EE 230
_ecture 31

THE MOS TRANSISTOR
Model Simplifcations
THE Bipolar Junction TRANSISTOR



Quiz 31
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Determine I,. Assume W=100u, L=2u, V=1V, uC,,=104A/V2, A=0




And the number is ?
3 38



Quiz 31 (solution)

%i 1,

!

Determine I,. Assume W=100u, L=2u, V=1V, uC,,=104A/V2, 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'
b =HCo o (Ve = V) V.2V V>V -V



Quiz 31 (solution)

é |

Determine I,. Assume W=100u, L=2u, V=1V, uC,,=104A/V2, A=0

Guess Saturation:

W :

ID = “COX 2L(VGS _VT) Ves 2 VT VDS > VGS _VT
., 100u 2

L =10"2 5, (271 AVES IV (VRS VY

| =2.5mA



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
| o

Vass
[
Vass
R
Vsa
Vas3
VGSZ
Vs
—>
Vps
Standard square-law model
| =0
~ * A/
Vv, Cutoff H.Cox #1077
I = (”nCEXW)(VGS-VT _\/zDs)VDS VGS 2 VT VDS S VGS-VT Triode A z .Olv 7
LG W V_~0.5V to 3V
oL (V) (1+AV V.>V V>V -V Saturation
( 2L )( Vi) ( S e T r et W/L varies by design



MOS Transistors

_ Vbs
= w
VGS _ VGS1
+ VDS Ves:2
+ Vass3
f Ib Vass
p-channel MOSFET Vass
Vase |
DY
Standard square-law model
G=0
0 V_<V. Cutoff
C W
ID= - “p EX (VGS-VT _\/2.£j VDS VGS S VT VDS 2 VGS-VT TriOde
C W 2 L]
L_ “pz(ii (VGS-VT) (1 +)\VDS) VGS < VT VDs< VGS-VT Saturatlon



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

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

Applications include Automatic Gain Control (AGC)



MOS Transistor Models

simplifications
4 o Vess
# I
_\/Sk/DS
Al
Vass
Vess |G=O
C W )
|D=(”#j(ves-vT)(1+Avos) Saturation
Vess
Ves2 Can often assume A=0
Vst
-
Vbs

Saturation Region Model — used for many analog applications



MOS Transistor Models

simplifications
A |D Vess
—
%/%ss
_ﬁy\/Ds
A |p
Vase
Vass
=0
Vas4
_(uC W vV
Vess ID_( 2L j(VGS VT) Saturation
Vas2
VGS; With A=0
Vbs

Saturation Region Model — good enough

for many analog applications



MOS Transistor Models

simplifications
N V
N
D
% E G o (LJCZOEWJ(VGS-VT)Z(1+AVDS)
Vas
_ |

Saturation Region Model — good enough for many analog applications



[

3

MOS Transistor Models (Summary)

Vbs

<
[0}
wm
2

2 o

VDS

2 IO

\




MOS Transistor Models (Summary)

&

VCONT

5 D
K s S, open for Vgg<V7 Rret
1 1 S+ closed for Vgg>Vy S

1
S !
S
A p v
r’_/_r,_,_,—'—/f’_f 6
VGSS
—
g_’_’_’—’_’_’_’_’—ﬁves‘t
Vass
VGS2
Vas1
D —
Vps
M uC, W :
pas S (VGS-VT) (1+)\VDS)
VGS ( 2L ]
- o o—»

c
/ Voe

S, closed for Vgs>Vq

S1 open VGS<VT




MOS Transistor Applications
(Digital Circuits)

T Vop

R
Assume “1" ~V, =V, >V;

Assume “0"~V =0V <V,

XHEM

N

MOSFET Model

A |D

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

. Assume V.~V /5
Vbs



MOS Transistor Applications
(Digital Circuits)

1 Voo Assume “1" ~ V=V, >V,
R
| Y Assume “0"~V =0V <V,
Xo— M =0 V_<V.  Cutoff
Ve =0 V2V, Triode

NS
Assume V.~V /5

If“1"~ X=Vpp, Vps= 0V s0Y =0V ~“0"

40"~ X= 0V,  I,=0A s0Y =Vpy-IpR = Vpy ~ “1” Assume “0" =V, <V

So this circuit performs as a Boolean inverter Assume “1"~V, >V,
X |Y
0 | 1 X— >o—Y
1 0

Truth Table



MOS Transistor Applications
(Digital Circuits)

VDD

R Assume “1" ~V, =V, >V;

Assume “0"~V =0V <V,

A {EM1 B #D\/b

MOSFET Model

A |D

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

Assume V.~V /5




MOS Transistor Applications
(Digital Circuits)

VDD

R Assume “1" ~V, =V, >V,

Y Assume “0"~V =0V <V,

A {EV“ 5 #EMZ =0 V_<V. Cutoff

V,,=0 V2V, Triode

Assume V.~V /5

NS
If “1"~ A= Vpp, “1"~B=Vpp Vps1=Vpe,= 0V S0 Y =0V ~ “0”
If “1"~ A= Vpp, “0"~B=0V V=0V (and Ip,=0A) so Y = 0V ~ “0"
If“0"~ A= 0V, “1"~B=Vpy Vps,= 0V (and Ip,=0A) so Y =0V ~ “0”

If “0"~ A= 0V, “0"~-B=0V Iy,=0A and I,;=0A so Iz=0A, thus
Y = Vpp= IgRR=Vp ~ “17



MOS Transistor Applications
(Digital Circuits)

Voo AlB|Y
R 001
Y 010
A MoB M 1100
11110
v Truth Table

If “1"~ A= Vpp, “1"~B=Vpp Vps1=Vpe,= 0V S0 Y =0V ~ “0”
If “1"~ A= Vpp, “0"~B=0V V=0V (and Ip,=0A) so Y = 0V ~ “0"
If“0"~ A= 0V, “1"~B=Vpy Vps,= 0V (and Ip,=0A) so Y =0V ~ “0”

If “0"~ A= 0V, “0"~-B=0V Iy,=0A and I,;=0A so Iz=0A, thus
Y = Vpp= IgRR=Vp ~ “17
2-input NOR Gate



MOS Transistor Applications
(Digital Circuits)

VDD
R Assume “1” ~ V=V, >V,
— Y
Assume “0"~V =0V <V,
A% E M
|,=0 V. <V, Cutoff
V=0 V, 2>V i
B ‘1 E M2 DS GS T T”Ode
Assume V.~V /5
N
If “1"~ A= Vpp, “1"~B=Vpy Vpg1=Vpg,= 0V so Y =0V ~“0”

If “1"~ A= Vpp, “0"~B=0V V4,=0V and I,,=0A so Iz=0A thus

Y =Vpp-IgR=Vpp ~ “17
If “0"~ A= 0V, “1"~B=Vpy Vpg,= 0V and I5;=0A so Iz=0A thus

Y =Vpp-IgkR= Vpp ~ “17
If “0"~ A= 0V, “0"~B=0V Iy;=0A and |,,=0A so Iz=0A thus

Y =Vpp-IgkR= Vpp ~ “17



MOS Transistor Applications
(Digital Circuits)

Voo A B|Y
R O O y
Y
O 1]~
A 1]0 |-
5| M, 11110
Truth Table

If“1"~ A= Vpp, “1"~B=Vpp Vg, =Vpsp= 0V 50 Y =0V ~ “0”
If “1”~ A=V, “0"~B=0V Vpg,=0V and Ip,=0A so Iz=0A thus
Y =V 5-IgR= Vg ~ “1”
If “0"~ A= 0V, “1"~B=Vpp Vps,= OV and I,=0A so Iz=0A thus
Y =V 5-IgR= Vg, ~ “1”
If “0"~ A= 0V, “0"~B=0V Iy;=0A and |,,=0A so Iz=0A thus
2-input NAND Gate Y =Vpp-lgR= Vpp ~ 1



MOS Transistor Applications
(Digital Circuits)

Voo Voo
R i -y
Y A%E'VH
A {EM1 B #D\/b
B%EMz

Can be extended to arbitrary number of inputs
But the resistor is not practically available in most processes and static
power dissipation is too high



MOS Transistor Applications
(Digital Circuits)

VDD
T,
Assume “1" ~V, =V,
X— Y
Assume “0"~V, =0V
m

~\

MOSFET Models

A |D

Vbs



MOS Transistor Applications
(Digital Circuits)

VDD

T

X— v Assume “0"~V, =0V

o

Assume “1" ~V, =V,

MOSFET Models

S open for Vgso> V1o

D
S; open for Vgs1<V KS
K S1 81 lp f \G/S1 \T; 1 2 S; closed for Vgsa<V1z
1 1 closed for Vgs1>V14 S

S

Assume V,~V/5 Assume Vr,~ - Vipp/5

n-channel device p-channel device



MOS Transistor Applications

(Digital Circuits)

Vbp
T .
X— Y X—
%DVH 1"~V =Vpp T
“0” ~V, =0V

VDD
S, open for Vgs>Vr,
\ Sz S, closed for Vgs2<V12
Y
\ 81 S+ open for Vg <V1
l S closed for Vgg1> Vi

If X=Vpp, then V5q,=Vpp>V1, Ves,=0>V,, =mmp S, closed, S, open

VDD
o\
X=Vpp | —Y Y = 0V~"0"
—> \ S1




MOS Transistor Applications
(Digital Circuits)

VDD

T

o

~\

“1 7 _~ VH — VDD
‘0" ~V, =0V

L

Vop
\ S;

Y

\ S

!

S open for Vgso> V1o

S, closed for Vgs2<V12

Sy open for Vigg1<V1
S closed for Vigs>Vr4

If X=0V, then V;q,=0V<V.,, Vgs,=-Vpp < V., =mmp S, closed, S; open

VDD
— 82
X=0V Y
L » Sy

Y

VDD~”1H



MOS Transistor Applications
(Digital Circuits)

VDD
XY

M,
ﬁi 0| 1
' 110

m
Truth Table

~\

X—[>0—Y

Performs as a digital inverter



MOS Transistor Applications
(Digital Circuits)

" AlB|Y
. M 00| 1
A T 0ol1]o0
Y
11010
B —%E\m |{D\/l2 1 110
Truth Table

N

. A
Performs as a 2-input NOR Gate B Y

Can be easily extended to an n-input NOR Gate



MOS Transistor Applications
(Digital Circuits)

VDD
A B|Y
% EMB { EM4 O O 4
C Y 01|~
A1 m 10/ -
] " 1110
> Truth Table

Performs as a 2-input NAND Gate A } Y
B _

Can be easily extended to an n-input NAND Gate




MOS Transistor Applications
(Digital Circuits)

Vbp Voo Vbp
e s M v g

X v Y Y
M A 1 A o

M
+
7|V|2 B Elz/b
A A—
X—Do—Y B D%Y B_ Y

Termed CMOS Logic
Widely used in industry today (millions of transistors in many ICs using this logic
Almost never used as discrete devices




Bipolar Transistor

C

B: Base
C: Collector
E: Emitter



Bipolar Transistor

C
B I
E

npn pnp



Bipolar Transistor
npn pnp

[ 1 ptypesilicon ]

1 ntypessilicon



Vertical npn BJT

Base Emitter Collector

5
!
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!
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Vertical npn BJT
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Lateral pnp BJT

o o
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R B B g
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Lateral pnp BJT




Bipolar Transistor

C




Bipolar Transistor




Bipolar Transistor

C
B I
E

b

Saturation ///
\ I

|| }—— Forward Active

Ve

‘ ‘ o
\ Cutoff




Bipolar Transistor

b

Saturation ///
\ I

— Forward Active

Ve

‘ o
\ Cutoff

Most analog or linear applications based upon Forward Active region

Most digital applications involve Saturation and Cutoff regions and switching
between these regions as the Boolean value changes states



Bipolar and MOS Region Comparisons

A lp Vs A lc
Vess Saturation
Saturation __ ve, Cutoff ™~ S
Region Ve Region | Forward Active
i .
Vos ’ a\Cutoff
MOSFET BJT
Cutoff Cutoff
Saturation Forward Active

Triode Saturation



Bipolar Transistor

R Igs

. o lgq
/—

| - —— g3

- e

VCE

Vcesat VCE



Bipolar Transistor

Multi-Region Model

= BIB(1+EJ
Var Vge>0.4V
Vee Forward Active
ls = Jshe v Vac<0
B
v KT
______ S S
\\;BE=8.Q// l<Blg Saturation
CE~ Y-
1c=15=0 Vee<0 Cutoff




Bipolar Transistor




Bipolar Transistor

Simplifier Basic Multi-Region Model

Vge>0.4V
Vee Forward Active
ls = Jshe v Vac<0
B

v, KT

______ a

Vge=0.7V l<Blg Saturation

Ve=0.2V

1c=15=0 Vee<0 Cutoff







