EE 330
Lecture 17

MOSFET Modeling



Fall 2024 Exam Schedule

Exam 1 Friday Sept 27
Exam 2 Friday October 25
Exam 3 Friday Nov 22

Final Exam Monday Dec 16 12:00 - 2:00
PM



Review from last lecture

Limitations of Existing MOSFET Models

B G — D Vb

1 Rsw
A Y Ces

/1

For minimum-sized devices in

- a 0.5u process with Vp,=5V ._| I:
Css =1.5fF ?
2KQ n-channel
R,, =
6KQ p-channel
: o What is Rgyy if MOSFET is What is power dissipation if A i
Whatis Y when A=B=Vp, not minimum sized? stuck at an intermediate
voltage?

Better Model of MOSFET is Needed!



Review from last lecture

n-Channel MOSFET Operation and Model

| |VDS
3

|G=O Model in Cutoff Region




Review from last lecture

n-Channel MOSFET Operation and Model

| |VDS
3

Critical value of Vs l I
Vs that creates ]

inversion layer | lIB
termed threshold
voltage, V)

Vg small)

Increase V5 more

Inversion layer forms in channel IbRcH=Vbs
Inversion layer will support current flow from D to S :G=8
B=

Channel behaves as thin-film resistor



Review from last lecture

n-Channel MOSFET Operation and Model

||VDS
y

Vg small)

Vc(X) approx. constant for small Vg
Increase V ;g MOre (with Vig and Vg still small)

Inversion layer in channel thickens IbRcH=Vbs
Ry Will decrease =0

Termed “ohmic” or “triode” region of operation B



Review from last lecture

n-Channel MOSFET Operation and Model

I |VDS
3

Increase VDS Vsc(X) changes with x for larger Vpg

Inversion layer thins near drain ="
I no longer linearly dependent upon Vg IG=(())

Still termed “ohmic” or “triode” region of operation B



Review from last lecture

Triode Region of Operation

For V¢ larger

R\:'\/

CH
W GS VTH Cox

W V
| D™ UCox T(VGS - VTH - %Sj VDS

g =1,=0

Model in Triode Region



Review from last lecture

n-Channel MOSFET Operation and Model

| |VDS
3

llo

Increase VD s €ven more Vsc(L) =V1y when channel saturates

Inversion layer disappears near drain Ip="
Termed “saturation”region of operation |G=8

Saturation first occurs when Vps=V5s-V1y E



Sattiration Region of

Operation
I l
Ie
S, v
IE —— Vps
Ves T “B
VBS =0
W V
ID: “Cox o VGS - VTH - VDS
L 2
For V¢ at onset of or equivalently
saturation W Vas — Vi

lp =WCox T(VGS —Vyy - 2 j(VGS - VTH)

or equivalently




Review from last lecture

n-Channel MOSFET Operation and Model

| |VDS
3

llo

Increase Vg even more (beyond V-V iy)
Nothing much changes !! Ip
Termed “saturation”region of operation



Sattiration Region of
Operation

!
lo, |- L Vps
|

VBS= 0

For V¢ 1n Saturation

C. W
ID:LI 2 (VGS_VTH)

2|_ Model in Saturation Region

o =1,=0

2




Review from last lecture

Model Summary

I
n-channel MOSFET i
I—G> | —— Vps
Notation change: V=V, don’t confuse V; with Ly |
V=kT/q Ves |
Hig
VBS =0
0 VGS < VTH Cutoff
. W VDS > Triod
ID =9 lvlcox f VGs _VTH _7 VDS VGS = VTH VDs < VGS _VTH riode
\YY 2
uC ox E(VGS — VTH) VGS > Vg VDS > VGS — V., Saturatior
[.=1;=0

Model Parameters: {u, V1, Cox} Design Parameters : {W,

This is a piecewise model (not piecewise linear though)
Piecewise model is continuous at transition between regions
L 1

(Deep triode special case of triode where Vg is small RCH =

W (VGS — Vg ) 1 Cox

)

Note: This is the third model we have introduced for the MOSFET



\7_ Vbs
Vas BS IB‘_

Review fr

V|33: 0

Model Summary

n-channel MOSFET

0 Vs < Vi
\\Y V
= 1Cqx I(VGS —Vig — 58 jVDS Ves 2 Vi Vs < Vs = Viy
\\Y 2
nCox Z(VGS - VTH) Vos 2 Vin Vs 2 Vs — Vg
l, =1,=0

Observations about this model (developed for Vg=0):

I, =1, (VGS’VDS)
s =1, (VGS’VDS)
I =1, (VGS’VDS)

This is a nonlinear model characterized by the functions f,, f,, and f; where
we have assumed that the port voltages V5 and Vg are the independent
variables and the drain currents are the dependent variables



Reyieyw from las} Jecture
General Nonlinear Models

|4 5
— > - = —_—
_|_ 3-terminal _|_ |1 f1 (V1 ’ V2 )
Nonlinear

V1 Device Vo |2 - f2 (V1,V2)

|, and |, are 3-dimensional relationships which are often difficult to visualize

Two-dimensional representation of 3-dimensional relationships

1 4 V24 2
\'

/ Voo B § Vz_g__‘__‘_,__..-

V2o




Graphical Representation of MOS Model

Review from last lecture

W V2
ID 4 | // |D=UCOXT%
1 Triode
Vass

Vass
Saturation
Dee_zp Trioc_je VGSZ
RegionRegion
VGS1
. >
Vbs
0 Voo < Vi Cutoff
UCOXW(VGS ~V Vjv V.>V  V_<V_-V
L 2
W
“Cox i(ves - VTH) VGS 2 VTH VDS 2 VGS - VTH

Parabola separated triode and saturation

I=15=0 regions and corresponds to Vpg=Vgs-V1y



Review from last lecture

Saturation Region of

o) Operation
s, | L Vps
s
VGS 1 ?IB
VBS =0
For V¢ 1n Saturation
HC W 2
lp = (VGS B VTH)
2|_ Model in Saturation Region

o =1,=0




PMOS and NMOS Models

G#i : ﬂ

I W ) Vass < Vass < Visz < Vs <0 D
D lp=HCoyx TVDS VDS
Triode v,
Vas4 GS1 /
Vesz
Vess v
Saturation Gss
Vas2
Vest Voss /

Vbs

Cutoff

« Functional form identical, sign changes and parameter values different
« Will give details about p-channel model later



Example: Determine the output voltage for the following circuit using
the square-law model of the MOSFET. Assume V;,=1V and
MCox=100pAV?

5V
10K

IDi

- Vour
M
% W=10u
L=2u
3V ——

N

Solution:

Since Vz5>V+1y, M, is operating in either saturation or triode region
Strategy will be to guess region of operation, solve, and then verify region



Example: Determine the output voltage for the following circuit using
the square-law model of the MOSFET. Assume V;,=1V and
MCox=100pAV?

S5V
10K
bl
- Vour
M;
% W=10u
L=2u
3V.——
: 4
Solution:
Guess M, in saturation
SV=Ip10K+VoyT Required verification: Vpg>Vgs-Viy

HCoxW 2
=2 (3-V
D=""5 (3VTH)

Can eliminate I between these 2 equations to obtain V1



Example: Determine the output voltage for the following circuit using
the square-law model of the MOSFET. Assume V;,=1V and

= -2
UC ox=100AV N

: : 10K
Guess M, in saturation Required verification: Vpg>Vgs-Vr IDl

— \/OUT

M;
% W=10u
L=2u

5V=ID1 OK+VOUT

CoxW 2
= FXOXE (3-vpy)

Ip oL 3V

100uAV 210
202/

VOUT = 5V-1 OK|:

<2v>2}
Vout =-9V

Verification: Vps=Vour
-5>7 2V --0 No! So verification fails and Guess of region is invalid



Example: Determine the output voltage for the following circuit using
the square-law model of the MOSFET. Assume V;,=1V and

HC ox=100pAV-2 5V
Guess |\/|1 in triode Required verification: Vpg<Vgs-V1 I l 10K
D
5V=Ip10K+VouT L Vour

M
% W=10u
L=2u

MCoxW Vb
Ip =% 3-Vrpy ——2° |Vps
L 2 3V —
-2
Vour = 5v-10K[100“AV 104 (ZV-—VOUTJVOUT} i
2u 2
VouT = 5V-{5(2V-—V02UT ijUT}
Solving for Vg1, obtain
VOUT =0.515V
Verification: Vps=Vour
0.515<? 2V Yes! So verification succeeds and triode region is valid

VOUT = 0.515Vv




Limitations of Existing Models

Voo
-
Vin Vout
L)
v
Logic Gate
VDD
i
VOUT
——VBIAS J
L)
VIN
v

Voltage Amplifier

\ [}
\ Ll | ‘V|N

A

Switch-Level Models

Switch-Level Models }

Simple square-law Model

Vop

A VOUT

Simple square-law Model

Voltage Gain

Input/Output Relationship =



Model Extensions

Projections intersect -V 5 axis at same point, termed Early Voltage

Typical values from -20V to -200V

Usually use parameter A instead of V, in MOS model

—l
Vs



Model Extehci_nm

Actual Device

250 A

200 -

S 150 A

100 -

50 A

0

H_{

Vds

Existing Model

Slope is not 0



Model Extensions

,4/@//‘//5:/ /
Z A
voo L
A
0 Ves < Vi
W V
I = HCox T(VGS —Viy - %j Vbs Vas 2 Vi Vs < Vgs = Vi
W 2
HCox I(VGS - VTH) ° (1 + 7LVDs) Ves 2 Vo Vs = Vs = Vi

Note: This introduces small discontinuity in model at SAT/Triode transition



Further Model Extensions

Existing model does not depend upon the bulk voltage !

S

|

ﬂ

Observe that changing the bulk voltage will change the electric field in the

channel region ! Vos
1

k




Further Model Extensions

Existing model does not depend upon the bulk voltage !

Observe that changing the bulk voltage will change the electric field in the
channel region !

Changing the bulk voltage will change the thickness of the inversion layer
Changing the bulk voltage will change the threshold voltage of the device

Viy = Vi +Y(\/m—\@)

¢ is the surface potential (some authors use symbol ®g)
y is the bulk threshold



Typical Bulk Effects on Threshold Voltage for n-channel Devices

VTH =VTHo +y (M'\/g)

y=04V"2  $=0.6V

-5V

» Bulk-Diffusion Generally Reverse Biased (vg<0 or at least vz<0.3v ) for n-channel
« Shift in threshold voltage with bulk voltage can be substantial
« Often Vgg=0



Typical Bulk Effects on Threshold Voltage for n-channel Devices

Vi =VTHo ty (x/ ¢'VBS '\/5)

y=04V"2  $=0.6V

AV =7

-5V
AV=V V= v ({#Vea )

AV = 0.4(Jo.6v--5v-Jo.6) ~0.64V




Typical Bulk Effects on Threshold Voltage for p-channel Devices

Vo=V 'V(\/M'\/g)

~0.4V"? ~ 0.6V
14 ¢ ey
I Vps

T
VH

» Bulk-Diffusion Generally Reverse Biased (vg>0 or at least Vgs>-0.3V ) for p-channel
« Same functional form as for n-channel but V;,,<0
« Magnitude of threshold voltage increases with magnitude of reverse bias



Model Extension Summary
;=0 J

o =0 %

O VGS S VTH
ID = “COX %(VGS o VTH o %) VDS VGS 2 VTH VDS < VGS o VTH
W 2
“COX Z (VGS o VTH) ¢ (1 + ZVDS ) VGS 2 VTH VDS 2 VGS o VTH

Vin = Voo "‘Y(\/(P_VBS _\/6)
Model Parameters : {4,Cqx, V10, P,Y, A}

Design Parameters : {W,L} but only one degree of freedom W/L



#ﬁ Operation Regions by Applications

|‘A Analog
D Triode Circuits
ro
Region ’/
Saturation
Region —
Cutoff
_Region
| , , ———
0 x V.,
Digital
Circuits

Most analog circuits operate in the saturation region

(basic VVR operates in triode and is an exception)

Most digital circuits operate in triode and cutoff regions and switch
between these two with Boolean inputs



Model Extension (short devices)

0 VGS S VTH
ID = “COX W(VGS - VTH \/Dsj VDS VGS 2 V VDS < VGS - VTH
L 2
“COX \2/:/_( GS - VTH )2 VGS > VTH VDS > VGS - VTH

As the channel length becomes very short, velocity saturation will occur in
the channel and this will occur with electric fields around 2V/u. So, if a
gate length is around 1u, then voltages up to 2V can be applied without

velocity saturation. But, if gate length decreases and voltages are kept
high, velocity saturation will occur

O VGS S VTH
L= PR (VL -V Y, VY, Vo< (V)
W ‘ «
92“(: L(VS _VTH) VGS 2 VTH VDS 2 QI(VGS _VTH)2

a is the velocity saturation index, 2= a =1



Model Extension (short devices)

(n-channel device)

0 VGS S VTH
=1%o, VLV VL VY, V< (V)
W ‘ «
92“COX L(VGS - VTH) VGS 2 VTH VDS 2 91 (VGS o VvTH )2

a is the velocity saturation index, 2=2a =1

No longer a square-law model (some term it an a-power or a-law model)

For long devices, a=2

Channel length modulation (A) and bulk effects can be added to the velocity
Saturation as well

Degrading of a is not an attractive limitation of the MOSFET

Be aware of existence but of little use !
(too complicated for analytical calculations, not accurate enough for simulations)



Model Extension (BSI

MODEL CMOSN HMOS |

+VERSION
+XJ

+K1

+EK3B
+DVTOW
+DWVTO
+170

+0C
+AGS
+EETA
+BD5SW
+WE

+XTL
+DWB
+CIT
+CDSCE
+D5TUB
+PDIBLCZ
+PSCEBE1

+PRT
+ET1L
+UB1
+WL
+WWH
+L1LN
+LWL
+CGDO
+CJ
+CJIS5W
+CISWG
+CF

+FPK2
*

3.1

1.5E-7
0.8976376
-8.2369696
0

2.7123969
431 .2322004
1.22401E-11
0.130484
-3.04334%E-3
1.367033E3
1

1E-7
3.676235E-8
0

0

0.0764123
2.366707E-3

= 6.611774E8

.32E-110
.282017E-4
3.034055E-10
1.64E-10

0

= -0.028%03¢6

THOM
NCH

K2

WO
DVTI1W
DVT1
Lur:y
WVSAT
BO

Al
FEWG
WINT
XW
VOFF
CDSC
ETAOD
FCLM
FDIBLCE
FSCBE2

UTE
ET2
oCcl1
WLN
WWL
LW
CAPMOD
CGS50
FB
FBSW
FBSWG
FVTHO
WEETA

27

1.7E17
-0.09255
.041146E-8

4232931
.091785E-13
.T15864E5
.446405E-6
L1B159E-7
.0328586
LA436TTE-T

b O DKW o

[=]

-1.493503E-4
2.4E-4
2,342963E-3
2.5941582
-0.0431505
3.238266E-4

-1.5
0.022
-3.8E-11

L 9317787

. B

. B

.0520855
-0.0237483

1
0
0
2
2.32E-10
0
0
0
0

LEVEL
TOoX
WTHO

E3

NLX
DVTZW
DVT2

0B

A

Bl

A2

FEWB
LINT
DWG
NFACTOR
CDSCD
ETAB
FDIBLC1
DROUT
EVAG

ET1
oAl
AT
W

LL
LWH
XEPART
CGBO
M.T
MISH
MISHG
FRDSW
LEETA

mo

49

1.42E-8
0.629035
24.0984767
1E-9

0

-0.1403765
1.702517E-18
0.6560916
5E-6&
0.3363058
0.0104806
6.999776E-8
-1.256454E-8
1.0354201

0

-1.5324E-4
0.8187625
0.9919348

0

-0.11
4.31E-9
3.3E4

0

0

1

0.5

1E-9
0.4495867
0.1713852
0.1713852
112.8875816

= 1.7T26324E-3

del)



Model Errors with Different W/L Values

Actual
Modeled with one value of L, W
Modeled with another value of L, W

Io

VGs3

Vas2

Binning models can improve model accuracy



BSIM Binning Model

- Bin on device sizes
- multiple BSIM models !

MODEL CMOSN HMOS | LEVEL = 49

+VERSION = 3.1 THOM = 27 TOoX = 1.42E-8B
+XJ = 1.5E-7 NCH = 1.7E17 WTHO = 0.629035
+K1 = 0.8376376 K2 = -0.09255 E3 = 24.0984767
+EK3B = -8.236969¢6 WO = 1.041146E-8 NLX = 1E-9
+DVTOW =0 DVTI1W =0 DVTZW =0

+DWVTO = 2.7123969 DVT1 = 0.4232931 DVT2 = -0.1403765
+170 = 431 .2322004 Lur:y = 3.091785E-13 0B = 1.7T0Z517E-18
+0C = 1.22401E-11 WVSAT = 1.715864E5 A = 0.6580916
+AGS = 0.130484 BO = 2.446405E-6 Bl = 5E-6

+EETA = -3.04334%E-3 Al = B.18159E-7 A2 = 0.3363058
+BD5SW = 1.367033E3 FEWG = 0.0328586 FEWB = 0.0104806
+WE =1 WINT = 2.443877E-7 LINT = 6.999776E-8
+XTL = 1E-7 XW =0 DWG = -1.256454E-8
+DWB = 3.676233E-8 VOFF = -1.493503E-4 NFACTOR = 1.0354201
+CIT =0 CDSC = 2.4E-4 CDSCD =0

+CDSCE =0 ETAOD = 2.342963E-3 ETAB = -1.5324E-4
+D5TUB = 0.0764123 FCLM = 2.5941582 FDIBLC1 = 0.8187825
+PDIBLC2 = 2.366707E-3 FDIBLCE = -0.0431505 DROUT = 0.9919348
+PSCBE1 = 6.611774E#8 F5CBE2 = 3.238266E-4 EVAG =0

+PRT =0 UTE = -1.5 ET1 = -0.11

+ET1L =0 ET2 = 0.022 oAl = 4.31E-9
+UB1 = -7.61E-18 oCcl1 = -5.6E-11 AT = 3.3E4

+WL =10 WLN =1 W =0

+WWH =1 WWL =0 LL =0

+L1LN =1 LW =0 LWH =1

+LWL =0 CAPMOD = 2 XEPART = 0.5

+CGDO = 2.32E-10 CGS50 = 2.32E-10 CGBO = 1E-9

+CJ = 4,282017E-4 FB = 0.9317787 M.T = 0.4495867
+CJIS5W = 3.034033E-10 FBSW = 0.8 MISH = 0.1713852
+CISWG = 1.64E-10 FBSWG = 0.8 MISHG = 0.1713852
+CF =0 FVTHO = 0.0520855 FRDSW = 112.8875816
+FPK2 = -0.028%03¢6 WEETA = -0D.0237483 LEETA = 1.7T26324E-3

" With 32 bins, this model has 3040 model parameters !



Model Changes with Process Variations

(n-ch characteristics shown)

Ip TT
FS or FF (Fast n, slow p or Fastn, fastp)

SS or SF (Slow n, slow p or Slow n, fast p )

VGs3

Vs

Corner models can improve model accuracy



BSIM Corner Models with Binning

- Often 4 corners in addition to nominal TT, FF, FS, SF, and SS

- bin on device sizes

MODEL CMOSH HMOS |

+VERSIOHN
+XJ
+K1
+K3B
+DVTOW
+DWVTO
+00
+0C
+AGS
+EETA
+BD5W
+WE
+XL
+DWB
+CIT
+CD5SCE
+D5UB
+PDIBLCZ
+P5CEBE1
+NET.TA
+PRT
+ET1L
+TB1
+WL
+WWH
+LLH
+LWL
+CGDO
+CJ
+CISW
+CTSWG
+CF
+PE2

o oo

3.1

1.5E-7
0.8976376
-8.2369696
0

2.7123969
451 .2322004
1.22401E-11
0.130484
-3.04334%9E-3
1.367053E3
1

1E-7
3.676235E-8
0

0764123
.366707E-3
.611774E8
-n1

-7.61E-118

.32E-10
.282017E-4
3.034053E-10
1.64E-10

0

0
1
1
0
2
4

= -0.028%036

THOM
NCH
KEZ2
WO
DVTI1W
DVT1
oA
VSAT
BO
Al
FEWG
WINT
XW
VOFF
CDSC
ETAD
EBCLM
FDIBLCB
FSCBEZ2
RSH
UTE
KTz
ocl
WLN
WWL
LW
CAFMOD
CE50
FB
FBSW
FBSWG
FVTHO
WEETA

27

1.7E17

-0.09255
.041146E-8

1

0
0.4232931
3.091785E-13
1.715864E5
2.446405E-6
B.18159E-7
0.0328586
2.443677E-7
0
-1.493503E-4
2.4E-4
2.342963E-3
2.5941582
-0.0431505
3.238266E-4

= R3_A

-1.5
n.0z22
-5.68E-11

9317787

. B

. B

.0520855
-0.0237483

1
0
0
2
2.32E-10
0
0
0
0

LEVEL
TOX
VTHO
K3
NLX
DVTZW
DVT2
B
AD
B1
A2
FEWB
LINT
DWG
NFACTOR
CDSCD
ETAB
FDIBLC1
DROUT
EVAG
MORMOND
ET1
oAl
AT
WW
LL
LWH
XFPART
CEBO
MT
MISW
MISWG
FEDSW
LEETA

49

1.42E-8
0.629035
24.0984767
1E-9

0

-0.1403765
1.702517E-18
0.6580916
5E-6
0.33630586
0.0104806
6.999776E-8
-1.256454E-8
1.0354201

0

-1.5324E-4
0.8187625
0.9915348

0

=1

-0.11
4.31E-9
3.3E4

0

0

1

0.5

1E-9
0.4495867
0.1713852
0.1713852
112.8875816
1.728324E-3

With 32 size bins and 4 corners, this model has 15,200

model parameters !



How many models of the MOSFET do we have?

Switch-level model (2)

Square-law model

Square-law model (with A and bulk additions)
a-law model (with A and bulk additions)
BSIM model

BSIM model (with binning extensions)

BSIM model (with binning extensions and process corners)



4o

The Modeling Challenge

Actual

Modeled with one model

(and WIL variations or

VGss Process Variations)

/ V (and WI/L variations or
— GS2  Process Variations)

(and WIL variations or

VGS1 Process Variations)

V (and W/L variations or
» /DS

Process Variations)

I, =1, (VGS’VDS)
lc =1, (VGS’VDS)
g =1, (VGS’VDS)

Difficult to obtain analytical functions that
accurately fit actual devices over bias, size, and
process variations



Model Status

Simple dc Model

——— Square-Law Model L= ucmﬂ{vcs—v,—ﬁjvbs

Small
Signal

Frequency
Dependent Small
Signal

y

Better Analytical
dc Model

N

Y

L . Switch-Level Models

Simpler dc Model * Ideal switches
* Rsw and Cgs

Sophisticated Model
for Computer
Simulations

[ BSIM Model

Square-Law Model (with extensions for Ay effects)

Short-Channel a-law Model



In the next few slides, the models we have
developed will be listed and reviewed

e Square-law Model

« Switch-level Models

« Extended Square-law model
« Short-channel model
 BSIM Model

« BSIM Binning Model
 Corner Models



Square-Law Model

Vass
Viasa
Vis2
L Vasi
Vps
0 VGS < VTH
W
ID = lJCOX L(VGS - VTH > jVDS VGS 2 VTH VDS < VGS - VTH
W 2
“COX i (VGS - VTH) VGS 2 VTH VDS 2 VGS - VTH

Model Parameters : {4,Cqx, V1ot
Design Parameters : {W,L} but only one degree of freedom W/L



Switch-Level Models

Hq 6 — .
% Rsw

N

\VGS Switch closed for V3g="1"
T s

Switch-level model including gate capacitance and drain resistance

Cgs and Rgyy dependent upon device sizes and process

For minimum-sized devices in a 0.5u process

2KQ n-channel
Css =1.5fF R, =
6KQ p-channel
Considerable emphasis will be placed upon device sizing to manage Cgg and Rgy,

Model Parameters : {Csg,Rsi/}



Extended Square-Law Model

-

;=0
o0 { -
O VGS S VTH
ID — < “COX %(VGS o VTH o %) VDS VGS 2 VTH VDS < VGS o VTH
W 2
“COX Z (VGS o VTH) i (1 + ZVDS ) VGS 2 VTH VDS 2 VGS o VTH

Vin = Vi "‘Y(\/(P_VBS _\/6)

Model Parameters : {4,Cqx, V10, P,Y, A}

Design Parameters : {W,L} but only one degree of freedom W/L



Short-Channel Model

O VGS S VTH
L GO T (Ve V) Ve VBV, Vo< (V)
W ‘ @
HIJC T(Vs _VTH) VGS 2 VTH VDS = gl(ves _V;H)z

a is the velocity saturation index, 2= a = 1

Channel length modulation (A) and bulk effects can be added to the velocity
Saturation as well



+XJ
+E1
+E3B
+DVTOW
+DWVTO
+100

+0C
+AGS
+EETA
+BDSW
+WE
+XL
+DWB
+CIT
+CDSCB
+D51UB
+PDIBLCZ
+P5CEBEL

+FPRT
+ET1L
+UB1
+WL
+WWH
+L1LN
+LWL
+CGDO
+CJ
+CJT5W
+CISWGE
+CF

+PE2
*

BSIM model

MODEL CMOSN HMOS (
+VERSION =

3.1

1.5E-7
0.8976376
-8.23659698
0

2.7123969
431 .2322004
1.22401E-11
0.130484
-3.0433439E-3
1.367035E3
1

1E-7
3.676235E-8
0

0

0.0764123
2.366707E-3

= §.611774E8

0
0
-7.61E-18

.32E-10
.282017E-4
.034033E-10
.64E-110

O Wwde h O FE O

= -0.028%038

THOM
HCH

K2

WO
DVT1W
DVT1
o4
WVSAT
BO

Al
EFEWG
WINT
XW
VOFF
CDSC
ETA0
FCLM
FDIBLCE
FS5CBEZ2

UTE
KTz
oCcl1
WLN
WWL
LW
CAFMOD
CG50
FB
FBSW
FBSWG
FVTHO
WEETA

27

1.7E17
-0.09255
1.041146E-8
0

4232931
.091785E-13
.T156884E5
L A446405E-6
L18159E-7
0328586
LA436TTE-T

[ T e T L T S P T

0
-1.493503E-4
2.4E-4
2.342963E-3
2.5941582
-0.0431505
3.2368266E-4

-1.5
n.0z22
-5.8E-11

9317787

. B

B

.0520855
-0.0237483

1
0
0
2
2.32E-10
0
0
0
0

LEVEL
TOX
WTHO

E3

NLX
DVT2W
DVT2

0oB

AN

Bl

AZ

FEWE
LINT
DWG
NFACTOR
CDSCD
ETAB
FDIBLC1
DROUT
EVAG

ET1
oAl
AT
WW

LL
LWHN
XPART
CGBO
M.T
MJISW
MISHG
FRDSW
LEETA

49

1.42E-8
0.629035
24.0984767
1E-9

0

-0.1403765
1.702517E-18
0.65609186
SE-6
0.33630586
0.01D04806
65.999776E-8
-1.256454E-8
1.0354201

0

-1.5324E-4
0.81878B25
0.99193486

0

-0.11
4.31E-9
3.3E4

0

0

1

0.5

1E-9
0.4495867
0.1713852
0.1713852
112.8875816

= 1.728324E-3

Note this model has 95 model parameters !



BSIM Binning Model

- Bin on device sizes
- multiple BSIM models !

MODEL CMOSN HMOS | LEVEL = 49

+VERSION = 3.1 THOM = 27 TOoX = 1.42E-8B
+XJ = 1.5E-7 NCH = 1.7E17 WTHO = 0.629035
+K1 = 0.8376376 K2 = -0.09255 E3 = 24.0984767
+EK3B = -8.236969¢6 WO = 1.041146E-8 NLX = 1E-9
+DVTOW =0 DVTI1W =0 DVTZW =0

+DWVTO = 2.7123969 DVT1 = 0.4232931 DVT2 = -0.1403765
+170 = 431 .2322004 Lur:y = 3.091785E-13 0B = 1.7T0Z517E-18
+0C = 1.22401E-11 WVSAT = 1.715864E5 A = 0.6580916
+AGS = 0.130484 BO = 2.446405E-6 Bl = 5E-6

+EETA = -3.04334%E-3 Al = B.18159E-7 A2 = 0.3363058
+BD5SW = 1.367033E3 FEWG = 0.0328586 FEWB = 0.0104806
+WE =1 WINT = 2.443877E-7 LINT = 6.999776E-8
+XTL = 1E-7 XW =0 DWG = -1.256454E-8
+DWB = 3.676233E-8 VOFF = -1.493503E-4 NFACTOR = 1.0354201
+CIT =0 CDSC = 2.4E-4 CDSCD =0

+CDSCE =0 ETAOD = 2.342963E-3 ETAB = -1.5324E-4
+D5TUB = 0.0764123 FCLM = 2.5941582 FDIBLC1 = 0.8187825
+PDIBLC2 = 2.366707E-3 FDIBLCE = -0.0431505 DROUT = 0.9919348
+PSCBE1 = 6.611774E#8 F5CBE2 = 3.238266E-4 EVAG =0

+PRT =0 UTE = -1.5 ET1 = -0.11

+ET1L =0 ET2 = 0.022 oAl = 4.31E-9
+UB1 = -7.61E-18 oCcl1 = -5.6E-11 AT = 3.3E4

+WL =10 WLN =1 W =0

+WWH =1 WWL =0 LL =0

+L1LN =1 LW =0 LWH =1

+LWL =0 CAPMOD = 2 XEPART = 0.5

+CGDO = 2.32E-10 CGS50 = 2.32E-10 CGBO = 1E-9

+CJ = 4,282017E-4 FB = 0.9317787 M.T = 0.4495867
+CJIS5W = 3.034033E-10 FBSW = 0.8 MISH = 0.1713852
+CISWG = 1.64E-10 FBSWG = 0.8 MISHG = 0.1713852
+CF =0 FVTHO = 0.0520855 FRDSW = 112.8875816
+FPK2 = -0.028%03¢6 WEETA = -0D.0237483 LEETA = 1.7T26324E-3

" With 32 bins, this model has 3040 model parameters !



BSIM Corner Models

- Often 4 corners in addition to nominal TT, FF, FS, SF, and SS
- five different BSIM models !

.MODEL CMOSN HMOS |

+VERSION
+XJ
+EK1
+K3B
+DVTOW
+DWVTO
+00
+0C
+AGS
+KETA
+BD5W
+WER
+XL
+DWEB
+CIT
+CDSCB
+D5TUB
+PDIBLCZ
+P5CBE1
+NET.TA
+PRT
+ET1L
+TB1
+WL
+WWH
+LLH
+LWL
+CGEDO
+CT
+CI5W
+CISHG
+CF

+PE2
*

oo Koo

3.1

1.5E-7
0.8976376
-8.236969¢6
0

2.712356%9
451.2322004
1.22401E-11
0.130484
-3.043349E-3
1.367033E3
1

1E-7
3.676235E-8
0

0764123
.366707E-3
.611774E8
-n1

-7.61E-148

.32E-110
.282017E-4
3.034055E-10
1.654E-10

0

-0.0289036

0
1
1
0
2
4

THOM
NCH
K2
WO
DVT1W
DVT1
oa
VSAT
BO
a1
FEWG
WINT
XW
VOFFE
CDSC
ETAD
FCLM
FDIBLCB
FSCBEZ2
RSH
OTE
KTz
ocl
WLHN
WWL
LW
CAFMOD
CE50
FB
FBSW
FBSWG
FVTHO
WEETA

| | | (| | (| R 1 |
Mo mkEWwo o

27

1.7E17
-0.09255
.041146E-8

4232931
.091785E-13
. T15884E5
.448405E-6
.18159E-7
.03285866
.4436T7TE-T

=]

-1.493503E-4
2.4E-4
2.342963E-3
2.5941582
-0.0431505
3.236266E-4

= R3_A

-1.5
0.022
-5.86E-11

L 9317787

. B

.B

.0520855
-0.0237483

1
0
0
2
2.32E-10
0
0
0
0

LEVEL
TOX
VTHO
K3
NLX
DVTZW
DVT2
OB
AD
B1
Az
FEWB
LINT
DWG
NEFACTOR
CDSCD
ETAB
FDIBLC1
DROUT
FVAG
MORMOND
ET1
oAl
AT
WW
LL
LWH
XPART
CEBO
MT
MISW
MISWG
FEDSW
LEETA

49
1.42E-8
0.629035
24.0984767
1E-9
0
-0.1403765
1.702517E-18
0.65809186
5E-6
0.3363058
0.01048606
6.999776E-8
-1.256454E-8
1.0354201
0
-1.5324E-4
0.8B187B25
0.9919348
0
1
-0.11
4.31E-9
3.3E4
0
0
1
0.5
1E-S
0.4495867
0.1713852
0.1713852
112.8875816
1.728324E-3

}

TT: typical-typical
FF: fastn, fast p
FS: fastn, slow p
SF: slow n, fastp
SS: slow n, slow p

With 4 corners, this model has 475 model parameters !



Hierarchical Model Comparisons

Accuracy
Complexity
Wz 7 7 BSIM Binning

Number of Model ~ APProx 3000
Parameters (for 30 bins)

BSIM
Models

Number of Model Approx 100
Parameters

Square-Law
Models

Number of Model
Parameters

3to6

Switch-Level
Models

Number of Model 0to2
> \\ Parameters




Corner Models

FF
(Fast n, Fast p)

FS
(Fast n, Slow p)

TT
Typical-Typical

SF
(Slow n, Fast p)

SS
(Slow n, Slow p)

Basic Model

Corner Model

Applicable at any level in model hierarchy (same model, different parameters)

Often 4 corners (FF, FS, SF, SS) used but sometimes many more

Designers must provide enough robustness so good yield at all corners



\
5/'-/.. S
Nj)(((( L

Stay Safe and Stay Healthy !
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