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introduction

(2)

e MOS MODEL 9 has been introduced in 1990 on C3DM

e before 1990 MOS MODEL 7 was the most advanced compact model
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e MOS MODEL 7 is only suited

for digital applications

MOS MODEL 7
output conductance
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introduction

(3)

MOS MODEL 9

e has been developed for analog applications

MOS MODEL 9
output conductance

8as (S)

Vas (V)
e has continuous first and second order derivatives

e IS suited for both digital and analog applications
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introduction

(4)

MOS MODEL

9

e describes whole geometry range of process with one parameter set

N
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e includes temperature scaling

Length

Set 1

Width

e has no additional parameters for the charge model

Philips
Research

PHILIPS

\EZ

PHILIPS



introduction (5)

MOS MODEL 9

e relation between physics and equations
— parameters
— scaling rules

e NO exact, detailed derivations

e trends in specific parameters
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linear region V,, =0V (6)

e drift current Iy from continuity equation

O
lygs = —,LLWeeria—
X
e integration over z
Lefr V4
/O Iysdr = LeffIgs = _:uWeﬂ" 0 Qjde
e intermediate result
Wese [Vd
lygs = — W Qjdo
Lefe /0

e L = carrier mobility; @Q; = inversion charge per unit surface
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linear region Vi, =0V

(7)

e intermediate result

e inversion charge Q; from Poisson equation

y
Oind¢

Qi = —Cox (Vgs — VTo — ¢)

e substitution and integration

1

Wesr
Iys = M Cox Le (Vgs — V70) Vg — > 2

eff

e Cox = oxide capacitance per unit surface
V7o = MM9 threshold voltage
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linear region Vi, =0V

(8)

e carrier mobility depends on electric field perpendicular to surface
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e Mobility is a function of gate-source voltage

2%e)

l[,l,:

1+ 01 (Vgs — V70)

e 1 = MM9 mobility reduction parameter
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linear region Vg, =0V

(9)

e MMO9 expression for Iys

(Vgs — V7o) Vus —
]ds = 0 (

1461
2

1 4+ 01 (Vgs — V70)

e 3 is the MM9 gain factor

e charge in depletion layer increases with Vys
k

51%

0.3
VVsb + @b
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linear region V,, =0V (10)

3.5xwo*4: T

o
@)
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o
\
\

MOS MODEL 9
linear region

0 1 2 3 4 5
Ve (V)

e MMO9 expression for Iq4g

146
(Vgs — V1o) Vas — (F52) V2

T —
as g 1+ 01 (Vgs — V70)

e source and drain series resistances are included in 61

01 = 010 + B (Rs + Ry)
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linear region V,, =0V (11)

N—channels
0.351L ‘ ‘ ‘

0.30 |

0.25 ¢

0, (1/V)

0.20} MOS MODEL 9

01 vs. (3

0.15F

0.10L \ \
0.000 0.002 0.004 0.006

g (A/V)

e source and drain series resistances are included in 61

01 = 010 + B (Rs + Ry)
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linear region V,, =0V (12)
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e process dependence of the carrier mobility for N-channels
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linear region V,, =0V (13)
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e process dependence of the carrier mobility reduction parameter 64
for infinite long and wide N-channel transistor (= 610)
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linear region V,, =0V (14)
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e process dependence of the series resistance for N-channels

SL:6.R
R5+Rd:Wpfr = P = ﬁ;]
e
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linear region V,, =0V (15)

e inversion charge Q; from Poisson equation

Qi ~ — Cox (Vgs—VFB—¢B—k\/Vsb+¢B> = —Cox (Vgs — V1)

e threshold voltage V41

V11 = VFB+¢B+k\/Vsb+¢B= V1o + k (\/Vsb‘i‘ﬁbB_\/QbB)
e MM9 threshold voltage parameter Vg

V1o = Ve t+ ¢+ k\/¢B

e Veg = flat band voltage
¢ g = surface potential in strong inversion ~ 2x bulk Fermi potential

e MM9 body-effect factor k£ depends on dopant concentration N

_ \/2esqgN
Cox
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linear region V,, =0V

(16)
1.6] ! | /'A
1.3F // :
S e -
SO / '
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e different behaviour for devices with a channel-implantation

Philips
Research

PHILIPS

=  PHILIPS




linear region V,, # 0V (17)

Vsbx
19= I T T = |
E\ 10"E ;.
- —ko
17
§ 10 =
"6 [ 1
£ 0% =
3 — -
§ 10" = «— k
o ]
0.0 0.2 0.4 0.6
depth (um)

e With channel-implantation two MM9 body-effect factors: ko and k

e MMO9 parameter Vi depends on depth of channel-implantation
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linear region V,, =0V (18)

e back-bias affects electrical field perpendicular to surface

Mo
1+ 601 (Vgs—VT1) + 02 (VVsp + 0B —VoB)

IL[J:

e 0> = second MM9 mobility reduction parameter

e MMO9 expression for Iys

(Vgs — V1) Vs — <1_561) Vd%
L4+ 01 (Vgs—Vr1) + 02 (VVsp + B — V¢B)

Iys = B

Philips PHILIPS
Research AN p H I LI ps
\EZ



linear region V,, =0V (19)
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linear region V,, =0V (20)

|
0.76f
N | |
< | N
> 0.72r — 3 different
_ Vt-implants
0.68l

AR R R
0.80 0.84 0.88 0.92
VTO (V)

e both V4o and ko depend on V4- or channel-implantation
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subthreshold region (21)

e diffusion current I4s from continuity equation

o0Qi 0Qi
Igs = —DWetr—— = —¢T U Werr—~
ox ox
e integration over x
Letr Lefr 0Q);
/O Igsdr = Lefr lgs = —¢T,uweff/o —— du

Lefr Igs = —¢TMWefr{QiD —Qis}

e intermediate result

Iys = o1 M eff{@.s ~Qip}

eff

e L = carrier mobility; Q; = inversion charge per unit surface;
¢ T = thermal voltage

Philips PHILIPS
Research AN p H I LI ps
\EZ



subthreshold region (22)

e intermediate result

Iys = ¢ b eff{@.s ~Qip}

e inversion charge Q; from Poisson equation

QI ~ QIO eXp<¢ > = QiD o QiS exp <_E>
¢T

e substitution

lygs = ¢T,LL Werr Qio exp (ZSS> {1 — exp (—&>}

eff T

e Vs = surface potential; ¢¥sg surface potential at source-side
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subthreshold region

(23)

gate oxide | silicon

<

| A

potential — Vg - VT2 P

I
> |
I

depletion region,

1

reference;: 0

e dependence of surface potential on gate voltage

w —
53 Cox + Cgepl

e the subthreshold slope m is given by

C'depl

m = 1 +
C ox

Cox (Vgs = V12) _ Vgto

m
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subthreshold region (24)

e from “theory”

_ Wesr . Vgt2 o _@
los = o7 2 Qo exp 192 ) {1 - exp (- ) |

e MMO9 expression for Iq4s

Vgt3 Vas1 — (1261) Vi
1+ 01 Vg1 + 02 (VVep + 68 — vV@B)} (1+03Vas1)

Iys = BG3 {
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subthreshold region (25)

e MMO9 expression for Iq4g

Vgta Vdas1 — <1_;61) Vd251
1+ 01Vger + 02 (VVep + 98 —\/ﬁ)} (1+03Vgs1)
e herein V4r3 = max{0, (Vgs — VT11)}
G 1 = exp (;;?f;T)
Vgt =2moT In(14+G1)

— — Vgt2
Vgio < —m o1 = Vgtz =2moT exp (2m¢‘r>
Vato > —m o1 = Vgtz = Vgo

Iys = BG3 {

_ 1
Vds1 = 1557 Vot3

|
SN
1
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subthreshold region (26)

e MMO9 expression for Iys

1
v = V.2
o 2a _£>} 21-|-5 gt3
ds = 61 B { exp( - {1+ 0> (VVep +IB—VoB)}
2m2¢2 V
Iqe = Czﬁ{l—exp<_&>} ﬁexp(m%ﬁr)
ds 1 dT {14+ 02 (VVsp+éB—VoB)}

e from “theory”

lgs = ¢T,LL Wett Qio exp (n‘;gtz ) {1 — exp (—%)}

Lefr T

e (1 iIs the “weak-inversion correction” parameter of MM9
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subthreshold region (27)

e the subthreshold slope m can be determined from

<¢ dlnlds> L <¢ gm>1
" d Vs T Tgs

[T T ' [ I
40 40 .
<30 &= 30k :
% 20F % 20F -
AN i N i
£ L = |
> 10r > 10r ]
O:— Y ov O:— | | _
0.0 0.5 1.0 1 5 2.0 0.0 0.5 1.0 1.5 2.0
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subthreshold region (28)

e the subthreshold slope m is given by

C
m = 1 4+ depl
C ox
Wdepl
Wdepl \
’ -
/ /
/ /
/ /
oxide oxide
non-implanted substrate implanted substrate
C qep| X 1 C dep| X —r——
depl ™ Ve tos depl = Vep+é8
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subthreshold region

(29)

e in MMO9 the subthreshold slope ™ is modelled by

e non-impl. substrate = Nm =1
e implanted substrate = fm = 2

e mo = MM9 subthreshold-slope
parameter

"
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SE—-1

2B-1
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SE-2

..

0 implanted

A non—implanted
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| |
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subthreshold region (30)

e threshold shift increasing with V¢

1E-3——— 1T 1E-3————T—
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subthreshold region

(31)

e threshold shift increasing with Ve

source /threshold controlled by

Vv
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subthreshold region

(32)

e theoretical drain-induced barrier-lowering for non-implanted substrate

v Vb + ¢p
AVT pIBL X — 22 Vs
eff
e DIBL in MOS MODEL 9
AVT piBL = — 70 Vds
o = oo (x/Vsb-I-qbb>I77 -
v ¢p

e non-impl. substrate = 77y =1
e implanted substrate = 7], = 2

® Yoo = MM9 DIBL parameter

SE-2

2E-2

1E-2

SE-3

SE-3
2E-3

I LR I I _—
A non—implanted /
0 implanted

A

A

OE-1

| |
1E0 2E0 3EO
V(Vyte,) (V%)
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subthreshold region (33)

e theoretical drain-induced barrier-lowering for non-implanted substrate

vV Vsp + &b

AVT pBL X = 5 Vs
eff
e scaling of DIBL in MM9 ol T T
1 1 - -
Yoo = YooR + ( 5~ — 75 )SL;WOO - :
Leff LeffR u ]
8 1E-3

e example for implanted substrate

1E-4

| 1 111
1EO

TE-1

1/Leff (1/um)
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subthreshold region (34)

e very small channel-lengths: source & drain depletion regions
almost touch

1 E— B
1E—4F
1E-5
1E-6
1E-7F
1E-8F
1E-9

1E—-10F

1E-11F
1E-12F

_ A B B 2
1E=1300""05 1.0

Ve (V)

gs

Iy, (A)

Ids(A)
m m — = —= —= —= — =

I
NN = O O 00 NN o0 g M (N

without upper limit with upper limit
for V5, dependence for Vs, dependence
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subthreshold description in MOS MODEL 9

(35)

o Vop < Vo

\/ Vsb-|-</5b> 1
vV Pb

v Pb > m
vV Veb+¢p

® Yo — 700(

om=1—|—mo(

o Vop > VspT

\/VSBT+¢b) 1
v Pb

/_¢b > nmm
Vv VsgT+%0

e non-impl. substrate = N~y =1"m=1
implanted substrate = 1y = 1m =2

® Yo — 700(

om=1—|—mo(

e MMO9 parameter VggT important only for smallest channel lengths
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subthreshold region

(36)

8 o5
O
>
F
© g5
2

> 80
<
2 7

devices with minimum channel—length

| [ I
A — A N-channels A

Y —YV P-channels / B

A

N

A
v

\

v\v

(ﬂIIIIIIIIIIIIIIIIIII

A N S
10 15 20
oxide thickness (nm)

e subthreshold swing S = (1 4+ mo) ¢1 In10
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subthreshold region (37)

devices with minimum channel—length

N T I I
> 80| v |
\E/ - A—A N-ch \V )
a - V—V P-ch 1
B8  60F -
- A A -
2 40F A -
= -V v 1
z ] '
I 200 . .
S 10 15 20
oxide thickness (nm)
e drain-induced barrier-lowering at Vyq: AVT pisL = —7o00 Vqd
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saturation region (38)

e at high electrical fields the drift velocity saturates

)

3 1E7§ S

= — -

2 Z _

> - —{ drift velocity vs. EII
S 1E6E =

2 — A electrons Jacoboni

= B — electrons model ]

- B Y holes Jacoboni ]

o — holes model

1E5

1E2 1E3 1E4 1ES 1E6
electric field (V/cm)

e relation between drift velocity v, mobility (t and electric field E”

WE
v=p(Ey) By = wo = B(E)) = : :LEH
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saturation region

(39)

e carrier mobility depends on drain-source voltage

ple) = —Fy = § =

Vas 1 4+ 0.V
1 + LefFEsat + 3 Vds

o 6’3 IS the third MM9 mobility reduction parameter

1
03 =
Leff Esat
e drift current Iys
ol0)
Iys = _:uWefFQi% = — U Wesr Qi

saturates due to pinch-off and velocity saturation
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saturation region (40)

e expression for Vg sat from expression for [y

Wesr
Lefr

1
Igs = MCox [(Vgs—VTo) Vg — Evdz = Vds, sat = Vgs—V70

e MM9 expression for Vys sat

Vg t3 2 Vdss1

1—|—(51] ] |293Vt3 15V
4V

13V

Vdssl —

—<

e cffective source-gate voltage Vg3
{2 v
11V

Vgtz = Vgs — V1o = Vgs — V71

vdsi (V)
= N N P

e V451 changes smoothly
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saturation region (41)
N10/0.9
OOOSO 7\ T T ‘ T ‘ T T ‘ T T ‘
oV, =0V
AV, =2V Ve
0.0040 ¢V, =5V -
-‘ AAAAA 5 V
__ 0.0030F z . MOS MODEL 9
<<
E OUEEEETIITT0 3 5 v saturation region
~ 0.0020 ASOUOUOUE
0.0010 -
P 2V
0.0000 (22282 e 080V
0 1 2 3 4 5 S

Vae (V)

e MMO9 expression for Iys

lys =

Vatz Vast — (F52) Vi,

{1 + 01 (Vgs = V11) + 02 (VVep + 0B — VoRB)} (1 +603Vys1)

e drain series resistance is included in 03

03 ~ 030 — BRq — £ 010

Philips
Research

=  PHILIPS




saturation region (42)

e drain series resistance is included in 61 and 603
01 = 010 + B (Rs+ Ry)
03 ~ 030 — BRq — 35010
01+ 03 = 5010+ 030+ B Rs
e MMO9 expression for Iys with Vg, = 0

146
Vgts Vast — (F52) Vi
{1+ 01 (Vgs —V71)} (1 +03Vys1)

Iys =

o With Vys1 = Vgss1 = Vgtz = Vgs— V11 = MM expression for Igg sat

(1 _261> (Vgs — V1) °
1+ (01 +03) (Vgs — V1)

Igs sat = B
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saturation region

(43)

1.5E-7

)

£
>

N’

"0
- )
=T

78]

5.0E-8L_. .

1.0E-7

S

.
10

A
15
oxide thickness (nm)

20

e process dependence of the length dependence of 63 for N-channels

03 ~ 030 — BRgq — 1010

= SL;937R ~

_Bop
2
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saturation region (44)

2.0E-7f
© 1.5E-7}
S E
~ 1.0E-7}
v 5.0E—8f

00E-1F . . N ]

0EO 1E-7 2E-7

By P (V'm)

e process dependence of the length dependence of 63 for N-channels

1 B ﬁ[]IO
Esat 2

03 ~ 030 — BRq — 3010 = SiL.95,R &
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output conductance (45)

T Vass *——  Vys

Source/ inversion layer j drain

depletion region

— T T

e at high drain-source voltages a further increase in drain-source voltage

— reduces the channel length = channel-length modulation

— increases the mobile charge in the channel = static feedback
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output conductance (46)

e channel-length modulation A L 4¢f

AL Vae —V,
eff ~ o In (1 i ds dsl)
L eff Vp

e channel-length modulation is modelled by multiplying drain current by

Vg — V.
G2=1—|—aln<1-|- ds dSl)
Vi

e but only in strong inversion by incorporation in G 3

G {i-en(-Y) 4610

G 3 T
1 4@
¢t

e & and Vp are the MM9 parameters for channel-length modulation
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output conductance (47)

0.08 1
~ o008 , ° *
g i i
~  0.04,° ]
3 & C200 P-channels
< 0.02F Ve=5V and V=2V _
0.00L___. 1 . L

A I B |
0 9) 10 15 20
effective channel length (um)
o for Lo > 5 um A Lqfr is almost independent of channel length

o for Lo < 5 pum static feedback is dominating!

e multiplication factor G, is not independent of channel length!
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output conductance (48)

e static feedback is modelled by a shift in threshold voltage
AV = —~, V026
, stat. feedb. Y1 Vds

e static feedback is only effective in strong inversion

V3 V2
t tl
AV, = J ?/2 A VT dibl T+ J V2 A VT stat. feedb.
gtx + gtl gtx + gtl

e herein Vg3 = max{0, (Vgs — Vr1)} and Vgt = 0.707V
e Nnote: VTQ = VT1—|—AVT1

e 7v1 IS the MM9 parameter for static feedback
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output conductance (49)

Q200 v ¢
> o :
~  0.15}e C200 P-channels ]

£ : Vu=5V and Ve=2V ]
S o10f, ;
@ i :
> 005 -
| ; . N

0.00L___ 1. . | KR

A A
0 S 10 15 20
effective channel length (um)

o A Vsiat feedp. depends strongly on channel length

e for L. < 5 pum static feedback is dominating
over channel-length modulation!
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output conductance (50)

. N10/0.9
T T T T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T

= 0V
2V
= oV

8f 3.5 V MOS MODEL 9

| output conductance

O ot 0.86V
DO00ogooooogooooof8s Y
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substrate current (51)

T Vdss Vds

source/ inversion layer J O drain
. 7
/

depletion region .

e substrate current is generated by impact-ionization
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substrate current

(52)

e generation by impact-ionization is given by

impact ionization rate o, {cm™1) — =

10°

104

103

102

101

100

—1
Ry = 7(04n|c7n|+04p|]p|)

-« electric field E x 10° (V/cm)

5 4

3 2 1.5 1.25

(D,

%A%AA ot =7.03 - 105 exp (—1.23 - 106 /E)

o, =2.45 - 108 exp (-1.92 - 106 /E) \

e

L L L 1

2

3 4 5 6 7 8 9
E-1x10-8(V/ecm) —=

impact-ionization rates

for electrons vs. EH
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substrate current (53)

e impact-ionization varies strongly with electrical field

B

a(FE) = Aexp (— E”)

e Wweak avalanche:
iImpact-ionization can be modelled as a multiplication factor

Iy = alfdsexlo< )
Vds - Vdsa

e sufficient high fields only in pinch-off region

Vdsa = a3 Vgss1 and Ioy = 0 if Vgs < Vysa

e /45 and I, have to be added for total drain current

® a1, ap> and a3 are the MM9 parameters for avalanche current
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substrate current
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MOS MODEL 9 substrate current

Yas (S)

N1.2/10: effect of substrate current

on output conductance
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summary

(55)

MOS MODEL 9

e relation between physics and equations
e NO exact, detailed derivations
e trends in specific parameters

e description and no prediction of measurements

literature:

“Compact Transistor Modelling for Circuit Design
by H.C. de Graaff and F.M. Klaassen,
Springer-Verlag, Wien-New York, 1990
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