CHAPTER 3

MQOS Transistor Theory
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Introduction

 MOS Transistor symbols

— nMOS symbols —H: {E _H:

— pMOS symbols —CH: 4E —C{E
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MQOS Structure

— Accumulation Mode

— Depletion Mode

— Inversion Mode
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Polysilicon Gate
Silicon Dioxide Insulator

p-type Body

Depletion Region

Inversion Region
Depletion Region
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NMOQOS Operation Regions

* Cutoff
— Vg <V, :no channel oG
* Linear

Channel Formed
l4s Increases with Ve

— Vgs >V, ng >V, :
linear resistor

* Saturation
- VgS > Vt’ ng < Vt .
channel pinchoff

Saturation:
Channel Pinched Off
l4s Independent of V
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MOS Channel Charge

3- 7
Gate
e
Source @\\\KV \\\\ Drain
| Ve G ¢
Na s channel = Vy
LU \vds/ sl L toxl\\\\\’
p-type Body | N L
n+ n+
v
p-type Body

Average gate to channel potential:

Vo= (Vg + V)2 =V  ~V, /2

SiO, Gate Oxide
+
gc gs gd

(Good insulator, g = 3.9¢)

Qchannel = Cg (Vgc _Vt ) = Cg (V _%Vds _Vt)

gs

C, = &, WL/t,, = C WL

v=uE,E=V_IL,I, = Qoo 1 =%

t channel
channel
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ldeal |-V Equations

Qo =COXW|—(Vgs ~1v, —Vt) * |deal I-V equation
o
:
% B ,uLE B ,ul\_/ds » = HC,, Wf(vgs -Vi _\%jvds
B 0 V,, <V, cutoff

IB(Vgs =V, =V / 2)Vols V, <Vdsat( Vi —Vt) linear

g(vgs Vi )2 Vs > Vi (:Vgs _Vt) saturation
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ldeal I-V Characteristics

3-9
Vds
: Ji
ic =0 \ 2 -18 -15 -12 -09 -06 -03 O
F — = Ups Vgs = —0.6
UGS _-l-_ ¢ Is = 1p — Vgs= -0.9
IdS (WA) ) Vgs=-1.2 —30
4001
Vgs=-1.5 —-100
300}
Vgs=—1.8 120
200}
= f - L_200
| P sennsncund \ D
100} Eal - e Tl lgs (A)
— - Ups
ig =10 1 iy +
0 . ! i Y
0 0.3 06 0.9 1.2 1.5 1.8
Vds
* nMOS |-V * pMOS |-V
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Nonideal |-V Effects

* Velocity saturation: at high V, A, the carrier velocity is not
proportional to lateral field. | ;. decrease \.

* Mobility degradation: at high V,, A, the carrier scatter more
and mobility decrease. |, decrease \.

* Channel length modulation effect: at high V, A, depletion of
S/D A1, effective L. | . increase A.

* Subthreshold conduction: V,, <V, | is exponentially dropoff
instead of abruptly becoming zero.

* Drain/Source leakage: reverse diode junction leakage.
* Non-zero gate current |: carriers tunneling effect.

* Body effect: threshold voltage V, is influence by V, (body-to-
source voltage).
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Velocity Saturation

Carrier velocity : non-linearly proportional to lateral electrical
field before velocity saturation v

L= IUEIat/(l_l_ Elat/Esat)

v : carrier velocity

L - mobility

E. =V, /L:lateral electrical field
Eg = sat/:u

3E,,

0 E‘Sat 2'E
E
* |4 will saturate due to velocity saturation, it depends on

channel length L and applied V.
_ Qchannel Qchannel

sat

lat

channel L / Usat
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o-Power Law Model

* o-Power Law Model: piece-linear model to illustrate MQOSs |-V
characteristic with velocity saturation.

—

0 V. <V cutoff lys WA) | — Simulated
g5 t 4007 —— o-law
—— Shockl
| Voo V, <V linear =
I ds — | ~dsat \V ds dsat S0 [
dsat . . ///’ V, =18
- Idsat Vds >Vdsat >attration 200} = pp— MMM,M—] vV =15
7, 7 // s gs =
ﬂ o 0[/2 1001 //jj 4
Idsat — C E (VgS _Vt ) ) Vdsat — Pl) (Vgs _Vt ) // £ =

0

Empirical parameters: P.,P , «

* Because of p, < p,, pMOS experience less velocity saturation
than nMOS, therefore a, > a,,

* Mobility degradation is modeled by a p 4+ < 14, and the it can be

included in the parameter a
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Channel Length Modulation

 Effective channel length: is reduced due "

the wider depletion region at high V

f

Triode

* The |-V equation at saturation region with channel length
modulation effect. A’ is the empirical parameter

2
V, -V
|d5=ﬂ( 952 ) (1+ AV, ), A=A/ L

 With shorter L\, A, result in output resistance, then
MOSFET’s intrinsic gain’y
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Body Effect

* The threshold voltage V., is increased by positive V.
* V,<0,V, YN, OFF leakage /1 =>» Design tradeoff

N
Vt :Vto +7/[\/2¢s +Vsb _\/2(03]’ P = ZUT Inn_A

Vi, : the threshold voltage for V=0

¢ : fabrication-process parameter

) /ZqN A y : Body-effect parameter
(fabrication-process parameter)

y =—-420N &, =
E

0X

N, : Doping concentration of p-type substrate

g, : permittivity of silicon=11.7 &,
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Subthreshold Conduction

3- 16
* Leakage current at subthreshold region V,, <V, : weak inversion
Ids
Vo™ Vas Saturation V. =18
| =]. e ™ |[1-pY 1 mA Region )
ds ds0 100 pA 1 SubthreshoV/
10 pA 1 Region
2.18 b |
IdSO:ﬂl)Te. 1OOHAW
10 nA |
* Leakage current =0, when V, A, | olBiTTESsle
: _ > 100pA { Slope i
= 0. It increase exponentially 10 pA | ; | | | |
with V. 0 03 06 09 12 15 18

VgS
* Drain-Induced Barrier Lowering (DIBL) : the V, will be reduced
by a positive V.. It will worse the leakage at subthreshold. It acts

like channel length modulation effect at active mode.

Vt’ = Vt - 77Vds
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Junction Leakage

2 I\ N

N\ 4
p+
n-well

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

Vo
|D=|{evr —1]

* Junction leakage used to be the storage time limitation. In
modern transistor with shorter length, subthreshold leakage
far exceed junction leakage.

p-substrate
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Tunneling

109 -
tOX
106 Vootrend 0.6 nm
0.8 nm
& 10 2 nm
g )
~ 0 - O
$ 10 1.5 nm
10} 19 nm
) 10—3_1
10-6 4
10-°
I 1 I T I 1

0 03 06 09 12 15 1.8

VDD

* Gate leakage: from carriers' tunneling through gate oxide. It is
exponentially reverse proportional to gate oxide.

* Hi-K (dielectric constant) gate insulator is used to reduce it.
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Temperature Dependence

T

r

+ TA ux:u(T)=u(Tr)(l]ky *TA VN V(T) =V (T,) =k (T-T,)

250 -

240 -
230 A
,/ lgs |dsat (“A)
Increasing 220 A
Temperature
210 A
T 1 1 I I I 1
Voo 0 20 40 60 80 100 120
Temperature (C)
T lger Al N T |t

* TN The circuit performance is improved: subthreshold leakage Y,
saturation velocity A2, mobility /1, junction capacitance \. But
breakdown voltage \.
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Geometry Dependence

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

Oxide (SiO2)
(thickness = 1,,)

Metal

Channel I
region

]

p-type substrate
(Body)

Source
region

p-type substrate
(Body)
Channel
region

Body
(B)

Drain region

* Effective channel length and width
L =Ly + X, —2L; X, X, : Poly over-etch

Wy =W, .. + Xy —2W, L, W, :Source-drian lateral diffusion

rawn

* Use identical and same orientation MOSFET to get a good
matching. ex. Current mirror
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C-V Characteristics

* Gate capacitance: with advance technology, t,, N, LN, C o/ icron
keeps constant.

Gate
Cg — CoxWL — CpermicronW /
tox

& Source Drain nt A—
— — _0OX I w1 L n+ I
Cpermicron _ Cox L _ L k
t p-type Body

OX
Body
SiO, Gate Oxide

(Good insulator, & = 3.9¢,)

* Parasitic capacitance: C,, and C_, are from reverse p-n junction

and proportional to S/D area. -
Drain e Source Gate2 7
4 7 o, %
Source2 /
Drain1 5}‘[ 6. 7
W / | EZZ4 31|
Gate1 m
— ———— Source1 / 3 (7
L D = = =
w W

W
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MOQOS Gate Capacitance Model

* @Gate capacitance: it varies with channel behavior at different
operation region

Table2.1 Approximation of intrinsic MOS gate capacitance

Parameter Cutoff Linear Saturation

Co 0 0
C,=C, WL C, Co/2 2/3 Gy

Coa Co/2 0

G, = Cy® Gy % Gy Co 2/3 Gy

« S/D overlap capacitance: C
diffusion, don’t confused with C,; & C_,

gs(overlap gd(overlap

Gate Drain
Cos (o &
m— gs (overlap) sl
Cgs(overlap) T CgsolW . \pl‘_f— ;I_'_"/ gd (overlap)
10 I
ng (overlap) = ngolw -

) are from S/D lateral
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Coe VS, Vo & Vg,

* G, vs. Vo * C,ovs. Vg
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Gate Capacitance vs. V

3- 25
* Long channel device: C_, will * Short channel device: more
becomes near 0 at saturation Cedioverlap) @3N Cogioveriap) faCtor

1.0 1.0

0.8 — 0.8 —
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Data-Dependent Gate Capacitance

6

_1_\_
Case1 _/ —
L
_1—\_
Case?2 _/ — . C,/Co
e
Case3 /[ 0 1.3 -+ Case 1
0 : —
1 1.1 —+— Case?2
Case4 /| — B 1.0 Case 3
| O I
1 80 —+ Case4
Case5 _/ — 1 T
1 B
Case B g 42 1 Caseb
-/ 31 -+ Case6
e 13 T Case 7
Case7 _/ — T
L N
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CMOS Inverter DC Characteristic |

Table2.2 Relationships between voltages for the three regions of
operation of a CMOS inverter
Cutoff Linear Saturated
nMOS Ven < Vn Ven® Ve Veon > Vs
Vi < Vg Vio > Vs Vin > Vi
Vdm < V:qm o V;n Vdm > ng — Vl‘n
Kut < T/in B T/tn V;ut > Vvin - I/tn
pMOS Ver > Vip Ver < Vip Ver < Vip
Vi>Kp+VDD Vin<th+VDD in<V;‘p+VDD
Vdsp a Vgs - th de . I/:gs - th
Vou > Via = Vi Vou < Via = Vi

VLSI Design
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CMOS Inverter DC Characteristic I

9

<

£ o = o
=
—»'
8

<

V out
- . |—( Iy

Ve 0 — \% dsn

\/QSP \/dsn

V .

\/gspS

(@)

* |4 vs. V4 (hNMOS & pMOS) Vint //\:: Ving

Idsn’ |Idspl

* For pMOS, Iy, V,, Vg, Vs, <O Vi \ Vins
* pMOS |-V as load-line of xj %—/ \\k xf

nMOS input device. (b) ° —> Voo
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CMOS Inverter DC Characteristic 11y

*V..—V,, DCtransfer curve * V., — Iyp DC transfer curve

out

* Rail-to-rail operation * Dynamic power dissipation

out E
C !
O | I Vin O o
G d
©) Vin Voo/2 Voo @ Vv Voo
VooVl L
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DC Response

* DCResponse: V_, vs. V. fora gate

out

e Ex: Inverter
—WhenV, =0 > V= Vo

—When V, = Vg, -> V=0
Y

— In between, V, . depends on TD;
. . —9 | .
transistor size and current v ey
— By KCL, must settle such that v dsr

<}_l

Idsn = | Idspl
— We could solve equations

— But graphical solution gives more insight
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Transistor Operation

e Current depends on region of transistor
behavior

* ForwhatV, andV_,
— Cutoff?

— Linear?

are nMOS and pMOS in

— Saturation?
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NMOS Operation

Cutoff Linear Saturated
Vgsn < Vgsn > Vgsn >
V <
dsn Vdsn >
VDD
4
—Q Id
Vln ] P Vout
¢ Idsn
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NMOS Operation

Cutoff Linear Saturated
Vgsn < th Vgsn > th Vgsn > th

Vien <Vien —V
d t —
>N gsh " Vdsn > Vgsn th
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NMOS Operation

Cutoff Linear Saturated
Vgsn < th Vgsn > th Vgsn > th

Vien <Vien —V
d t —
>N gsh " Vdsn > Vgsn th

]DD
Vgsn_vln —0 ¢
V L s V
Vdsn Vout in n out
;Idsn
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NMOS Operation

Cutoff Linear Saturated
Vgsn < th Vgsn > th Vgsn > th
Vin < th Vin > th Vin > th

Vdsn < Vgsn _ th Vdsn > Vgsn _ th
Vout < Vin - th Vout > Vin - th

Vgsn = Vin A
Vdsn Vout in n out
;Idsn
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PMQOS Operation

Cutoff Linear Saturated
Vgsp > Vgsp < Vgsp <
Vdsp > Vdsp <
VDD
4
—| T
Vln | &P Vout
%Idsn
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PMQOS Operation

Cutoff Linear Saturated
Vgsp > th Vgsp < th Vgsp < th

Vdsp > Vgsp _ Vt
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PMQOS Operation

Cutoff Linear Saturated
Vgsp > th Vgsp < th Vgsp < th

Vgsp = Vin - VDD th <0 4 f |
V. 9P v
Vdsp = Vout ~ VDD In | out
¢ Idsn
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PMQOS Operation

Cutoff Linear Saturated
Vgsp > th Vgsp < th Vgsp < th
Vin > VDD + th Vin < VDD + th Vin < VDD + th

Vdsp < Vgsp - th

Vout > Vin - th Vout < Vin - th
\%D
Vasp = Vin = Vop Vip <0 —o f ¥
_ V. ] Py
Vdsp — Vout ~ VDD In | out
¢ Idsn
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|-V Characteristics

* Make pMOS is wider than nMOS such that
Bn =By y

gsn5
| Vgsn4
dsn o
\
gsn3
_\/ds
P Y
vV _VDD 4_ B gsn2
gspl gsnl
Vgsp2 0 VDD
_}
gsps VdSﬂ
V
gsp4 -1 dsp
\/gsp5
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Currentvs. V_,, V.,

out’

in0 S in5

| LI Vin / o Vina
dsn’ I'dsp ~

in2 Ving

< <
[
\
<

in4 inl
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Load Line Analysis

* ForagivenV,:

— Plot |, lysp VS- Vout

Idsp

—V,_, must be where |currents| are equal in
VinO S Vm5
| s “dSplT inl - - "

: ayd V. DD

in2 in3
Vin3 / Vinz Vin ﬁiﬁ dsp Vou
Vin4 k/ N Vinl L{ 57¢ ldsn

> Vv
Vo DD
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Load Line Analysis

Idsn’ IIdsplT

VLSI Design Chih-Cheng Hsieh



Load Line Analysis

* V. =0.2V,,

V.
Idsn’ “dSplT inl
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Load Line Analysis

V.. =0.4V,,

Idsn’ IIdsplT
Vi

n2
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Load Line Analysis

V. =0.6Vp,

Idsn’ IIdsplT

in3
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Load Line Analysis

V. = 0.8V,

V.
Idsn’ “dspl T B — in4
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Load Line Analysis

VinO — Vin5
I b) |I | Inl ///
dsn’ 'dsp

///
in2
Vin3
Vin4 d/
> V
DD
Vout
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Load Line Summary

in0 S in5

| LI Vin / o Vina
dsn’ I'dsp ~

in2 Vi »

Vin3 5

<
<
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DC Transfer Curve

plot

* Transcribe points onto V., vs. V

out

in0 S in5

inl B in4

Vin2 VinS

in3
in4

< <
[

‘
<<
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Operating Regions

* Revisit transistor operating regions

Region nMOS pPMOS Voo
A

B VoutT
C

D

E
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Operating Regions

* Revisit transistor operating regions

Region nMOS pPMOS Voo
A Cutoff Linear

B Saturation | Linear VOUtT
C Saturation | Saturation

D Linear Saturation

E Linear Cutoff
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CMOS Inverter Operation

Table2.3 Summary of CMOS inverter operation

Output

Region | Condition p-device n-device
! 0V, <V, linear cutoff Vo = Vop
B V< Vi < Vo2 linear saturated Vo> Vpp/2
C V.= Vpp/2 saturated | saturated V. drops sharply
D Vop/2 < Viu < Vpp—1|V,,| |saturated | linear V% Vorl2
E Via > Vop = | V3] | cutoff linear V.=0 |
Vpp 1.8
1.51
1.4
Vv 0.9

out

0.6

0.31

0.0

VLSI Design
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Beta Ratio Effect

* [3 parameters and ratio
ﬂp :/upCox (W/L)p

B = 1.Cox (W/L),
pratio= B /B,

B ratio = 1: largest noise margin
— " W, >H,, choose (W/L), > (W/L), to make B ratio =1

* B ratio > 1: Hl-skewed inverter, switching threshold > 0.5V,

« [ ratio < 1: LO-skewed inverter, switching threshold < 0.5V,
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Noise Margin |

* Noise margin definition

Qy in saturation

— The allowable noise voltage wp  Ointiode region
on the input that the output 7o = vou :A : Siope = ~1
wont be corrupted. I | |

Ve | |
NM, =V, -V, (52 +v) _“_I_“T— 5
NM, =V -V R i
H OH IH : :
I

Qp in saturation
Vop _ v) Ll o JE Ve /7 OniicHioHE egicn

V,, = minimum HIGH input voltage * 2

|
I I
: Qp off :
Ip |
| L e

Vo = minimum HIGH output voltage " =% v v § Ve Voo Vow

I
I
V,, = maximum LOW input voltage i

Vo, = maximum LOW output voltage v, = Voo
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Noise Margin |l |

* [Indeterminate region (forbidden zone)

V, <V, <V, :output =unknown logic level

e o

Output Characteristics Input Characteristics
DD
Logical High 4 , .
Output Range v Vou Logical High
ANIVIH Input Range
v
Vin Indeterminate
A Region
_ I NM, Logical Low
Logical Low 4 VoL Input Range
Output Range v
GND
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B Ratio and Noise Margin

e B ratio>1
— Switching threshold > 0.5V,

VOU[
ol nity Gain Points
— V,, ANM, 7 Voo Slope = 1
VOH
* B ratio<1

— Switching threshold < 0.5V,

—Viy, Y NM,, 7 Vn{EVout

— V,, N NM, N
— Noise is scaled with V5 Vo y
0 l I 1 in
— VDD Y\, smaller NM is Vis Vi Vg ‘l(yol‘ Voo
acceptable. p
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Ratioed Inverter Transfer Function |

3- 59

e nMOS inverters with resistive of constant current load

— Transfer function depends on the
ratio of pull-down to the pull-up
transistor (static load).

lgs (HA)
1000

800 |

600
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Ratioed Inverter Transfer Function Il

0

 Pseudo-nMOS inverters with turn-ON pMOS as load

— Turn-ON pMOS is made by a depletion o5
mode nMOS in pure nMOS process. KF{EF’/Z
— Dissipating static power when V_, = LOW dsi__v

— Poor NM but smaller area & input
capacitance loading

Ids(pA)
1000 1.8 RN
\ KX
N s 1.5 h
-
=l \
1.2
N s o
L 4(:;‘:/2; V, Vou 0.9
e 12
- 0.6
s P=14 e .
/’ g e——10.9 0.3 <
— o | B o
P=4 org . e
______________ “N,106 - :
I | | | N 0 ] - = T T I T T I T 1
06 09 12 15 18 © © 03 06 08 12 15 18 S
(]
VOUt ) Vin ( ) Vin
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Pass Transistor DC Characteristic |

- 61

* Threshold drop * ON resistance dependson V.,
— nMOS : can NOT pass “1” — Need to BOOST gate
— pMOS : can NOT pass “0” voltage with small Vi,
— Need to consider BODY V.,

EFFECT. 1
Vi1 FHVour —> Vio—W—V
Vop Voo Voo Voo
VDtD]l'L__VS_VDD Vin VD‘DLI_I % ;L VARRY;
VDD_V’m VDD_Vtn DD "tn
V_= |V, | Voo
e o Voo [
VDD_th
i 'Lﬁ__l_
GND Voo T LV -2V,
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Tristate Inverter

* Inverter + transmission gate

— For the same size n and p devices, it is approximately half
the speed of complementary CMOS inverter.

— The structure in (d) is suffered from A’s toggle in tristate.
— Need to consider BODY EFFECT.

“f ENb “{E ENb _{@F
N N ENb
A - —DY A- Y A oy FY
Iy X )
H %i ~
(a) 57 (b) (c) v
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Effective Resistance R

3- 64

* R: effective resistance of unit nMOS (minimum W & L)
— An pMOS has resistance 2R(or 3R) because of smaller mobility
— Inlinear region, it is inverse proportional to W/L and V,,

R:(alds jlz 1 1L 1
aVds ﬂ (Vgs _Vt) H C:ox W (Vgs _Vt)

e C: gate capacitance of unit transistor (nMOS & pMOS)
— It is proportional to gate area W*L

* C: junction capacitance of S/D of unit transistor
— It is proportional to gate width W

* nMOS of k times unit width has resistance R/k, gate
capacitance kC and S/D capacitance kC.
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RC Circuit Model

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

— nMOS parasitic capacitors are referred to GND (p-body) and
PMOS parasitic capacitors are referred to VDD (n-well)
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Inverter Propagation Delay

* Fanout-of-1 Inverter
— Choose pMOS width size to be x2~x3 of that of nMQOS

t,, =Re(6C)=6RC

Py
l:iNH
O

>
el
HlieH
Py
i | G
< o
<]—C|)|——<—H—4
M-
e
G

<
®
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R of Transmission Gate

e Effective resistance of transmission gate is the parallel
combination of nMOS and pMOS
— It depends on the signal to be pass
— pMOS pass 0 weakly with larger resistance 4R
— nMOS pass 1 weakly with larger resistance 2R
— Usually choose same size of nMOS/pMOS in transmission gate
— Increase MOS size > RN CA: need to check the tradeoff

a

R
4R 2R

1

1

=
0
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