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&« MOS Transistor Symbols
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MOS Structure
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MOS Structure
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NMOS Operating Regions (I,

)

e Cutoff
Vgs < Vih

o cheunel

(0\1%“:0‘0 wmede

. Linear_‘.‘r;‘,de

Vqs ? \ﬁ'h

0. |V

V=0 . Vg

p-type body
b
Y

DISUSISS /7 //7 / /7 |G

p-type Em':li '

EE3230

b
%
1v

g Vgs > Vga > Vi
e NN\ “TgjIds 0.4V

B I'I+ |

p-type body

-

b
L oY

D e

i ...::U{Vdsf‘vga'vt

Cutoff;
No Channel
lys =0

Linear:
Channel Formed
l4s Increases with V



NMOS Operating Regions (lil)
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MOS Channel Charge
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Ideal I-V Equations
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Ideal I-V Characteristics
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Nonideal |-V Effects

Channel length modulation at high V. A\, depletion of
S/D AN, effective L -7 |4 increase AN.

* Body effect threshold voltage Vth influenced by Vbs
(body-to-source voltage).

Velocity saturation at high vV, A, the carrier velocity is no
longer proportional to lateral field. 1, decrease V.

Mobility degradation at high V,, A, the carrier scatter more
and mobility decreases. |, decrease V. B

- D_ ftorn- o‘ﬁ:
* Subthreshold conguctl n Vgs < Vith, Ids is expone&alk\/ { /
dropoff instead of abruptly becoming zero v Au
. p/ls——.g ] . . LL %_) \__—-)
* Drain/source leakage reverse diode junction leakage

* Non-zero gate current Ig carriers tunneling effect
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Channel Length Modulation

* Effective channel length
reduced due to high V4,

|
\
rq:—
\
|

SR o L N A

* |-V equation at saturation region:

— N empirical parameter

V-V
lds=/>’( ”“2 ) (1+4V,),A=1"/L

 With shorter L\, A A\, resulting in output resistance
@, MOSFET intrinsic gain *

mio
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Body Effect

* Threshold voltage \{th increased with positive V,
* Vg, <0 > Vth VY, OFF leakage A\ (design trade-off)

N

V, =V, + 7120, +V,, —20,], ¢, =20, In =2

l

vo0D

Vio: threshold voltage for V,, =0

d)f process-dependent parameter-‘ ‘
I Soffor ol from bod effect [ i
—L. < L N \/L _{%_J

o 2gN ,&.
y=—"2qN,&,; = QC = \ = P-Snb
"‘ é;ox 0X

el
y: body-effect coefficient (process-depedent)Pmos E/f Nwerl
N,: doping concentration of p-substrate ;lv:( 839) Sonrel
&: permittivity of silicon = 11.7 ¢,

Vs
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Velocity Saturation

e Carrier velocity nonlinearly proportional to lateral
electrical field before velocity saturation

v=pE,(
v : carrier velocity
4 : mobility
E

lat

ESGI = USCII‘//LI

1+ E

lat

/E.)

=V, /L :lateral electrical field

* |4 will saturate to velocity saturation,
depending on channel length L and applied V
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o-power Law Model

* Piecewise linear model to illustrate MOSFET’s I-V
characteristic with velocity saturation

Simulated
0 Vg; < V, cutoff A a-power law
’ s

% 800 - Ve =1.0

ds . __s

I g = 7 Idsar V Vds < Va’sat linear - =

dsat 600 A i 2l v —os

saturation gs = Y-

- Idsat Va’s > Vdsat —

400 - e
p 5: ') al2 - V.. =06
— I~ _ _ . gs
Idsat - PC 2 (VgS ‘/t 2 Vdsat _ PU (Vgs ‘/l‘) 200 e
/2 ’ Vo704
Empirical parameters: P, P, « e e — ' Vs

¢’ v 0 02 04 06 08 1

—> G deqreaatt?n
* Because y, < u,, PMOS experiences less velocity

saturation than NMOS 2 a > a,

* Mobility degradation is modeled by a p+ < 1, and it can
be included in to the parameter a
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Subthreshold Conduction

* Leakage current at subthreshold region

— V, <Vy,: weak inversion

Vgs - Vf

I,=1,.e""

ds ds0

1,0 ﬂuzel 8

* ly,=0whenV,=0

_Vds
l—e ™

Ids
(A/um)

— Increase exponentially with V,
* Drain-induced barrier lowering (DIBL)

— Vy, will reduce with positive V4

10m -
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100n -
__________ , ,
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n 4_ 7
100p |
10p -
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— Worsens leakage at subthreshold
— Like channel-length modulation at active mode
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loff =27 nAUM / /1 gubthreshold Slope
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Junction Leakage

N

7]
b

A

- J
R

p-substrate

* S/D junction leakage from a reverse-biased diode

ID—IS(

Vb
e’ —1

J

* Junction leakage used to be the limitation for storage
time. In modern processes, subthreshold leakage
becomes dominant
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Tunneling Effect

109 1
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Vbp

* Gate leakage: from carriers’ tunneling through gate oxide.
Exponentially inversely proportional to gate oxide thickness.

* High-k (dielectric constant) gate insulator used
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Temperature Dependence

* T AN IOFF A\ ION

* Circuit performance improve with T\¢: subthreshold
leakage W, saturation velocity AN, mobility A,
junction capacitance WV, but breakdown voltage .

V,(1)=V,(T,)~k, (T-T)

lon (MA)
800 ~
780
Ids
///,/,/fi”' Increasing 760 - i ]
Temperature
740
720

0 20 40 60 80 100 120
Temperature (C)
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Geometry Dependence

Source (S) Gate (G) Drain (D)
0 C )

Oxide (SiO2)
(thickness = 1)

Oxide (Si0,)

e Effective channel length and width

L.=L,..+X, —2L, X,, X, :Poly over-etch
W =W, m+ Xy —2W,  L,,W, :Source-drian lateral diffusion

* Use identical and same arientation for MOSFETSs for
good matching — EX: differential pair, current mirror
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CMOS Inverter DC Characteristics ()

qj pPun
. -
EMY(uthT!\m FT PN
f - Vin = \/in
Cutoff Linear Saturated
nMOS Ven < Vg Vorn> Vi Vo > Vi
f",.-"_”: < ;}' n | fj"i.’i > E’ | £F| > £’FI
Vafm < lTgm o Vm Vafm > ng o Vm
| E{_,;”!: c:: L’:ir‘ {f-frJ E“,\ _',:' L’:i]‘ E'}I?
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4 | > Vi E'rl.f_'_uf ; in - [/ =+ I';f?f: I;:'-;.'E < E.":,'J‘ 1 E;,‘ D
Vap > Vesp = Vip Vap < Vep = Vip
/ ut = i;riri. i"; i-'m‘; < E;'r it’f*
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CMOS Inverter DC Characteristics (ll)

* Iy Vs. V4 for NMOS and PMOS Vov
e PMOS I-V as load-line for NMOST

Vouv
e Ven —|
Ot a

O -

v;n: 0‘3‘/09

Vin=0-5V0D

\/\\\SO‘ZVﬂv

DD
out
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CMOS Inverter DC Characteristics (ll)

* Iy Vs. V4 for NMOS and PMOS

Vo ?

—VoYy

* PMOS I-V as load-line for NMOS | ® v —of
Voo |ur+ ]

IldsplT

vw=0.2Voy

(::) \,}xl=:(’c51Vﬂ'_‘

© Vo Bveo

|

)

out
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DD
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CMOS Inverter DC Characteristics (1V)

e 1, vs. Vy for NMOS and PMOS #34 KOL
e PMOS I-V as load-line for NMOQOS [’d

—

@* P. N th s‘arum'r!)n
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_\\\\ f‘
- o.5Vop o \\ 0.$Vev
1o e~
vinsBae T\\\ T otf
Ja ) NN p N MO5
‘l‘ "‘\\N\ Vie 1215 6(9",9 Turaon
g Vo0 — 0.2VvV0Y "o 3
i @ , Ve 1B
Vin f?(’l V Voo S
— Pvos Twrdde
P M5 twen oy —5 vaaqE 1B NMoS Trbde
{‘?‘L&-rvm on

EE3230 27



CMOS Inverter DC Characteristics (V)

* Vin_V

DC transfer curve ¢ V, -l DC transfer curve

out IN
* Rail-to-rail operation * Dynamic power
dissipation
,ﬂ\]‘,o
VDDO ' . ' L~ d(qnlwnaw"'
A B | -
Swirominy
VOut ; IDD
EC
. Tdc @ Ia=o
o no STUTIL Owt.
<~ | E
0 | 1 . Vil’l w '
Vin Vpp/2 Voo Voo

Vop—| Vil "
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DC Response

* DCresponse: V_, vs.V, foragate

* EX:inverter Viss
_ Vin =02 Vout = VDD %E‘T |d5p
- Vin = VDD 2 Vout =0 Virt _‘ out
__,D.MV_QQD; VOUt depends on Eyl Idsn

ransistor sizes and currents
— B ust settle such that I, = |14, |
— We could solve equations
— Graphical solution gives more insight
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Transistor Operating Regions

P C chmacTmstins

NMOS PMOS
A wt o€ s
B S0t ﬁoﬂ (Vneav
¢ Sev St
D (inen sat $3 on
E [(h e i wi ot
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Beta Ratio Effect

* [ ratio and parameters

B, =u,C,.(W/L)
B,=ucC, (W/L)
pratio=p, /B,

0

Vin
* Bratio =1 > largest noise margin

— M, > W, choose (W/L), > (W/L), to make B ratio = 1
* Bratio > 1 -2 Hl-skewed inverter, switching threshold
> 0.5V,

* Bratio <1 2> LO-skewed inverter, switching
threshold < 0.5 V,
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Noise Margin (l)

 The allowable noise voltage on the input that the
output won’t be corrupted

NM, =V, -V,

NMy, =Voy —Viy

V,, = minimum HIGH input voltage
V,, = maximum LOW input voltage
V,,; = minimum HIGH output voltage

V,, = maximum LOW output voltage

Oy in saturation
0k QI,. in triode rcgir_l?

)y off |
QO A Slope = —1

Vou = Vpnd

Voo y
(22 1) b ———

i QN and Qp
in saturation

(p in saturation
_____  Slope = —1 Qy in triode region

EE3230
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Noise Margin (ll)

* Indeterminate region (forbidden zone)
-V, <V.<V,> Voutfun-known logic level

R

Output Characteristics =

Input Characteristics

Vbp
Logical High 4 I P
Output Range v Vo ... ___ | Oglf?? ig
iNMH nput Range
VIH| Indeterminate ,y
vy [ Regot
. jﬂM'— Logical Low
Logical Low I VoL Input Range
Output Range 4

GND

EE3230
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Beta Ratio and Noise Margin

* Bratio>1 wrve 1157
— Switching threshold > Vo,
— VIH A NMH ¥ - Unity Gain Points
bD Slope = -1
— VIL AN NML A A T
* B ratio< 1 Bo/Br > 1
— Switching threshold < 0.5V, y {{{ .
— VIH W NMH A e
— VIL VY NML WV
. . ! Mg e Vv
* Noise tend to scale with Vg o T W
Vin ViL Vig DD~ VDD
— As VDD ¥ o Lo

smaller NM is acceptable

EE3230
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Ratioed Inverter Transfer Function (l)

e NMOS inverters with resistive or constant current-

source load T @
— Transfer function depends on the ratio of pull-dowp to the
pull-up transistor (static load) F %

L
T

Ep—
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Ratioed Inverter Transfer Function (ll)

e NMOS inverters with turn-ON PMOS as load

— Turn-ON PMOS is made by a depletion Ll
mode NMOS in pure NMOS process \;{Erwz

— Dissipating static power when V_ , = LOW '“’*‘luv

— Poor NM but smaller area y [16/2
and input capacitance loading i

v

Iy (LA)

I_._ (uA)
1000 (5] I —— 500 I — ———
| - P =24
.II b .
800 o — .._..._-—11_8 1.5 '. \ 400 !
; - | I [
- | 121 |
600 15 4 * p=254 300 14 '
L. __'II..'_ _.—~‘j‘_: _ 54 V-ﬁ lel 0.9 ] : : \ | I
a0{ // 12 , ' | 200 { / '
P =W W 0.6 \ . '
2001 [/ 09 i | i | 100 o
|‘ e —— Sy A 10.6 — i i i ,,/ i
pa— . : = | 0 : —— . 0 ——0u < - ) |
0 03 06 09 12 15 1.8 0 03 06 09 12 15 18 0 03 06 09 12 15 18
(b) Vv (c) (d) v
out Vv _ n
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Pass Transistor DC Characteristics

* DuetoV,
vee NMOS cannot pass “1”

o — PMOS cannot pass “0”
— Need to consider body effect

Von

f'_,l — V9
H v!![,l "

S
- L

with small Vi,

* ON-resistance depends on V.,
— Need to boost gate voltage

Vln _D_vot —
Resh‘l;\"“ v

0.4V T}L
‘R /| I
11'. : Rn ,"‘r ‘:

R A T ‘1..‘ s -/,'
> _RIR,

B G
0
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e

Tri-state Inverter

—>

WUl oRey [ TVK)
* [nverter + transmission gate
Lr|

— Approximately half the speed of CMQOS inverter for the
same n and p device sizes

— The structure in (d) suffer from A’s toggling in trlstateT
— Need to consider body effect

g "’D o—" 'TV 1-STate [pverTev .(i

i

.
[e %i
&
A
" ¢

(a) (b) (c) (d) node mnrl?-1
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PClump. Cq (AVer S0 M

f-—w-wt C-V Characteristics

. aﬁ‘e capﬂamta nce: with advanced technology, t,, WV, L ¥,
C keeps constant

permlcron

k tﬂllﬂ NN _':._-\_\.:‘..-"' Y by
g Source T —F
C _ C L — Cox L’tg -
permicron ox t p-type Body
ox .
BOdy Si0O., Gate Oxide
(Good insulator, = 3.9:)

* Parasitic capamtance C4, and C,, from reverse-biased p-n
junction and proportional to S/D area

Drain2 .
Gate2  ANNNN\N\ .
rain ource 7z |
Source2 . { \\\“ ! .
Drain1 Isolated / 9 Shared \\\\\\
5 | .|| Diffusion 62 [ M. | Diffusion 31 Merged
+ I v | I | v Diffusion

Gate1

Source1
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MOS Gate Capacitance Model

* Gate capacitance: vary with channel behavior at different
operation regions

oldtesm. 2§ F/ MM Parameter [ Cutoff

C <C 1 0 0
avnnced fesn” 15 F/um 5£i o0 0 Cy/2 213 C,
C,=C WL I e | 2 (6)
-— s 0 Cy/2 0
Width | C,=Cy+ Cyt Cy Co Co 2/3 G,

¢ S/D overlap capacitance: Cgs(overlap) and Cgd(overlap) from

S/D lateral diffusion _
M'ﬁ F’ Source  Gate Drain
R

C C

Cgs(overiap) T C gsor W\ Hh* &\\\V «-f”'
4§ B um o | L n+ J

gd(overlap) -5 ngof
EE3230 < a1



C.. vs. V, and V

* G, vs. Vo * G, vs. Vs

By Cgs 3 Co
2
e
gd
0 - Vas
0 1 Vdsat
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Gate Capacitance vs V,

* Long-channel device:
C,q becomes ~0 at saturation

Tn\b ae ¢ ‘;

IR

08 -~

nen)

 Short-channel device:
more C ) and C
factor

gd(overlap

G aterntion

08

06 1

04 -

02 -

0.0

3
Vds (volts)

N

Vs (volts)

ovanlep

gs(overlap)

(‘nrnmt‘l&hu
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Data-Dependent Gate Capacitance

Case 1 _/_—H:%

R
Case 2 _/_—H: 4 C,/Cq
] =l
Case 3 _[‘_H: ; 1.3 s Case 1
1 1.1 —+— Case?2
Case 4 _/_4“: , 1.0 —— Case 3
1 80 —+— Case4d
Case 5 _f'_—H: ; T
1 42 | cases
S I_H:_/_ 31 —+ C:EZB
o 1
Cani.7 _/,r—_“:_/_ 13 _.__ Case 7
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Effective Resistance R

* R: effective resistance of unit NMOS (W, .. and L
— Unit PMOS has 2R (or 3R) due to lower mobility

min)

Las — Inlinear region, inversely proportional to W/L and Ve
T Ugs = Voo
-1
R{@L) 1 1
irneon anS ﬁ( — ,UC W !V V '
v —» U4s Vop

e (: gate capacitance of unit transistor (NMOS and
PMOS)

— Proportional to gate area W*L

* C:S/D junction capacitance of unit transistor
— Proportional to gate width W
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RC Circuit Model

* NMOS of k times unit width has resistance of R/k,
gate capacitance of kC, and S/D capacitance of kC

— NMOS parasitic capacitance referenced to GND (p-sub)

 PMOS of k times unit width has resistance of 2R/k,
gate capacitance of kC, and S/D capacitance of kC

— PMOS parasitic capacitance referenced to V, (n-well)

d " .]:

NMO> J - C rMos - T kC
3 T fl % T TQR!}(
d

S

P, }e
s ¥ |
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Inverter Propagation Delay ”Q‘/u{c

EC delay —

* Fanout-of-1 inverter

— Choose PMOS width to be 2x~3x of NMOS width Vie1(6 )= ver

— t = R(6C) = 6RC — 1
1

Izo (H) - -]:_
. th(5)= Voo ﬂ‘
‘ l o Cavp -
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R of Transmission Gate

Pass f"ahs;"ﬁ'l

e Parallel combination of NMOS and PMQOS

— Depend on signal to pass

— PMOS pass 0 weakly with larger resistance 4R

— NMOS pass 1 weakly with larger resistance 2R

— Usually the same size for NMOS and PMOS

— Increase size > R W C AN > need to check the trade-off
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