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introduction (2)

� MOS MODEL 9 has been introduced in 1990 on C3DM

� before 1990 MOS MODEL 7 was the most advanced compact model

MOS MODEL 7

output conductance

� MOS MODEL 7 is only suited for digital applications
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introduction (3)

MOS MODEL 9

� has been developed for analog applications

MOS MODEL 9

output conductance

� has continuous �rst and second order derivatives

� is suited for both digital and analog applications
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introduction (4)

MOS MODEL 9

� describes whole geometry range of process with one parameter set

Length

Width

Set 3

Set 1

Set 2

Length

Width

Set 1

� includes temperature scaling

� has no additional parameters for the charge model
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introduction (5)

MOS MODEL 9

� relation between physics and equations

{ parameters

{ scaling rules

� no exact, detailed derivations

� trends in speci�c parameters
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linear region Vsb = 0V (6)

� drift current Ids from continuity equation

Ids = ��We� Qi
@�

@x

� integration over xZ Le�

0

Ids dx = Le� Ids = ��We�

Z Vd
0

Qi d�

� intermediate result

Ids = �� We�

Le�

Z Vd
0

Qi d�

� � ) carrier mobility; Qi ) inversion charge per unit surface
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linear region Vsb = 0V (7)

� intermediate result

Ids = �� We�

Le�

Z Vd
0

Qi d�

� inversion charge Qi from Poisson equation

Qi � �Cox (Vgs � VTO � �)

� substitution and integration

Ids = � Cox
We�

Le�

�
(Vgs � VTO)Vd �

1
2

V 2
d

�

� Cox ) oxide capacitance per unit surface

VTO ) MM9 threshold voltage
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linear region Vsb = 0V (8)

� carrier mobility depends on electric �eld perpendicular to surface

carrier mobility vs. E?

� mobility is a function of gate-source voltage

� =

�o

1 + �1 (Vgs � VTO)

� �1 ) MM9 mobility reduction parameter
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linear region Vsb = 0V (9)

� MM9 expression for Ids

Ids = �

(Vgs � VTO)Vds �
�
1+ �1

2

�
V 2
ds

1 + �1 (Vgs � VTO)

� � is the MM9 gain factor
� = �o Cox

We�

Le�

� charge in depletion layer increases with Vds

�1 � 0:3

kp
Vsb+ �b
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linear region Vsb = 0V (10)

MOS MODEL 9

linear region

� MM9 expression for Ids

Ids = �

(Vgs � VTO)Vds �
�
1+ �1

2

�
V 2
ds

1 + �1 (Vgs � VTO)

� source and drain series resistances are included in �1

�1 = �10 + � (R s + Rd)
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linear region Vsb = 0V (11)

MOS MODEL 9

�1 vs. �

� source and drain series resistances are included in �1

�1 = �10 + � (R s + Rd)
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linear region Vsb = 0V (12)

� process dependence of the carrier mobility for N-channels

�o =

� 2
Cox
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linear region Vsb = 0V (13)

� process dependence of the carrier mobility reduction parameter �1

for in�nite long and wide N-channel transistor () �10)
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linear region Vsb = 0V (14)

� process dependence of the series resistance for N-channels

R s + Rd =

�
W e�

) � =

SL; �1;R

� 2
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linear region Vsb 6= 0V (15)

� inversion charge Qi from Poisson equation

Qi � �Cox
�
Vgs � VFB � �B � k

q
Vsb+ �B

�
= �Cox (Vgs � VT1)

� threshold voltage VT1

VT1 = VFB+ �B+ k
q
Vsb+ �B = VT0 + k

�q
Vsb+ �B �

q
�B

�

� MM9 threshold voltage parameter VT0

VT0 = VFB+ �B+ k
q
�B

� VFB ) 
at band voltage

�B ) surface potential in strong inversion � 2� bulk Fermi potential

� MM9 body-e�ect factor k depends on dopant concentration N

k =

p
2 " s q N

Cox
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linear region Vsb 6= 0V (16)

� di�erent behaviour for devices with a channel-implantation
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linear region Vsb 6= 0V (17)

ko

k

Vsbx

� with channel-implantation two MM9 body-e�ect factors: ko and k

� MM9 parameter Vsbx depends on depth of channel-implantation
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linear region Vsb 6= 0V (18)

� back-bias a�ects electrical �eld perpendicular to surface

� =

�o

1 + �1 (Vgs � VT1) + �2
�p
Vsb+ �B �
p
�B

�

� �2 ) second MM9 mobility reduction parameter

� MM9 expression for Ids

Ids = �

(Vgs � VT1)Vds �
�
1+ �1

2

�
V 2
ds

1 + �1 (Vgs � VT1) + �2
�p
Vsb+ �B �
p
�B

�
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linear region Vsb 6= 0V (19)

MOS MODEL 9

linear region
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linear region Vsb 6= 0V (20)

3 different

V
t
-implants

� both VT0 and ko depend on VT- or channel-implantation
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subthreshold region (21)

� di�usion current Ids from continuity equation

Ids = �DWe�

@Qi

@x

= ��T�We�

@Qi

@x

� integration over xZ Le�

0

Ids dx = Le� Ids = ��T�We�

Z Le�

0

@Qi

@x
dx

Le� Ids = ��T�We� fQi D �Qi Sg

� intermediate result
Ids = �T�
We�

Le�
fQi S �QiDg

� � ) carrier mobility; Qi ) inversion charge per unit surface;

�T ) thermal voltage
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subthreshold region (22)

� intermediate result
Ids = �T�

We�

Le�
fQi S �QiDg

� inversion charge Qi from Poisson equation

Qi � Qi 0 exp
 
 s

�T
!
) Qi D = Qi S exp

 
� Vds

�T
!

� substitution

Ids = �T�
We�

Le�

Qi 0 exp
 
 sS

�T
! (

1 � exp
 
� Vds

�T
!)

�  s ) surface potential;  s S surface potential at source-side
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subthreshold region (23)

gate oxide silicon

depletion region

Vg ψspotential - V T2 reference:  0

� dependence of surface potential on gate voltage

 s S =

Cox (Vgs � VT2)

Cox+ Cdepl

=

Vgt2

m

� the subthreshold slope m is given by

m = 1 +

Cdepl

Cox

Philips
Research � PHILIPS



subthreshold region (24)

� from \theory"

Ids = �T�
We�

Le�

Qi 0 exp
 
Vgt2

m �T
! (

1 � exp
 
� Vds

�T
!)

� MM9 expression for Ids

Ids = � G3

Vgt3 Vds1 �
�
1+ �1

2

�
V 2
ds1n

1 + �1 Vgt1 + �2
�p
Vsb+ �B �
p
�B

�o
(1 + �3 Vds1)
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subthreshold region (25)

� MM9 expression for Ids

Ids = � G3

Vgt3 Vds1 �
�
1+ �1

2

�
V 2
ds1n

1 + �1 Vgt1 + �2
�p
Vsb+ �B �
p
�B

�o
(1 + �3 Vds1)

� herein Vgt1 = max f0; (Vgs � VT1)g

G1 = exp
�
Vgt2

2m �T
�

Vgt3 = 2m�T ln (1 +G1)

Vgt2 � �m �T ) Vgt3 = 2m�T exp
�
Vgt2

2m �T
�

Vgt2 � �m �T ) Vgt3 = Vgt2

Vds1 =

1

1+ �1
Vgt3

G3 =

�1
n
1�exp

�
�

Vds

�T

�o
+G1

1
�1
+G1

) � 21

n
1� exp

�
� Vds

�T
�o
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subthreshold region (26)

� MM9 expression for Ids

Ids = � 21 �
(

1� exp
 
� Vds

�T
!) 1
2

1

1+ �1
V 2
gt3�

1 + �2
�p
Vsb+ �B �
p
�B

�	

Ids = � 21 �
(

1� exp
 
� Vds

�T
!) 2m2 � 2
T

1+ �1

exp
�
Vgt2

m �T
�

�
1 + �2

�p
Vsb+ �B �
p
�B

�	

� from \theory"

Ids = �T�
We�

Le�

Qi 0 exp
 
Vgt2

m �T
! (

1 � exp
 
� Vds

�T
!)

� �1 is the \weak-inversion correction" parameter of MM9
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subthreshold region (27)

� the subthreshold slope m can be determined from

m =

 
�T

d ln Ids

d Vgs
!�1

=

 
�T

gm
Ids

!�1

non-implanted substrate implanted substrate
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subthreshold region (28)

� the subthreshold slope m is given by

m = 1 +

Cdepl

Cox

oxide

W
depl

oxide

W
depl

non-implanted substrate implanted substrate

Cdepl / 1p
V sb+�B

Cdepl / 1

V sb+�B
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subthreshold region (29)

� in MM9 the subthreshold slope m is modelled by

m = 1 + mo
 p
�bp

Vsb+ �b
!�m

� non-impl. substrate ) �m = 1

� implanted substrate ) �m = 2

� mo ) MM9 subthreshold-slope

parameter
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subthreshold region (30)

� threshold shift increasing with Vds

non-implanted substrate implanted substrate

Philips
Research � PHILIPS



subthreshold region (31)

� threshold shift increasing with Vds

source drain

Vd

threshold  controlled  by

Vs

Vg

DIBL
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subthreshold region (32)

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

�VT;DIBL / �
p
Vsb+ �b

L 2
e�

Vds

� DIBL in MOS MODEL 9

�VT;DIBL = � 
o Vds


o = 
oo
 p
Vsb+ �bp

�b

!� 


� non-impl. substrate ) � 
 = 1

� implanted substrate ) � 
 = 2

� 
oo ) MM9 DIBL parameter

Philips
Research � PHILIPS



subthreshold region (33)

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

�VT;DIBL / �
p
Vsb+ �b

L 2
e�

Vds

� scaling of DIBL in MM9


oo = 
ooR +

 
1

L 2
e�

� 1
L 2
e�R

!
S L; 
oo

� example for implanted substrate
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subthreshold region (34)

� very small channel-lengths: source & drain depletion regions

almost touch

without upper limit with upper limit

for V sb dependence for V sb dependence
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subthreshold description in MOS MODEL 9 (35)

� Vsb � VSBT

� 
o = 
oo
�p
Vsb+�bp

�b

� � 


� m = 1 + mo
� p
�bp

Vsb+�b
��m

� Vsb > VSBT

� 
o = 
oo
�p
VSBT+�bp

�b

� � 


� m = 1 + mo
� p
�bp

VSBT+�b
��m

� non-impl. substrate ) � 
 = �m = 1

implanted substrate ) � 
 = �m = 2

� MM9 parameter VSBT important only for smallest channel lengths
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subthreshold region (36)

� subthreshold swing S = (1+mo) �T ln 10
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subthreshold region (37)

� drain-induced barrier-lowering at Vdd: �VT;DIBL = � 
oo Vdd
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saturation region (38)

� at high electrical �elds the drift velocity saturates

drift velocity vs. E k

� relation between drift velocity v, mobility � and electric �eld E k

v = �
�
E k

�
E k =

�E k

1 +

E k

E sat

) �
�
E k

�
=

�

1 +

E k

E sat
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saturation region (39)

� carrier mobility depends on drain-source voltage

�
�
E k

�
=

�

1 +

E k

E sat

=

�

1 +

Vds

L e� E sat

=

�

1 + �3 Vds

� �3 is the third MM9 mobility reduction parameter

�3 =

1

L e� E sat

� drift current Ids
Ids = ��We� Qi

@�
@x

= � v We� Qi

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

� expression for Vds; sat from expression for Ids

Ids = �Cox
We�

Le�

�
(Vgs � VTO)Vd �

1
2

V 2
d

�
) Vds; sat = Vgs�VTO

� MM9 expression for Vds; sat

Vdss1 =

Vgt3

1 + �1

2

1+

r
1+

2 �3 Vgt3

1+�1

� e�ective source-gate voltage Vgt3

Vgt3 = Vgs � VT2 � Vgs � VT1

� Vds1 changes smoothly

from Vds to Vdss1
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saturation region (41)

MOS MODEL 9

saturation region

� MM9 expression for Ids

Ids = �

Vgt3 Vds1 �
�
1+ �1

2

�
V 2
ds1�
1 + �1 (Vgs � VT1) + �2

�p
Vsb+ �B �
p
�B

�	
(1 + �3 Vds1)

� drain series resistance is included in �3

�3 � �30 � � Rd � 1
2

�10
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saturation region (42)

� drain series resistance is included in �1 and �3

�1 = �10 + � (R s+Rd)

�3 � �30 � � Rd � 1
2

�10

�1+ �3 � 1
2

�10+ �30+ � R s

� MM9 expression for Ids with Vsb = 0

Ids = �

Vgt3 Vds1 �
�
1+ �1

2

�
V 2
ds1

f1 + �1 (Vgs � VT1)g (1 + �3 Vds1)

� with Vds1 = Vdss1 � Vgt3 � Vgs�VT1 ) MM9 expression for Ids; sat

Ids; sat � �

�
1� �1

2

�
(Vgs � VT1)2

1 + (�1+ �3) (Vgs � VT1)
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saturation region (43)

� process dependence of the length dependence of �3 for N-channels

�3 � �30 � � Rd � 1
2

�10 ) SL; �3;R � 1
E sat
� � 2 �
2

Philips
Research � PHILIPS



saturation region (44)

� process dependence of the length dependence of �3 for N-channels

�3 � �30 � � Rd � 1
2

�10 ) SL; �3;R � 1
E sat
� � 2 �
2
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output conductance (45)

source draininversion layer

depletion region

0 V
dss

V
ds

eff

� 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)

� channel-length modulation �L e�

�L e�

L e�

� � ln
 

1+

Vds � Vds1

Vp

!

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

G2 = 1+ � ln
 

1+

Vds � Vds1

Vp

!

� but only in strong inversion by incorporation in G3

G3 =

�1
n
1� exp

�
� Vds

�T
�o
+G1G2

1
�1
+G1

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

� for L e� > 5 �m �L e� is almost independent of channel length

� for L e� < 5 �m static feedback is dominating!

� multiplication factor G2 is not independent of channel length!
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output conductance (48)

� static feedback is modelled by a shift in threshold voltage

�VT; stat: feedb: = � 
1 V 0:6

ds

� static feedback is only e�ective in strong inversion

�VT1 =

V 2
gtx

V 2
gtx+ V 2
gt1

�VT;dibl +

V 2
gt1

V 2
gtx+ V 2
gt1

�VT; stat: feedb:

� herein Vgt1 = max f0; (Vgs � VT1)g and Vgtx = 0:707V

� note: VT2 = VT1+�VT1

� 
1 is the MM9 parameter for static feedback

Philips
Research � PHILIPS



output conductance (49)

� �V stat: feedb: depends strongly on channel length

� for L e� < 5 �m static feedback is dominating

over channel-length modulation!
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output conductance (50)

MOS MODEL 9

output conductance
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substrate current (51)

source draininversion layer

depletion region

0 V
dss

V
ds

SiSiSie

e
e

h
e
e

h

� substrate current is generated by impact-ionization
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substrate current (52)

� generation by impact-ionization is given by

R ii =

�1
q

(�n j Jn j+�p j Jp j)

impact-ionization rates

for electrons vs. E k
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substrate current (53)

� impact-ionization varies strongly with electrical �eld

� (E) = A exp
0

@� B
E k

1
A

� weak avalanche:

impact-ionization can be modelled as a multiplication factor

Iavl = a1 Ids exp
 
� a2

Vds � Vdsa
!

� su�cient high �elds only in pinch-o� region

Vdsa = a3 Vdss1 and Iavl = 0 if Vds < Vdsa

� Ids and Iavl have to be added for total drain current

� a1, a2 and a3 are the MM9 parameters for avalanche current
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substrate current (54)

MOS MODEL 9 substrate current N1.2/10: e�ect of substrate current

on output conductance
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summary (55)

MOS MODEL 9

� relation between physics and equations

� no exact, detailed derivations

� trends in speci�c parameters

� description and no prediction of measurements

literature:

\Compact Transistor Modelling for Circuit Design"

by H.C. de Graa� and F.M. Klaassen,

Springer-Verlag, Wien-New York, 1990
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