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Nonlinear Programming

A branch of applied mathematics concerned with
finding the minimum of a function of several
variables, subject to constraints or restrictions on
the variables.

Minimize f(x) with respect to x
subject to constraints:
0 \X)=<0 _inequality constraints

hj(x):O

- equality constraints



Penalty Functions (Example)

e O<vthO<1
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Example of Penalty Function

Mobility model for mobMod=2 (BSIM3)

Hog =

P

M

BSIM3 Constraint

Penalty Function
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- Function of more than 100 model parameters
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Y.Mahotin ... Automatic BSIM3/4 Model Parameter Extraatwith Penalty Function, Nanotech 2004
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Penalty Function in Work

log(function)




Penalty Function in Work

log(function)




Processaware SPICE models

Process-Dependant model card
Allowed
Process Parameter  Variation .param

dvtho= +4@-3*GOT+3e-4*GOT?

G{}T—F}Eﬂ& oxidation e +3e-14*HD-4e-28*HD?

EmpCrRine +10°C dphin=-4*dL+7 0*dL? ~80-5*%GOT-2a—-4*GOT?

HD-Halo implant -5a-16*VtA-9e-27*VtA?-6e—14*HD+3e-27*HD?

dose +lel2 cnr? dkl = +1e-6*GOT-30-4*GOT?

-3@-17*VtA-Te-27*VtAZ+5e-15*HAD-le—26*HD?

VIA -Vi-adjust deta0= -1e-5*GOT+Te—-4*GOT?
implant dose +lel2 cnr?

e i —40-15*VtA-le-27*VtA2—To-15*HD-de-27*HD?

dlL +0.005p
Nominal model card

.MODEL nch NMOS (

.MODEL nch NMOS (

vtEh0o = 0.299 vEh0 ="0.2994+dvtho’
phin = 0.174 phin ='0.174+dphin’
k1l = 0.442 kl ="0.4424+dkl’

etald ="0.757+detal’

etad = 0.757

. Mahotin ..., TCAD-based Process Dependant HSPICEaViBdrameter Extraction, Nanotech2006



Processaaware SPICE model Problems

Based on TCAD simulations
Limited mathematical possibilities
Small process variations
Incorrect asymptotic behavior
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CMT CAD

Extract a Process Dependent SPICE Madalsiicon)

Assume this is a BSIM4 model

Example

" Id=E(P)

Drain Current

HALO implantation energy, Annealing temperature,

Vector of Pr s Parameters = (HALO implantatiose]

Gate oxidation temperature ,...) /up to 100 pararskte
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CMT CAD (continue)

* Problem(digital applications)Find 5 to maximize on

and minimizel off
simultaneously
 Nonlinear Pro amm"g)g Problem:

MaX|on P|—a X |of )
o] : P

e Solution:Optimal Values of :



CMT CAD (continue)

* Problem(analog applications) : Find |5'

_ald

to maximize the maximum of : Gm=——
oVg

 Nonlinear Programming Problem:

m@X(G )

e Solution:Optimal values of |§ to maximize the
maximum of Gm



Mathematical abstractions
to model process variations

1:M =M, +ZZ% J”
2-M =M, + f (P)
O

()/




Gate shape variations

ldeal image Image on wafer
Optical Proximity
Correction

—

1.How to model ?
2.1s the problem solved?
3.No



Is the problem solved?

EDA companies commonly used approach

| ncorrect result




The statement that the problem has beer
solved Is a mythtrought experiment)

Start
Loos(1i )0z (Li2 ):0.5*(1+1+1j=
/

L 2 L 2% L L 2% )
i L
L 2L 2L 2L 2L

| ncorr ect

A thought experiment is a proposal for an experiment that
would test or illuminate a hypothesis or theory.
From Wikipedia, the free encyclopedia




One of the reasons of Incorrectness

Parasitic source/drain resistors




Image Variation

Function of

Image
Variations
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Modeling of Gate Shape Variations

/ 1 black
=TIXY)= .
1. ] | ) iO white

2. Geometrical Moments-
m, :Hxiyjf(x,y)dxdy i,j:0 = o

3. flxy)em i,j:0-o

Result: I\ﬁ = I\ﬁo + Z a1.j mj
]




Development of Technologies
less sensitive to OPC variations

Process Parameters , Gate Shape

 Assumption: | = F(ﬂ }\ is available

e Problem definition:

Assume this is a BSIM4 model

i > (1duge—F(P {)f

The sum over different gate shapes

e Result: Optimal Process Parameters |5 of
Technology less sensitive to Gate Shape Variations



L ayout Variations
Example: CMOS NAND

From Wikipedia, the free encyclopedia



Model Parameters

Layout-dependent SPICE model

() S

V=N, +3 gm +> iy

Function
of layout



Realization

 Modern C/C++ programming techniques

/ Optimization Algorithm DLL
&7 Model. Penalty Functions DLL
Objective Function DLL
/ \\‘ Variation Functions DLL

Artificial Intellect DLL
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Speadup

Multi-threaded scalability

Speedup as a function
of number of Cores

*AMD single chip, 8 Cores
(Opteron 6128)

50 BSIM3 model parameters
«22 devices
I I «30,000 measured points
ul

Mumber of Cores



Automatic Parameter Extraction

1. Pre-defined Model Parameters
2. Non-binning Parameters
3. Binning Parameters

VtihO —— vthO Pre-defined Parameters
K1l k1 vthO

Ktl —— kt1 kI  vthO

UO ——— w0  kt1 kI  vtho




Automatic Parameter Extraction

QA k2 k3 k3b w0 dvt0 dvtl dvt2

l l l l l l \
f1 f4
N %

fmin

uo kt1 k1 vthONtO j




Automatic Parameter Extraction

] Id vs. Vg (T = -55(red), 25(green), 125(blue) C). L=0.33, W=0.4, 0.3, 0.25 |

W ————— 115 Model Parameters
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25 devices

«-55, 25, 125 °C
«100,000 points

8 Cores, 40 hours

Drain Current (A)
S 3 29

a <
o ©

5% accuracy




