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typical Si NMOS characteristics
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(Courtesy, Shuji Ikeda, ATDF, Dec. 2007)
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MOSFET IV: summary

lingar region: Vpg <<Vpear

W
lp = T:ueﬁ‘ Cox(Vas =Vr Vos
saturated region: Vyg > Vpyeur
W
lo =~ i Co Vs =Vo ¥ Vos =Ves =V

I, =WC, 0 Ves =Vy ) Vos > Veur

See: “A Review of MOSFET Fundamentals,” M. Lundstrom,
http://nanohub.edu/resources/5307
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square law theory

(GS> VT VDS < VGS o VT \

V&
|5 = 14 C,y |:(VGS )VDS - %S}

v
W DS

I, = _Tlueff _[ Q,(V)av
0

Q (Y)=-Co Vo ~V:(¥)]
VGS >VT VDS >VGS _VT

&_ Hess Cox (VGS —V; ) /

QI (y) = _Cox [VG _VT _V(y)]
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bulk charge theory

v
W DS

I :_Tlueff jQI(V)dV
0

Q () =-Co|Ve -V (¥)]

Vi (y) = Veg + 2075 +V (¥) + /205N, Ry +V(¥))/C,
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bulk charge theory

VGS > VT VDS < VGS _VT

V
[VGS — Vg —2W5 — 7[)5] Vs

ID :/ueff 0X

L 242&50N , [(ZWB FV 32 (ZWB )3/2}

- 3C

OX

eqn. (3.18) Taur and Ning
expand for small Vg :

W
|5 = 144 Coy T(VGS -V )VDS
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bulk charge theory:

VGS > VT VDS < (VGS _VT )/ m

_ v _

W [VGS ~ Vs — 2y — %j Vs
I :ueffC N

L 24/2&,qN 3/2 3/2

— 35 A|:(2l//B+VDS) _(2‘//8) J
expand for larger Vg
m,, . \/gSinA/4l//B

|, = 4,C (VGS )VDS — EVDS m=1+ C

OX
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bulk charge theory: il

VGS > VT VDS > (VGS _VT )/ m

W m
I, = 14C,, f{(ves - V; )VDS - Evés } —

W (VGS _VT )2
L’ 2m

I D — /ueff Cox
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bulk charge theory: summary

@>VT Vps < (Vg —V; )/m \

m &50N . /4y
|, = 1,,C {(VGS )VDS—EVSS} m:1+\/s CA/ 5

(0)

Vgs > Vi Vg > (Vs =V )/m
W (VGS — Vs )2

|, = 1C
\ D :ueff 0X L m /

How can we derive these results more simply and give a
physical interpretation to m?
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|-V formulation

Q (¥)=-Co Ve —V; (¥)]

Vi(y) =V +2p5 +V(Y)-Qp (V)/Cox

Vi (Y) =V + 2y5 "'V(Y)"‘\/zqgsiNA(ZWB +V(y))/Cox
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approximate Qg

Qo (V) = 205N, 2y, +V)

can we use a linear
approximation for Qp?

Qp (V)

Qp(0)= _\/2q53iNA(2WB)
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approximate Qg

Qo (V) = 205N, 2y, +V)

d
QD(V):QD(O)+ dQD V+..
V=0
dQD _ gSi __C
— - DM
dv V=0 WDM

Qo (V) =Qp(2yw;)-CpyV
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approximate Q,

Q,(y)=-C, [VG - Vi (y)] Vi(Y)=Ve + 205 +V(Y) - Qp (V )/Cox

Qo (V)=Q,(2yg)-CpuV

[ Qp(2 Cou +, )
Q'(V):_Coxka_VFB_ZWB*‘ Dé WB)—V— CDM VJ
N\ X ) \ oxX y
Y
—Vs _(1 +Cpy /Cox )V

Q) =—Cy (Ve -V, —mV)

m:(1+CDM/Cox) D
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meaning of m

m=(1+Cpy, /Ci)

Ys ~
‘body effect coefficient’

m = (1+ Btox/WDM)
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IV relation

W Vbs
Iy = _T/ueff J‘ Q [V]dV
0
Vp

W
lo = et Coi - | Vs = Vs =mV Jdv

0

W m
lp = 14C,, T|:(VGS - V; )VDS - EVI328:|
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pinch-off

QI (L)= _Cox [VG _VT - mVD]

when V, = (Vg -V, )/m,
then Q,(L)=0

E,>>E, GCA fails!
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beyond pinch-off, Vg > Vpgat

channel is pinched-off near the drain
Vp but current still flows.

- I
FT\‘ o~ 1o (Vos = (Ves =V, )/m)

V(x)= (Vs =V; )/m

[
>

L (L wee
ID :/ueffCox I m
VGS >VT
VDS > (VGS _VT )/ m

- /
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W
ID — /ueffCox?

IV summary

Vosar = (\{GS — Vs )/ m

, ID — :ueffCox

W

1

VGS

A

(VGS o VT )VDS
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velocity saturation in bulk silicon

A
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electric field V/icm --->
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velocity saturation and MOSFETSs

lo =W Q, (¥)v,(y)

AN

v, (Y) = i E,(Y)?

V
E, ~ % << 10* V/cm OK for L >> 1 micrometer
L >>VL51’

10
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expected result

Visar = (VGS -V )/ m

Vpsat reduced

lpsat reduced

VDSAT

Lundstrom EE-612 FOS8

VDS

24



velocity vs. field characteristic (electrons)

>

velocity cm/s ---

Dy = —HE
"1+ /R T
107 U= Ugy
4 _LE )
Ud =
1+ (E[/E.)
v=ut
IUEC — Usat
| SN /
104

electric field V/cm --->
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|-V derivation

I, =-WQ, (y)Uy (y)

1 \Ey\/EC
( dv )
IDU-_'_EiCd_\;J: Q| et
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-V derivation: 1i

1 dv) dv
I k1+__J__ I:ueff
J y= | [1+id_vjdy— —WQ, s dV
X

{jdy+vf+—dv} VTWQ,ﬂeﬁdv
0

C

\§ ~ J \ v /
same as
I L {1+ Vo /LEC} Cefors
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derivation (iii)

| CWV—VV—V—[§S
D:@:ueff ox | (GS T) ps — M 5 (1)

E_ 1 B 1
. (1+VDS / LEC)_ (1+lueffVDS /UsatL)

Vs / L = average electric field in the channel

when V. /L >> E_ then F <<1
(1) valid when:

Voo >V, Vo, <?
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VDSAT

di
av,

Vo = 2(Vgs = V5 )/ m

GS VT
(Ve V)

g L+ 2t (Vs =V )Mo, L

eqn. (3.77) of Taur and Ning
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| DSAT

\\/1+ ye (VGS —V; )/mUsatL -1

| psar =W Cj, 0, (VGS - V;

T+ 24 (Ves = Vy )Mo L +1

eqn. (3.78) of Taur and Ning

Examine two limits:

1) L > o
nL—>O0
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L --> inf

(VGS B VT )
m

VDSAT —

W (VGS — Vs )2
Y2L m

| psar —> Hest C
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L-->0

Vosar = \/ 20, L (VGS - V; )/ M L

“complete velocity saturation”
IDSAT =W CoxUsat (VGS _VT) _
current independent of L
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near threshold

2 [t (VGS _VT)<<1

mo._. L

sat

VDSAT — (VGS _ VT )/ m

W (VGS _VT )2
°2L m

| psar = Mt C

near threshold is
like long channel

Lundstrom EE-612 FOS8
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near threshold

0 \Ze Vo 2 Heg (VGS —V; )
I mo_ L

0

V(X):(VGS — Vs )/m | 9

| .
J y
X

<<1

sat
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‘signature’ of velocity saturation

Vs Vbs

2
=Y c (Vs —Vr ) lo =W, Co, (Vs — Vi)

2L m
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lp and (Vgs - Vy)

(24

l5 (Vs =Viop) ~ (VGS _VT)

l<a<?2
AN
complete long channel
‘ velocity
Vs ' saturation
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typical Si NMOS characteristics
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velocity overshoot in a MOSFET
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Frank, Laux, and Fischetti, IEDM Tech. Dig., p. 5583, 1992
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MOSFET IV approaches

4 )

W VDS
Iy = _Tlueff j Q (V)dV
_ 0 Y

1) “exact” (Pao-Sah or Pierret-Shields)
see p. 117 Taur and Ning

2) Square Law Q (V) =-Co Ve —Vr V)]

[ 206N, (20, +V))
3) Bulk Charge Q.(V)=—COXLVG—VFB—ZI//B—V—‘/ 1% ?;( e ? )J
4) Simplified Bulk Charge Q,(V)=-Cy [Vs —V; —mV)]
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MOSFET IV approaches

5) Velocity saturation
QI (V) — _Cox [VG _VT _ mV)]

W VDS
lp = F, % _Tlueff _[ Q (V)dV
0

- 1
" (L+Vg I LE,)

6) Full numerical

Lundstrom EE-612 FOS8
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suggested reference

For a thorough treatment of MOSFET theory, see:

Yannis Tsividis, Operation and Modeling of the MOS

Transistor, 2nd Edition, WCB McGraw-Hill, Boston, 1999.

especially Chapters 3, 4, and 6.5
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