VIE/(VGS - VT - \/2Dsj VDS VGS 2 VT VDS < VGS - VT D TriOde
ucC,, \ZIY_(VGS ~V.) e(1+AV,) V.>V. V_>V_-V <+ Saturation

Guess Saturation:

W :
l, = uCOXZL(VGS -V,) V, >V V. >V -V



Example: w

4| 05V
!

Determine I,. Assume W=10u, L=2u, V;=1V, uC,,=10-4A/V?, A=0
Guess Saturation:

wW

ID = “Cox 2L(Ves - VT )2 VGS > VT VDS > VGS — VT
10u )
| =10" 2-1 2V > 1V 0.5v > 2v -1V
: 202027 Y g

| =0.25mA Verification Fails



Example: w

4! 05V
2V
Determine I,. Assume W=10u, L=2u, V;=1V, uC,,=10-4A/V?, A=0

Guess Triode:

w V.,
ID = “Cox L(VGS o VT o 2) VDS VGS > VT VDS <VGS — \/T
., 10u
,=10""(2-1-0.25)0.25 VeIV 0.5V < V-IV
u

| =94uA Verification Passes



Example:

(alternative graphical solution)

2NV —

!

0.5V

Determine I,. Assume W=10u, L=2u, V;=1V, uC,,=10-4A/V?, A=0

Consider model for THIS device:

A
Triode
Region
5 Saturation
0.25mA ) Region
i Vasa
/ ese Cutoff
94 UA Z j Ves2 /Reg |On
VG81
‘ >

Vds

5V



MOS Transistors

_ Vbs
= w
VGS _ VGS1
+ VDS Vas:2
+ Vass3
f Ib Vass
p-channel MOSFET Vass
Vase |
DY
Standard square-law model
=0
0 V_<V. Cutoff
ID=4 _(“CIO_XWj(VGS-VT _\/é.sj VDS VGS S VT VDS 2 VGS-VT TriOde
c W 2 .
_(“ 2OIX_ )(VGS-VT) (1 +AVDS) VGS S VT VDS< VGS-VT Satu ratlon



MOS Transistor Models

simplifications

A |

D ’d—/-_/d—-ﬂ__’/_vess
Vess

|
Vas4
Vas3

Vasz
V,
—

S1
Vbs

Ip

G=0
=0 V. <V, Cutoff
V,.=0 V.2V, Triode

Switch-level dc model — good enough for predicting basic operation of many digital circuits



MOS Transistor Models

Ip

V[;s
Equivalent Circuit Models
T D
D
ls
G ‘# Ves<Vr
S
D

simplifications

§

Ves>Vr

S1 open for Vgs<V7
S, closed for Vgs>Vr

Cutoff
Triode



MOS Transistor Models

simplifications
Vbs
<J Vasi
Vas:z
VGSS
Ves4———_—__—_
_‘ VGss—__d_ﬁ_—_;
-
VGSG |D A
Vbs
G=0
=0 V_>V.  Cutoff
Io v V=0 V <V Triode

Switch-level dc model — good enough for predicting basic operation of many digital circuits



MOS Transistor Models

simplifications

Equivalent Circuit Models

T

TD [D
Is s

Ves>Vr Ves<V7
D
S+ open for Vgs>Vr
Sy

S closed for Vgs<V+

1

S

Cutoff
Triode



MOS Transistor Models

simplifications
? |D Vase
—
# fﬁvess
_>VDS
A ID
G=O
V_ <V Cutoff
| =
v, / Triode
o)
> VGS-VT HC, W
Vbs

Better Switch-level dc model — good enough for predicting basic operation of many digital circuits
and can be used to predict speed performance if parasitic capacitances are added



MOS Transistor Models

simplifications

} p
# 1.=0
0 V <V, Cutoff
=9V
AFET

V. >V Triode

T D D
%RFET
l S S
4{ Vaes<Vt Ves>Vr

D
RFET
S S, closed for Vgs>V7
t S1 open VG3<VT

s




MOS Transistor Models
Voltage Variable Resistor (VVR) operation

Lo

V <V, Cutoff

R_ 1 - ! _{V / V., Triode
VGS -VT “COXW

VVR Application — dc gate to source voltage can be used to control the resistance

|12

Widespread applications in analog circuits and computer-control of electronic circuits



MOS Transistor Models
Voltage Variable Resistor (VVR) operation

T ID - Vs
VGS3
D
Vs { > Vo O %RFET
CcO
Vst S
L .
FET —
VGS -VT HCOXW
Analog application of MOSFET in triode region




Voltage Variable Resistor

Vin '_\ Vout

/ Vin °_\ Vourt
R1§ R2 _Ivvr\\iz_
Vcont
< ° ||: RreT
AV=1+|;2 Y
| A, =1+ 2
R

Applications include Automatic Gain Control (AGC)



Voltage Variable Resistor

Vin '_\ Vout

/ ViN ._\ Vout
R § R, R
1 Veont |
< —> J%RFET
A =1 +&
R1
A =1+-2

Applications include Automatic Gain Control (AGC)






