2018 Spring CS 210002 7 #.¥2 7 + & — (Circuits and Electronics (1))

1.1: Semiconductor materials and properties

Device: Diode, BJT, FET

What is semiconductor ?

Conductor (metal)

Insulator

Free electrons

~10%%/cm®

~10"Yem?

~10"%cm?®

11 AV V
B (7) C (#)

Al (47) Si (#) P (%)
Ga (43) Ge (44) As (F4)
Sn (47)

Pb (4)

Insulator — Semi. — Conductor

Elemental semi : Si, Ge
Compound semi : GaAs (F i* 43)

1.1.1: Intrinsic semiconductor

C: 24

Si: 2-8-4
Ge: 2-8-18-4
Sn: ...

Pb: ...

Valence electron (% & )

Covalence bond (+ i 4%)

Bandgap energy Eg :

1eV = 1.6x10™ Joules
Electron ¢<—> hole
T+ Tk

() (h")

e h' pair (23 2 F %)
n: %+ kAR negative
p: % iF kR positive



n=p=ni(T)

ni(T) (intrinsic carrier concentration)

For Si

B =5.23 x 10" cm*K 2

k=86 x 10° eV /K (Boltzmann’s Const)
T=%8%ERK

Eg=11leV

ni(T) =n=p=15%10"/cm® at T=300K

Semi. has two current components

e flow the same direction
h* flow

Conductor has only one e~ flow

1.1.2: Extrinsic semiconductor
doping (3% #)

why doping ?

impurities : Il:B
VP As

How ?

How many ?

Effect : ! %'é‘g‘T

V impurity : donate electron, n TT
Donor (>5 %4 or *s+)
Nd : donor impurity concentration

n= Nd >>ni

n-type semi.

Mass — Action law (& & £ * 2 &)

nx p=ni(T)?

n>>p

e : majority carrier ( % #f+)
h™ : minority carrier (-> #c§* =+ )



Il impurity : accept electron, p TT
Acceptor (% %2 or % +)
Na : acceptor impurity concentration

p = Na>>ni

p-type semi.

p>>n

e @ minority carrier
h™ : majority carrier

charge neutrality (7 * 1)

doping changes current components in
semiconductor

1.1.3: Drift and diffusion current

Total current in semi.
=e current + h" current
Two mechanisms: Drift and Diffusion

Driftcurrent (e + h")
Volt - E — F — carrier moving(\Vd)

VoltT »ET »>FT >vdT >171

Drift velocity

=ohm’s law

Mobility (# # F) wu



) i o J=In+Jp= anu,E+qpu,E
e WL Ve T e

Vdn=- i, o€ for €, 4, =1350 CM'{

o(Conductivity) = % = anu, +apa,
Vdp= g, E  for h", z, =480 M’

1
O' =
o] Qecm
L V L
R=pe— =— = resistivit
P A R P y

JepY_V E(%)oA

R L~
p.A
J =E(£)=0'0E
o,
1 1 1
> — =0 p:—:—
yo, o Qnu, +qpy,

1
=[—]=Qecm
Jn= —qgnV, Vdn= — u, eE L] [0']

Jn= —agn(— u,*E)=qny, *E

col
Jn] = [ }z
Lin] %mz secm? Impurity scattering

T ,uT

Lattice scattering

TT 1y
Jp= ap(u,*E)=0apu,*E



Intrinsic semi. o =an, (&, +4,) 1.2: The PN junction

TT niT udy = ot

1.2.1: The equilibrium pn junction
(open circuit pn junction)

n-typesemi. o=qng= qNu

™ ol [ pn junction
p-typesemi. o=qpy = qNu P n
Tt ol X =0
Conductor TT o Na LR
Nd
2 2
Diffusion current does not exist in conductor n,= N Poo = n
© Na | N
Why diﬂ:usion? .......................................
x=0
Na A
h™ #4%
Probability I
) v ——
diffusion
— .
—> A
current
> Nd
X
T3
< i

p“ i i 2 e ’
diffusion FHHL e+
e
<—
current

4_
No current !!

N /



P — N
SoC0 © [ @ e
o0 © i @ D
Qo0 Qi B Do

Space

Charge

Region Vi

space-charge region or depletion region
(ZFRIFF)

(L %)

Built-in potential barrier (p £ - f3)

NaNd
=Vyi= VTIn ( 5 )
ni
V, = KT/ (Thermal voltage) = T
T =" ge) = ——

11600

1.2.2 Reverse-biased pn junction

h*h*

So @0 @
o o ©
So o O

IR:O

Reverse-bias saturation current I

1.2.3: Forward-biased pn junction
Vb




1.2.4: Ideal current-voltage relationship

Ip

—> p n |
+ Vp —
Syrﬂbol Diode (= 1&%8)
Ip A
+ Vp —

A
I, =1(e iz ~1)

Is : reverse-bias saturation current or scale
current = (10" ~10°)
n : ideality factor (1 or 2)

V7 : thermal voltage (% 7 /&)

=
=)

|
-

OFF : j&
Called %7 % (rectifier)

t2 7t1

() =1,(t)x2

Cut-in voltage (*» » % /&)
vV, = —Zm%c

A ID

breakdown (## )

Avalanche breakdown (#3 # i)



Zener breakdown (7  # %) Vo,
I, =1s("™ =1 ---mmmm- (1)

Voo =g xRV, e (2)
solve V,? 1,7

1. Graphical analysis technique (&) /%)

zener : T T, breakdown voltage ¥

avalanche : T T, breakdown voltage T

PIV: (peak inverse voltage)

Zener diode : 1 i¥>* breakdown region

1.3: Diodes circuit, DC analysis and models

DC = ¢
AC i
2. lteration analysis (fp i /%
Model
assume V, =0.7V
R Voo —V
by (2) 1, =—2—2L 3
4 /W y(2) Iy o ?)
i !
by (1) Vp =nV; IN(-B) - (4)
Voo —— I lsz Vo I
B Vp =074 »(3)» K& 1,

PR A4 KAV, (if 2077 )
£ % >@3).....E 3|V, fixed.



ER
i

foacs
T

b. battery-plus-resistance model

Forward
+ Vp —
N
4

3. SPICE 1

Tool supports

Ip
Vo=V +1.er
4. Approximation (i i/ ;2 —| Wy Vo=V, tlper

+ Vr rf -
Piecewise linear model, easy and fast

a. ideal diode model

v

Forward V, =0 1,>0 (short)
Reverse V, <0 1,=0 (open)



Reverse (open)

c. constant-voltage drop model

A

Forward
+ Vp —
N
Vi

Reverse (open)

Tradeoff

A TEIEH

Kirchhoft’s Voltage Law (KVL)

TRE = LRY
wRLEIE O

R1

M\
+
Ve - -
VS—__— RZ; V2
_ M R3 _
/W
— Vs o+

Conservation of Energy

IV, = IV, = IV, -1V, =0,1 0
V.-V, -V, -V, =0
V, =V, +V, +V,

Resistors in series

Kirchhoft’s Current Law (KCL)

i = R
8T e =0
R1
— MA
+ L Iy R2
T M
Vs |2 R3
M
—

I, -1,-1,-1,=0
I =0L+1,+1,

Resistors in parallel

10




R1

R2 R3 R4
R=R+(R, 2R, Z/R,)
R1
R2 R3 R4
R=R, ~ (R +R/R,)
R1
R2
R3 R4
R= (R1 //Rz) + (Rs// R4)
R1
R3 R2

R= Rs// (R1+ Rz)

11

AR EE

— M

+
Ry
Vs —— R, § V,
I = Vs (Ohm's law)
R +R,
V2:|.R2: VS .RZZVS R2
R +R, R +R,
N
+ Ry +
Vg —1— R2 ;E\/g
_ . _
Rs3
V2= S. R2
R +R,+R,
BT E
— |
Il — vV
R
'1l§ R
\Y \Y
L=— =
R, R,
R2
V=1eR =1l,eR, I1:E°|2




2

__RZR
" R+(R,#R)
Where R,#ZR,= 1 1 T :RZ.R3
— 4+ R2+R3
R2 RS

'/— Node 3

D,,3

2

T
Uy (P Ry

Reference node’/ —l—

jo Ground symbol

12

V,+10=V,

ViV, Vi=(-15) V- (-15)
RZ R4 Rl R3

0

Mesh Analysis (% P 4 $7/%)

Steps: 1 AT p i @
2 JpEpep Tin
37 E Bagep KVL > 50
4 fam S el

Ex:



Va =Ry (i, —iy) + Ry (i, —i,) Ex:

R R
Ve = Rs(i1_i2)_ R4i2 40 i
V, =R, (i,—i,) +Ri _ ' l L
s = Ro(is =) + R Vsr—— §R2 Vs,
Ex:
R1
W
R “ R3
——AM—— W—e
.515 ; Om\-‘
R4 [ l:“l\ .
10=R,(i,—1,)+R, (i, —i,) + R, (-i,) |
3\i3 7 12 23 1 4\ Vorl Ry R §R1//Rz 4 v,
R1i3+R3(i3_i2)+Rz(i3_i1):O
I,—i,=5 | = Vsy
" R+(R,ZR)
Superposition Theorem (& & T 32) Lol e R, (by & i%)
SOASLTEAY § 5 B RRAA T 1SR R YT
Steps:1 — ¥ - BT IReniEH VoV . R ZR, by A &)
{I __, open | L,
, =2
2 LR k
3 25 Srde k
=1 +1,

13



Ex:
200

>

|l§1m) G>QU\ GDosA

I= —02A

Thevenin’s Theorem (3" ‘& % % 32)

Terminal Equivalence:

(n)
Original f\a4 %
Circuit R

(r)
Equivalent N84 %
Circuit R |

- - Rth
Any Circuit mmp

Vin——

Vi, : open circuit voltage
R @ terminal resistance
(& >~ TiR)

Root Mean Square (RMS) value

(32> 2 2) or Effective value (7 »< &

= The rms value of a sine wave is
equal to the DC voltage that
produces the same amount of
heat as the sinusoidal voltage

heat Vasing | +
@ R Ly, R
= =V

y

T Vdc
@ o)

heat

Same amount of heat

asin (a)

14



V4 ) 2.1: Rectifier circuit (i § #)
/ V. sin@
Vo T
N o

VARV

V, : peak value
V, , : peak to peak value

Vay =0
VP = ﬁ Vrms
Half-wave Z &
Full-wave 2 &
Vyosin@ = Vysinot = V,sin(2z )t Input: 2 JR(AC)EL (&f+E7 B T)

Output: 2 ;n(DC): ¥ (1&|+H %)
w:angular frequency =2rf

(& 4 %) Diode “¥ & #id”
f:Hertz (34) #% Diode model
T: k8 (5) Vi

Forward ON | W
1 I

fo=
T

Reverse OFF — o — o
2.1.1: Half-wave rectifier (£ & £/ 7 8)

+ Vo —

+

Qo

15



Forward (Vs >V,)

V, I
_||_/W\_ .
vl v ] =
A
°r 4R
V. =l,eR=(V,-V) R
o] D S r rf+R

if r,=0, V,=V,-V,
if r,=0, V.=0, V,=V,

Reverse (Vg <V,)
open
Vs © 2R Vo0

\oltage Transfer Characteristic (VTC)
(R 5

Vo

Vr VS_Vr
v, R
= =m
V,-V. 1 +R
m=1 if r,<<R
orr,=0

Vo waveform with Vs

V. =V,sing, 0= sinl(\%) = cut —in angle

P

(=7 » &)

Vp waveform with Vs

PIV =Vp

Half-wave rectifier:
1.7 #.t=0 5 V, (cut-in angle)
2. peak value # ] Vp
3. on state # &_half period

Ex:
100
__ M\ N
1%
+ R
24 ~> —
V. =0.6V r,=0

16

5 PIV

I+

v



2.1.2: Full-wave rectifier (2 t)

>t B
4 - st Dl +
Vs | l R Vo
1% Y
I e >
Vo -
M)
1T

Diode model

—— = —

Vi

17

VTC
Vo Ar

Overhead
1. 5B 2 & > Diode 7 - B
2. PIV=2Vp—V, = L fEineh2 i3



Bridge rectifier (f ) Ex:
V=120V (rms), given V,= 0.7

desired Vo, =9V (peak)
find & & PIV in both Full-wave

2
rectifiers

PIV=Vp—V,

18



Capacitance (7 %)
Capacitor (% 7 %)

Insulater

Capacitor lead (dielectric)

| il

Conductors ~

(plates)

Capacitor lead

Symbol

-1 TN

FRTR or
+ +
-1 T~

§ R B or

Charging process

100 V— Capacitor plates

R
AW

Exiting electrons leave
Electron positive charge behind.

T T !
nov= electrostatic —s- | | Increasing
field ¥ ' » voltage i

Electron current Accumulation of electrons

Creates a negative potential.
®)
No current flow | e |
Strong ++A“ »+.‘ 1\
10 V= electrostatic —| | | || ||| 1
field LAAA/ Y it
) S e [=
AW A
©

No current flow

++
. . Charge stored in
ov= electrostatic field. | | |
R
AWV

@

Discharging process

Strong
~— clectrostatic
field

(2)
‘ o
v _~ ’_;—‘ Decreasing
| ~— electrostatic
Wred b 4T an
Decaying current flow
®)
Capacitor_» ‘L No
fully ~— electrostatic

field

i

No current flow

Capacitance computation for parallel-plate

capacitors

AreaA =W X L
eA

=3

Unit: Farad (;# #=) = Coulomb/volt

e is the dielectric constant of the material
(permittivity 4 7 ¥ #)

€= €.€p
g = 8.85 x 10712 F/m for vacuum

e, Is the relative dielectric constant

Materials [

Air 1.0
Mica 7.0
Quartz 4.3

Water 78.5

19



EX:

Compute the capacitance of a parallel-plate
capacitor having rectangular plates 10 cm by
20 cm separated by a distance of 0.1 mm. The
dielectric is air.

Sol:

- €A 885 x107'2x0.02 1770 x 10-12 F
T d 104 h

microfarads =
picofarads =

The voltage-current relationship

q(t) = Cv(t)
Ex:

Given v(t) as Fig. (b), determine the i(t) for
the circuit in Fig. (a).

it
+ R
v(t) () € =1uF

@

v(t) (V)

10 —

t (us)

(b)

20

q(t) = Cv(t) = 107 %v(t)

q(t) (u0)

10 —

i(t) =C

2 4
(c)
dv(t)
= 107¢
dt

t between 0 and 2 us

t=2and4 us

dv(t)
dt

betweent = 4 and 5 us

i(t) (A)

—10 —

(d)

t (us)

t (us)



Capacitances in parallel

T
LT

2 == C3 =

- O L 4 &

Coqg=0C1+C2+C3

. dv dv
lecla iZ :CEE
. dv

I3 :CSE

By KCL

Ceq:C]_ +C2 +C3

Capacitances in series

2.1.3: Filter (g 4 %)

— )

v = (i) Vs

§ C—v,

Positive cycle (7 7 v &

—o—o

O

2 cC

Negative cycle (% % %< &)

i_c ~ * o
1 L
| =2
+ vy -
+ + R § C

v v = €, _ v —_— Ceq <>

vy + )
“o—| —

C3 _ 1

Ceq = 1/C, +1/C, + 1/C5

T 2T
vy =L
3 C3
By KVL

21



V2 | Quantify the ripple voltage
M
V .......
i AR R W A Viipp
........ VA
! Vo
Vwm }-- £
Vo !
Viipp (271) /\/\/\ To
*

PIV : half —wave=V, (no filter)
1 I
=V, -V, —Ev,ipp (with filter)

Full —wave =2V, -V, (no filter)
=2V, -V, (with filter)

22



1.4: Diode AC equivalent circuits

R
N\

05V ir=1p | )
+ig YszVo= Vot Vg

T oV — DC AC

Vp+Vy)

Vp (
ip=1s(e P ~D=1g(e ™ -1)
(Vp+vq)
= e o
V,
— Ise %VT .eV%VT

Vy V
oo s e
o o nVT)

=l,+1e =1y +1
T
. _nVr vy
d_l -
D Id

%2 7 BF Diode models(#23] i )= — B 7 FE 1g

\oltage regulator (F£/&)

23



1.5.5: Zener diode (breakdown diode)
(i or #HE - &Y)

V, =Vt 1, e,
I7k : knee current
Maxpower : P =1V (Izmax)

Izk < Iz < lzmax

Symbol

+ Vz -
AY

N

D.C model
Open
V, <V,, —_— *—
VZ 2VZO
_> —} +




2.2: Zener regulator

R I
n — /WA > +
Iz
Vs /Z{l Load | Vo
— V, = *Vyo t " 'Vs_R.rZ ol
R+, R+, R+,
Vo % 7Rt B2 g2 55 2
1. #5» %%V b)
2 | Uz g |Sb :> Volvs - 1) R f
e n) w= B R
R+r, R+,
rZ
"R+, *AVs —(R 7 )AL
AV, r,
=+
AV, R+r,
. ) AV,
line regulation =
AVS Al =0
. AV
load regulation = —2°
AIL AVg=0
R I
—/VW\ >
0 LT - SO
Vs Vzo AIL AV =0 ’
— Load Vo N
_ Izl
7 -
Vo=V tlzer;
:VZO+(I IL).rz ......... (1)
V. -V
|=—=—2 .. (2)
R

25



Ex:
Given zener diode V7= 6.8V at Iz =5mA

Vs— -l V,

@ Vs=10V,R=0.5kQ, Vo=2

AV =+1V, V, =10+1V, AV, =?

(b) . :
line regulation =?

(d) V,=10V,R =2kQ—>05kQ, V, =?

(€) Vi=10, AV, =0, R=05kQ, R =00—2kQ

AV, =2 load regulat
Al =7

26



() R =0—>2k—>Ry, |

Zener j iE*

— 0.5k

: Zener & i£%

F Ry (Vs =10V, AVs = +1V) ?

(f) [Rmin - Rmax]

R :VSmax _VOmax
min
IZmax + ILmin
R _ VS min _VOmin
max
IZmin + ILmax
Vi =10+0.V  V,,=6.7V

r,=20, I, or I, =0.2mA

I =10mA, 1, =0~5mA

Z max
R =0.32kQ
R, =0.615kQ

27



Ex: . Vomax _Vomin
Given zener diode V7= 7.5V at I,1= 20mA (d) percent regulation = Vv
,=10Q, lzmn=5MA, V, =20+5V o(nominal)
I.=0~15mA - AVomax <100 %

o(nom)
(@) Ry =7

(b) Vo‘at Rmax :?

) AV

omax

=7
(dueto Vs b, I, b)‘at Romc 2.3.1: Clipping circuit (# ;& & /%) or

Clipper or limiting circuit

= #-output A A5 4] A K - BEL P RUT

SR B

28



=5
R1s
=5
T

R
/NV\
/N
+
N R
Vo F . = T 0.7 = Vv
VTC vic
A VO
0.7 +
0.7 Vi
. Vo ik 3
R
/N
# § (double limiting clipper)
R
MA +
- D, S D, Z= Vo
VA VI _
. VTC

Vo

29



Vo ik 7

&3
R
——

/5\/\ ——
| " JZ J_ 2 x 2 =4faes
D
VB?O | I:>'|'Vr
VTC TE
AVO R
WAVAYAN

5.7 b, D£+

5.7 v, Ve T
(VB + Vr)
VTC
V
(1) V| :0 DOff VO :Vl A 0

(2 Vi<0 Dy V,=V, /<A
(3) V| :VB +Vr D, Vo=V,

off ->ON

4) V,>V,+V, D, V,=V;+V, (Ve—Vi)

VI =0 DON V0 :VB _Vr
V, <0 D, V,=V;-V

VO ?ﬁv Il} VI = VB —Vr DON off
VI >\/B _Vr Doff \V/ =VI

o

30



Vo i3

31

TR
R
1 o1
[0}

VBl-l- V|32—_-—
VTC
Vo ik 3
Ci =S

\V:) R
T ML

Vi=0 Don Vo=0
Vi<0 Do Vo=0
Vi=VB Don — off
V1>VB Doff Vo=-VB+ Vi



VTC
Vo 4 .
E ">Vo=VI-VB
Vi
Vo ik Ve
V 4
)
| Ivl '\v:t
VB
T =

Same as above

32

Vi=0 Doff Vo=VB+VIi=VB
Vi>0 Doff Vo=VB+ VI
V1=-VB Doff — on

V1<-VB Don Vo=0

VTC
Vo 4
/—>Vo =Vi+ Ve
y
-VB Vi
Vo 435
V A

v



Peak Detector

2.3.2: Clamping circuit (- T #)
or clamper

G

Vo &7
V 4

33




=3
Jfg’\

Vo #4;

Don p Ve max = Vp—VB
TAFHTE
= Vo=-VCc+ Vi

=-(Vp — VB)+Vi
Vi=Vp Vo=Vs
Vi=-Vp Vo=-2Vp+ Vs

34



2.4.2: Logic circuit

V

A @A—N—
VB

B o—u—

Vc
C D Y
jR

Y = A+B+C (OR gate)

Vy

A — K—
Bo n oY
c —K—

Y =A « B« C (AND gate)

2.4.1: Multiple-diode circuit

35

Assume D1, D2 % ideal diode, 11, I2, VB ="?
D1, D2 72 {ON,ffu{OFF, 47w s

ON — short

OFF — open

f3i B
@ i3k Diode < state
ON — short
OFF — open
@ ERER D, KRB
® HEFFEATHELR
if Bk ON £% Ip > 0,Vp > 0+
z5%;
otherwise :x3k = OFF;
if B3x OFF £73 Io = 0,Vp<0 e
*;
otherwise :x% 7 ON;
@ B3R E- O

Sol:
Assume D1, D2 #2 % ON
D1, D2 => short

10V
R2=10K
1 |
= Vs )12
VB
I %R1:5K
10V

Ve=0

I1 =[0-(-10)]/5K = 2mA
I2 = (10-0)/10K = 1mA
I3=11—12=1mA

D1, D2 ch3 sids >0, %



Ex

-10V

10V
R>=5K

5.1: Field-Effect Transistors (FETS)
BT o il
MOSFETSs (Metal-Oxide-Semiconductor)

MOS: 4 i %
FET: 4 iz* ﬁﬁ%‘]rﬁ %

o
p > semiconductor
substrate( £ /%)
@
ZzzzzzzZ777 >0xide (Si02)
P
®
> metal (Al)
Coozraaao
P
@
etching (4 %1)
mSSSS 5
P
®

i i

36 5 1 32



How does MOSFET work?

“electron inversion layer” (% + ~ #& &) orn

- +V channel (i i¢)
+V

+ LSS5

P
np-eeeel .

>
+
>

A N .tV
J_ N %
— ON OFF
+Vﬁ N u
. 1 N channel MOS (NMOS)
OFF ON =
-\t
-V
|
" | 1 55
E +V oxide (insulator) pfl_hhhh 0’
=0 N
n* *
0 n “hole inversion layer” (% ik ~ #& & ) orp
channel
P channel MOS (PMOQOS)

37



_Kmlcmr body)

Terminal ¢ &

© . Gate
Source (W &) Drain
® I(% &) (- 1&)
©)
Substrate or
Body (A& /%)
Vs e 4

NMOS, Vps >0 (#-% = 42 1} %)
PMOS, Vps < 0 (#-% i 4211 %)

S % & carrier

nmos SH iEe
pmos s Eh'
B gl

NMOS B #:(-)
PMOS B #:(+)
Vs >0 for nmos % & #& & 2 =

38

enhancement mode

nmos {
pMOos {

enhancement mode:
“k4e gate & &, channel &) =

depletion mode
enhancement mode

depletion mode

depletion mode:
Wi e A5 4 ¢k e gate TR,z % channel &
R



Enhancement n-type MOSFET
(Enhancement NMOS)

G

LSS | 55

+_eeee._] n*

.

W)

Gate T /& : O f E¥HO< ] &4
1 & A 4 channel
VTN =Ves & 17 channel k)43 & #

'Y T
NMos (Threshold Voltage F&7 7 /&)

Vin=? 1,2,0or3V
FEBVIN= | hTF &

@ tox (Oxide thickness)

@ eox (Oxide permittivity)

(® Na in substrate

EO)(

0X

Cox (H = ﬁ—rﬁg ;L% %)

[Cox] = F/cm?

MOS Symbol

39



® Ves<VwN iy =0, iy =0
cutoff (& it %)

®
Iy

D
e
S

@ Ves = VN 7 i if & 2
£ %4 Vbs € 5 T
-V & & @ Vbs {%-]
=7 =2 ji. =?

R Is

V:iVes=? Vps=?

=f (Ves, Vbs)
=f((Ves —VN), VDs)

Vetri = Vs — VTN
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® Vbs 11 Vbs = Ves - VTN

- -

pinched-off (% 1+)

. W
b = 14,Cy I(VGS Vi WVos

V W
s = 2 =1 / 1,Co —Vgs —Vin)
Iy L
ﬂnCOX = Kn'

. ' W 1
b = K, I[(VGS ~Vi Wos _EVDZS]
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. ' W 1
b = K, I[(VGS ~Viu WVos _EVDZS]

1

w
= E/uncox I[Z(VGS Vi Wos _VDZS]

= K,[2(Vas —Vin Vos _VDzs]

K, = % ynCOX% (conduction parameter)
MOS 1 i¥ % triode region (= #&4%8 %) or

non-saturation region
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© Vbs = Ves - VIN



ip = x5, (Vas _VTN)Z

MOS 1 i¥ { saturation region (4# f= %)
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Summary

D +
G I'V *ﬁ"l‘i
+a—| Vos | |
VGS_ S iD Vs Vs

® Ves <Vt  Q: cutoff
ipb = iy = iy =0

ID
@ triode
@ Ves=VIN Q: conducting {
® sat.

® Vbs = Ves — V1IN

o = K,[2(Vas —Vin)Vos _VDzs]



® Vbs = Vs — V1IN Ex:
enhancement nmos Vy = 1.2V, Vgs = 2V

,un:500Cm2/V oS, ¢ =

0ox

(3.9)(8.85%x107)F/cm
t =450A, W=100um, L=7um i,

) when (a) Vbs = 0.4V (b) Vbs = 1V (¢)Vbs =
b = Kn(\/GS _VTN)Z @ (®) ©

5V
Sol:
1 w

Kk = —uC — =

n 21Lln [0):¢ L
1 (3.9)(8.85x107**) 100 _
~.500- — - =
2 450x10™" x10 7
0.274mA/V 2

(@) Vbps =0.4 < (2-1.2) = 0.8V, at triode region

I

ip at sat. region =0.132mA
(b) Vos = 1> 0.8, at sat region

b=

: > \Ves =0.175mA
VTN VTN+2
VIN#L  VTN43 (c) Vbs =5>0.8, at sat region
i =0.175mA
EX:
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i,

OV

Output resistance 1, = (—2-)"|ves - cons

E LB CR BV = C ]

Early Effect (= = »2 /&) or .
r,=[Ax -V -
Channel length modulation o =[x, (Vs V)]
gt RAR)
EXx:

nmos enhancement device, Vtn = 0.8V
K, = 0.1mA/V?,Ves=25V, 2=0.02v7"

Vos=2V, & iy 2 1

ip= &, (Ves —Viy )2 1+ AVps)

A = i V, = Early voltage
VA
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Subthreshold conduction (= §@ 2 i)

3.  Oxide breakdown

Breakdown

1. pnjunction breakdown

Body Effect (7 % »< J&)
Vse£0 B2 Vinz < /]

2. punch-through
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Ex:

1
V=1V, y=0.35V2, 4, =0.35V
FVvat (@)Vse =0V (b)Vse = 1V

VIN=VTno + y [\/Z(pf +Vgs —\Il'2¢f ]

Reason:
B R AT

T1, ipl

Negative feedback ( # w 4%)

I-V characteristics for other types of MOS

enhancement
nMos {

depletion

enhancement
pmos {

depletion
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“enmos”
n channel Vy (5 § +
D + =
G Uiy channel)
+“—| Vos  =>Vn(+)
Ves — Vps(#s i i PR F %
— S N4, i AR F )
=>Vps(+)
A= 1 (+)
VA

- Ves < V1, cutoff, i,=0
Vs > VTN, conducting
(OVbs = Ves-VTN (triode region)

o = x,[2(Vas —Vin Vos _VDSZ]

@Vps=Ves-Vn (sat. region)

ip = x5, (Vs _VTN)2(1+ﬂVDS)

“dnmos”

Ves =0 pF, 2 5 channel
F &, VIN & & channel

Vi
o TG T R ST R (Vo)
=>Vgs & 4u(-) e, %
S n channel e 4% 4_

=>Vn(—)
=>Vos(+)(31 £ +)

=>1=- ()

A
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/VGS<VTN, cutoff, (/o % e channel i %
1)i, =0
Ves>V1N, conducting, (Ves 7 (+)7 (—))

@ Vbs=Vaes— V1N (triode region)
ip = K,[2(Ves —Von Vos _VDSZ]

(@ Vbs=Vas-VTN (sat. region)

= x5, (Vs —Viy )2 L+ AVps)

. P

Ves =0, i, # Ipss

Ex:



Ex:

D p channel Vte(s & i 25 =
Mg channel)

G—| ’_i =>V1r(—)
ﬁ Vos(#= channel » 7% ¥
S s i ke
v )
=>Vbs(—)
1
=> /1 = —(—
v (—)

A

[ Ves > VP cutoff, i, =0
(%59 4)
Vs < V7p, conducting

@ Vbs=Ves-V1p (triode region) “dpmos”

) Pchannel 3 & F Ves 4t
b = Kp[Z(VGS —Vip Vos _VDSZ] Fo

5 ()57 AR A
i =>V1p(+)
c ° =>Vos(—) (4= F i
4)
S 1
_>/1:\/—(_)

A

[ Ves>V F 3 e channel 3 £ 7 ,i; =0,
@ Vbs=Ves—VTr (sat. region) cutoff

\ i = x, (Vg —Vep ) L+ AV ) Ves<VTp, conducting - -
p @ Vos=Ves-Vrp (triode region)

i, = Kp[z(\/GS —Vip Vos _VDSZ]
@ Vbs=Ves—Vp (sat. region)

\_ ip = x,(Vas —Vip)* (L+ AVpe)
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Summary

= f6 mos, iy >N EpkE, L4
3%, NMOos f= pmos #p ~
@ cutoff 2 conducting 4p ¥

Ves \VA =" I

<
(@ triode ¥ sat region 4p &
>
Vs < (Ves-VT)2 B %

Ex:

IDss1

IDss2

L2850

VN2 VTP [ VTP2 VTNL
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MOS DC Analysis

Ex1:
VoD =10V eNMoS
Ro i =0.4mA # Ro=?
/ o Given Vn=2V
L k' =20uAINV?

W =100 zm, L = 10 um
A =0

Sol:



Ex2: Ex3:

enmos enmos
Vop=5 | =0.4mA, Vo=1 > Vp=0.1V, * Ro
¢RD 4. Rp=? Rs=? | Rb GivenVin =1
b o °
Given VTN = 2V, 0.1v _ A
ﬁ Vo k,=0. @K/z

r_ ,UA
- Rs K =20 42

L =10 um, W = 400 um

Vss=-5
A =0 Sol:
Sol:

Ex4:

VvDD=10V ~ 4o x ﬁ%’

oM Rosek  (F-1#75 TR, Tix
V1 Given Vv = 1V
D
VG o B A
K, =0. @K/z
10M Rs-6K L -0

Sol:
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Ex5:

epmos
*o Given Ve = -1V
RGlg x, =05,
—| Vp=3 4 =0
I
R<32g Ro
L

(@) design Ra1, Raz2, Rp such that Q at sat.
region, and Io = 0.5mA, Vb = 3V

(b) # Q #_ sat. region 7 Romax = ?

Sol:



Ex6: Ex7:

enmos dnmos
*5 i VN =0.8V _ . ,
Given VN =0.8 VDD =5 given «' = 20/1%2
Ro K 8045, Ro
VD:2.5 v \/D VTN =-1V
F WI/L = 3, design Rp E A =0
— NV such that 10=250 A - (@) & WI/L=? such that
Vb = 2.5V. What’s - I0=100 A at sat.
=5 Vs=7? (b) Ro range? in (a)

Sol:
Sol:
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Ex8:
dnmos
10V i —05MA
given x, =0.5 K/Z

l Ip
Vi =-1V

J R such that

Vs=9.9
i Vs =9.9V

Sol:
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Ex9:

Ip |
_|

VDD =5V
Rp=20k
Vo

enmos

Kn=0.m%2

Vn=0.8V
F Vo, o if
@ W=

(b) Vi=



Ex10: Ex11:

VTN =VTNne = 1V V1N = -2V
k. =10 “'y AVpp=5y VN2 =1V
nl V2 IUA
AL =104,
Kn2 ZSOﬂ%z J Ib1
i ! Ip2 Vo k., =50”72
]‘\ Vo, lp1 if Vﬂ% n V
B (8) Vi =5V 1My vo&lbif
(b) Vi=15V () Vi =5V
()Vi=0 (b) Vi=0
Sol:

Sol:
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Ex12:
VDD=5
J\i Ip1
Vv \ M1
' Vo
) Ip2
M2
Sol:

K, =K, =1m%2

Vin=1V Vir=-1V

FVo % Iptif
@Vvi=0
(b) Vi=5V

Complementary MOS (CMOS)
CMOS logic gate design

VDD

)

pmos network

nmos network

CMOS inverter
V1 = high, nmos ON, pmos OFF, Vo = low

{

56

Vo

V1 = low, nmos OFF, pmos ON, Vo = high

NOR gate

VDD

(S

T|
-
—

> g

V,=A+B



NAND gate
VDD
2\

P

LI

Example:

Sol:

1. (n-network): Invert F to derive n-network

(F=A.B+C D)

2. (n-network): Make connections of
transistors:

AND < Series connection
OR < Parallel connection

3. (p-network): Expand F to derive p-network
(F=AB+CD=AB-CD= (A+B)-(C+D))

each input is inverted

4. (p-network): Make connections of
transistors (same as step 2)

5. Connect the n-network to GND (typically,
0V) and the p-network to VDD (5V, 3.3V, or

2.5V, etc)

V,=AeB
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P oaae M
a r) -
o) |
ﬁ '.'l||
=R [ = el
2 T H1E”
8 I 25 21 o _|
2 g g -:
E o o &
m
» =} =
I
=
2.
=9
[a]
T T
2 s 0 =
o g
8 ! o
= N - 1
g
(=N
B
= o
o 4]
)
T
I o 2
E L o vl
o
+
Sl w o > 2
- 1 1 5 el
1
-t
(=]
(=W

a
=
a4
4

(ap+4v)



Ex:
Implement F=A-B+C-(D+E)by CMOS
logic.

Sol:
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