EE3230 Lecture 3:
MOS Transistor Theory

Ping-Hsuan Hsieh (581 3= Hif)

EEEEEE



Outline

* Introduction

* |deal |-V characteristics

* Nonideal Effects

* C-V characteristics

* DC transfer characteristics

e Switch-level RC delay models

EE3230



MOS Transistor Symbols
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MOS Structure
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* |nversion mode
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MOS Structure

 Accumulation
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NMOS Operating Regions (I, 11)

V,

e Cutoff

e Linear
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NMOS Operating Regions (lll)

e Saturation

V>V|
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< \ng <V,
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p-type body
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v

Saturation:
Vs > Vgs = Vi Channel Pinched Off
l4s INndependent of Vg
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MOS Channel Charge

Gate
~
Source ~t\\1\y L\\\\.}.‘ Drain
| Voo ==C, |
Vs - ‘channel | Vy to’(‘
n+ + N+ —A
—— v ¥ — < L »
p-type Body LD_J"' Ln*_J
v p-type Body
Average gate to channel potential: Si0, Gate Oxide
Vge = (Vgs + Vgg)/2 = Vgg = Ve/2 (insulator, €gx = 3.9€()
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Ideal I-V Equations
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Ideal I-V Characteristics
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Nonideal |-V Effects

* Velocity saturation at high VA, the carrier velocity is no
longer proportional to lateral field. |, decrease V.

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

* Channel length modulation at high vV, AN, depletion of S/D A,
effective L W, | increase /.

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

* Subthreshold conduction vgs < Vth, Ids is exponentially
dropoff instead of abruptly becoming zero

* Drain/source leakage reverse diode junction leakage

* Non-zero gate current Ig carriers tunneling effect
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Velocity Saturation

e Carrier velocity nonlinearly proportional to lateral

electrical field before velocity saturation  Measured
---Curve Fit
v (cm/s) Ve

l‘”/(1+EZ‘” S‘”) 10”7 Electrons _-====__7-

- ——— -

v : carrier velocity

L : mobility
E, =V, /L:lateral electrical field
Esat = Usat /ﬂ

103 104 10°

* |4 will saturate to velocity saturation,
depending on channel length L and applied V4

gz h [ gz h [
] = =chamnel _ Zchannel _ C W V _ V U
ds { L / Usat ox ( gs t ) sat

channel
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o-power Law Model

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

—— Simulated
V 800 - Vgs = 1.0
d .
I, =+ {yu > ~ V,<V,. linear
dsat 600 -
saturation
_ I;kat ‘Ck :><‘Chat
400
I =pBv vy v —p(v _v)”
dsat — "¢ 7 gs t > Vdsat — o\ " gs t 200 +
Empirical parameters: P, P 0 - ' ' ' '
pirical p cters. £, b, & 0 0.2 0.4 0.6 0.8 1

* Because p, < i, PMOS experiences less velocity
saturation than NMOS 2 o, > a,

* Mobility degradation is modeled by a p+ <, and it can
be included in to the parameter a
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Channel Length Modulation

* Effective channel length »
reduced due to high V

- o= = T A —

* |-V equation at saturation region:
— N empirical parameter

2
V.-V
Idsz,B( g“z ) (1+AV, ),A=A"/L

* With shorter LW, A AN, resulting in output resistance

WV, MOSFET intrinsic gain  Z
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Body Effect

* Threshold voltage Vth increased with positive V,
* V,, <0 = Vth vV OFF leakage A\ (design trade-off)

N

V, =V + 720, +V, —\20,] ¢, =20 In—%

1

V4e0 : threshold voltage for V,, =0
@Lf . process-dependent parameter

y = Z—W= chéNAg”

¥ body-effect coefficient (process-depedent)
NIA : doping concentration of p-substrate
&ls . permittivity of silicon = 11.7 £J0
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Subthreshold Conduction

* Leakage current at subthreshold region

— Vg < Vit weak inversion 1om -
1m - +Saturation Vg = 1.0
Ves=Vi Ve 100u -
10
Ly =1,e™ |1-€"” 1u
U -
! !
A/fls 100n 9 loif = 27 A | Subthreshold Slope
10n . S =100 mV/decade
218 o LbBLy - '
IdSO ,BUTe 1n
100p
—_ -_— 10p A
* I;,=0whenV,=0 .

-06 -04 -0.2 0.0 0.2Vt0.4 06 08 1.0

Vgs

— Increase exponentially with V.,

* Drain-induced barrier lowering (DIBL)
— V,, will reduce with positive V
— Worsens leakage at subthreshold
— Like channel-length modulation at active mode
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Junction Leakage

v | NN | A\ I
- ) L%_KNQMJJ}

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

Vb
I, =1 (e”T —1}

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

EE3230



Tunneling Effect

109 - t
OoX
Vpptrend 6 A
10° - —
8 A
103 - 10 A
. 12 A
i=
Qo 100 15A
< |
0 _19A
1073
1076
1079

0O 03 06 09 12 15 18
VDD

* 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

e Circuit performance improve with T V: subthreshold
leakage WV, saturation velocity AN, mobility AN,
junction capacitance W, but breakdown voltage .

Increasing
Temperature

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

800 -
780 -
760 A
740 A

720 -

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

e Effective channel length and width
L,=L

drawn

+X, -2L, X,, X, :Poly over-etch
W, =W,

drawn

+X,, —2W,  L,,W, :Source-drian lateral diffusion

e Use identical and same orientation for MOSFETs for
good matching — EX: differential pair, current mirror
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C-V Characteristics

* Gate capacitance: with advanced technology, t_, W, L ¥,

Cpermicron K€EPS CONstant ‘
Gate R
C,=C,WL=C,, ... W
AN\
I A
— — Ox n+
Cpermicron - CoxL - L
t p-type Body
ox
BOdy SiO, Gate Oxide
(Good insulator, &= 3.9¢,)

* Parasitic capacitance: Cg4, and C,, from reverse-biased p-n
junction and proportional to S/D area

Drain2 .
Gate2 m .
: Gate
Drain Source 0o B
Source2
Draint o, <' Isolated Shared \\\“
1 D|ffusnon 61 Diffusion 3}\“3 Il\)/IAtfafrggd
PRI\ NN
Source1 Sh . S . Sh .
N D W w w
24
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MOS Gate Capacitance Model

operation regions

C,=C, WL

S/D lateral diffusion

C

gs(overlap)

C

gd (overlap)

=C, W

gsol

=C,pW

Gate capacitance: vary with channel behavior at different

Cy <Gy 0 0
C, 0 Co/2 2/3 G,
Cyi 0 Cy/2 0

Cg - Cgs + ng + Cgb CO CO 2/3 CO

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

Source Gate Drain

—l, ‘//

NN
N
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C, vs.V, . and V

* G, vs. V L O VAT
CO . Cgb CO -
C 2
g) | g) | gs 3 CO
2 Cgs, 2
Cy Co
0 E— ' Vgs 0 | =98
-1 0 Vt 1 0 1 Vdsat
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Gate Capacitance vs V

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

CoxWL

1.0

08 I~

06

04 |-

02 -

0.0

e Short-channel device:
more ng(overlap) and C:gs(overlap)
factor

08 i~

Vgs (volts)
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Data-Dependent Gate Capacitance

Case 1 _/_—“:%

L
Case 2 _/_—“: ) C,/C,
0 1
Case 3 _/_—H:O 1.3 T Case 1
1 1.1 —+ Case?2
Case 4 —/_‘“: ) 1.0 —__— Case 3
y 80 —+ Case4
Case 5 _/__|E 1 |
! 42 | Cases
case® _/—_“:—/— 31 —+ Ca326
_/— — -
Case 7 _/__“:_/_ 13 T Case 7
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CMOS Inverter DC Characteristics (l)

nMOS

pMOS

2> Vin

< ng— Vi
<V
> Vgs - Vt

P

Vesn > Vin
Vasn> Ven = Vin
Vgsp < th
Visp < Vasp = Vi
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CMOS Inverter DC Characteristics (ll)

Vgsn
Idsn T Vgsn
Vgsn
—V <_ Vgsn
Vgsn
0 Voo
Vdsn

* |, vs.V, for NMOS and PMOS
* For PMOS, I, Vgs, Vg, Vi <0
e PMOS I-V as load-line for NMQOS

<< <
SR 2

Vbp

4 P
"

EE3230
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CMOS Inverter DC Characteristics (lil)

* V., -V, DCtransfer curve ¢ V. -l DC transfer curve
* Rail-to-rail operation  Dynamic power
dissipation
VDD
A B

. I
Vout i P

EC

D
O | E Vin O
Vin Vpp/2 Voo Vop
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DC Response

* DCresponse:V_,vs. V. fora gate

out

* Ex:inverter
= Vin =02 Vo, =Vpp
— V.. =Vpp 2V ;=0 Vin
— In between, V_ depends on
transistor sizes and currents
— By KCL must settle such that Iy, = |1,
— We could solve equations

— Graphical solution gives more insight

B ET ldsp

%5} W
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Transistor Operating Regions

* Transistor current depends on operating regions

* ForwhatV, andV

— Cutoff?
— Linear?

— Saturation?

out

in

are NMOS and PMOS in

Vbp

—_4 T‘|dsp

Vout
__+ l"dsn
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NMOS Operating Regions

Cutoff

Linear

Saturation
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PMOS Operating Regions

Cutoff

Linear

Saturation
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I-V Characteristics

* Make PMOS wider than NMOS so that B =,

Vgsns
T Vgsn4
-V Vgsn3
dsp
vV -VDD < Vgsn2
gsp1 gsn1
Vgsp2 0 VDD
gsp3
V . I Voo
gsp4 “ldsp f
ﬁ I
R — dsp
V Vin Vout
gsp5
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Currentsvs.V, and V_,

in0

V.
||dsp|T in1

in2

in3

< <

VDD in4

ﬁ Ids
Vin —ﬁ P Vout

<7

out

DD
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Load Line Analysis ()

* ForagivenV,

- PlOt Idsn' IdSp VS. VOUt

— V,, must be where KCL is satisfied (currents are equal)
VinO —
V.
“dSplT in1
\/DE) \/“12
A V.
V. dsp V in3
in 4ﬁ out Vin4 vz —\
v V Voo

EE3230



Load Line Analysis (Il)
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Load Line Analysis (lll)

* V. =0.2V,,

V.
ol T int -
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Load Line Analysis (1V)

+ V. =0.4V,,

||dsp|T
Vi

n2
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Load Line Analysis (V)

* V. =0.6V,,

||dsp|T

in3
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Load Line Analysis (VI)

+ V. =0.8V,,

||dsp|T

in4d ©
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Load Line Analysis Summary

* V., =1.0Vg,
VinO
V.
“dSplT in1
in2
Vin3
Vin4
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DC Transfer Curve

* Transcribe points onto V. vs.V_ . plot

out

VinO e
Vin1
in2
Vin3 ® — O\
Vin4 o -
V VDD
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Transistor Operating Regions

NMOS PMOS
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CMOS Inverter Operation Summary

[ {

= O 0O ™

11

Condition

;
(evic

0V, <V, linear cutoff Vout = Vpp
Vi, S Vi < Vpp/2 linear saturated V. > Vpp/2
Vin=Vpp/2 saturated  saturated |V, drops sharply
Vpp/2 < Viy < Vpp— | saturated  linear Vout < Vpp/2
n> Vop= Vil cutoff linear Vour =0
Vpp 18
1.5]
1.2
Vi 09
0.64
0.3
0.0 , : : r ; ,
00 03 06 09 12 15 18
Vin VDD
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Beta Ratio Effect

* B ratio and parameters Ver
210
,B,, = /’lpcox (W/ L) » Vi : f
B, =uC,. (W/L), b “«——05
p ratio= 4 /p, P

0

* Bratio=1 -2 largest noise margin
— M, > M, choose (W/L)p > (W/L), to make B ratio=1

* Bratio>1 > Hl-skewed inverter, switching
threshold > 0.5 V,

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

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

NM, =V, -V,
NMH =V0H _VIH

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

V,, = maximum LOW output voltage

Qy in saturation

Oy off | 5

U l
|
Vou = Vo | b Siope: ===
| \<T/
\ |

) ,
8 Wi

|

[

[ Oy and Qp
in saturation

|

Qp in saturation

EE3230
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Noise Margin (Il)

* Indeterminate region (forbidden zone)
-V, <V, <V, =2V, =unknown logic level

> o

Output Characteristics y Input Characteristics
DD
Logical High I . _
Output Range Von Logical High
INMH Input Range
ViH | Indeterminate
V. Region
_ I NM, Logical Low
Logical Low I VoL Input Range
Output Range

GND

EE3230
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Beta Ratio and Noise Margin

* Bratio>1
— Switching threshold >0.5V,,
— VIH A NMH W
— VIL AN NML A

* Bratio<1 Pfbn > 1
— Switching threshold < 0.5 V,, V‘”ﬂ Ve
— VIH ¥ NMH A\
— VILNV NML WV

out

Veors Unity Gain Points
DD Slope = -1

VOL 1

* Noise tend to scale withVy, o —

Vin Vii Vi \I/\?Dl_VDD
— As VDD V¥ ’
smaller NM is acceptable

\An
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Ratioed Inverter Transfer Function (l)

* NMOS inverters with resistive or constant current-
source load

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

l4s (HA) ¥ |

1000 - 18 — Rbac%
5 i—_ VOL.’
800 1. 16/2
v
600 12 Y |
v v
0.9 \ & e
400
0.6 R, = 10K ]
] / — g / 0.1 mA @
200 N 03 ~ - DI\ e - '_JL_VCJ
—— _' ] —i[16/2
0 03 06 09 1.2 15 18 |
(b) (c) Vo v v
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Ratioed Inverter Transfer Function (ll)

* NMOS inverters with turn-ON PMOS as load
— Turn-ON PMOS is made by a depletion

Load
mode NMOS in pure NMOS process @EP/Z
C e : |
— Dissipating static power when V_,, = LOW i__vom
— Poor NM but smaller area y [16/2
and input capacitance loading i
\Y4
l4e (WA) lgs (LA)
1000 — K] e —— 500 —
800 _—'8 15 L ) 400 {
/ 121 ‘ |
600 ‘ "8 q X P=24 300 1 / P=1a__|
[~ A p=24 V. Vo 091 g S j
4001 7::‘_‘:;(______;1.2 ‘ | | 200 | /,’
|/ . ~ 0.6 |
2001 f/" ‘__;;;‘_._fr—ﬂ)g 03! ; :. 100 | /Z . +
ol ﬁj:‘“"—j"*f-‘—— 306 oL ~. 1 L A |
0 03 06 09 1.2 1.5 1.8 0 03 06 09 1.2 15 1.8 0 03 06 09 1:2 15 1.8
(b) V., (c) " (d) v,

EE3230 54



Pass Transistor DC Characteristics

* DuetoV,, * ON-resistance dependsonV,_
— NMOS cannot pass “1” — Need to boost gate voltage
— PMOS cannot pass “0” with small Vp,
— Need to consider body effect Voo

VDD VDD VDD VDD
VDD_T_ V.=Vnr—V DD _T_ __L _T_ '.
T 1__"s DD tn 1 V Vt \ R
DD~ .‘ ,
VDD_th Vop—Vin " P R,
VDD
Voo |
= Vil D%,_\—\_/ED_th
e Voo T LVpp-2V,,
GND
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Tri-state Inverter

* |nverter + transmission gate

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

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

L ENb “ﬁ ENb —“]T ENb_‘*E
i 1 e, A

A - —D~Y A - jv A - EN}Y A j—
T T - 7

L L e

(@) (b) (c)

EE3230
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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

— In linear region, inversely proportional to W/L and Ve

min)

:[(y_dsjlz 1 _ 1 L 1
OV, :B(Vgs_vt) 'UC"xW(VgS_Vt)

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
b ’ :TLKC
L ==kC !
4 RKS | S 2R/k
g'_%[}- - > g:]:——k. . ;¥;k(:£
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Inverter Propagation Delay

e Fanout-of-1 inverter
— Choose PMOS width to be 2x~3x of NMOS width
— t,4= R(6C) = 6RC

2C

| A
Dml——i
O
I
U

>
et
N L
Py
o
- | G
o | N
L_<N
O
§
<M\
>
T
=
(@)
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R of Transmission Gate

* 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

a— b a=0{j§ﬁ} a=?j:m~
4R 2R

1

|

-
0
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