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Next Time on Parametric Yield

» Current and Advanced DFM techniques
— Worst Case Files
— The role of process simulation (TCAD)
— Complete Process Characterization
— Statistical Design

e The economics of DFM
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What Drives “Worst Case” Analysis?

» Basically, optimize an inverter design...

... then, since most designs are just
combinations of inverter-like gates...

 ...it follows that the entire design would be OK
even at the extreme points of process variation!

Process domain:

Vt,, DL,,, DW,, kp,,,
P vt, DL, DW,, kp,
Tox, T, Vdd
Performance domain:
t,P

Yield Body:

P<x MWV, t<y nsec.
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Simple Digital Worst Case

l4or SEtS power and speed in digital logic, so the
extremes of |, and I, set the “performance”
spread.

* Method
— Identify typical, fast and slow N, P.
— Extract the respective process parameters.
— Name the cases TT, SS, FF, SF, FS, respectively.
— Make sure performance meets specs at extremes.
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Parametric Transistor Measurements
53d= ""E BE3D "R""Ei =] E&S E
CGEEE R mE BB | HE B
': o wsm Fqﬂ-ﬁi "' T'H--f AA.&«CE .;'Jrlcﬁ -C..:..-:T':ﬂ‘.
g i 3 b_g 3 -4 N
£ i % 4 3*5 g i gk 3L 4
i;im Fiail; A FEEIS R Erjuid Fizil;
i —d 5
‘.. t"# " ‘;"‘i
" Ty L™ .
- N e
\ u‘_a-‘j#: iur* *
ST *$’¢='
u-*z*-t R
LA A :&3”
. 3' ¥ ¥ *%r
Y % + o
» £ -
. _Sx E E
f il E :

Lecture 3: Parametric Yield Closeout 4



EE290H F03 Spanos & Poolla

Simple Digital Worst Case (cont)
Ids(p)

SF

FF

FS

Ids(n)
* Problems
— It implies that the yield body is convex.
— The Box might be unnecessarily big (over-design).

— ldsatextremes do not always map to performance
extremes.

— Local variability is ignored (under-design).
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Table Driven Digital Worst Case

* N and P device behavior is highly correlated!
Process Ids(n) lds(p) Related?

Cox \ \ Yes
Dw \ ~ Yes

DL / / Yes
LatDiff / / no
msurface /V / no

Method
» Use table to relate process variability to Idsat deviations.
« Identify extremes through measurements.
Extract the process parameters for each.
Call them TT, SS, FF, SF, FS, respectively.
» Make sure performance goals are met by all.
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Table Driven Worst Case (cont.)

Ids(p)
SF FF

SS

FS

Ids(n)

* Problems
— It still implies that the Yield Body is convex.

— lIdsat extremes do not always map to the actual performance
spread.

— Local variability is ignored (under-design).
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Working with “Complete” Parameter Sets

» Do not just focus on Idsat.

» Assume that all process parameters are varying.
Independence cannot be assumed - use Principal
Component Analysis (PCA) to transform the Problem.

* Method

Extract process parameters from a population of devices.

Find the correlation matrix of the process parameters.

— Apply PCA to transform to an independent parameter space.

Use Constrained optimization to find the performance extremes
(space is nicely convex).
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Complete Parameter Sets (cont.)

* Problems
— Multiple extractions of
correlated parameters.

— Performances analyzed at
device - not circuit level.

Frocess Domain — Local variability is ignored.
{inctegyrsanl)

FGA

SEmulailan
[

Frocezs Domarn Parformant Do
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Working with “Reduced” Parameter Sets

» Assume that only few process parameters (Vi,, Ty, L, W)
and operational parameters (V4q, T) are varying
independently. (No PCA necessary!)

» Use circuit simulation to define extremes.

* Method

Develop special “statistical” device model.

Perform n+1 circuit simulations at extremes.

— Establish linear approximation of yield body.

Integrate Yield numerically.

(Find Yield gradient, optimize yield)

(Non-linear modeling and complex experimental designs also
possible)
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Reduced Parameter Sets (cont.)

Ps
] ™
"
Cireuil
Simulatlon
I|'|\N——"'J-/f N
Process Domakt Ferformance Darmain
[Indepandent}
* Problems

— Special device modeling considerations.
— Linear approximations good for high yield only.
— Local variability is ignored (no analog designs!)
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Modern Worst Case Files...

* We now fully realize that the device level worst
case files are just an intermediate abstraction to
capture the process variability.

» We also know that process parameters are
highly correlated.

» So, state-of-the art techniques attempt to
approximate the “ellipse” that typically describes
the distribution of device parameters.
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Modern Worst Case files
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Carefully designed arrays of simulations can
reproduce statistics of process

Solid: 3G ecllipse based on 1000 Simple Random samples
Dotted: 3G ellipse based on 100 latin hypercube samples
Dash: 3G ellipse based on 25 latin hypercube samples
Vth: short-wide lon: short-wide Beta: short-wide
H
v Neton Naen
ton: long-wide Beta: long-wide
4 g #
Non N-Bern
lon: long-wide Beta: short-narrow
£ E
.
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Time out! What do all these Techniques need?

Process

» Accurate process characterization!

Electrical | * Deep understanding of how
variability propagates from one
level of abstraction to the next!

Circuit

Performance

Lecture 3: Parametric Yield Closeout
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An Example of Using TCAD in Process
Characterization
De-s-lgnof
Experiment
Design Table

Spanos & Poolla

TED database
with >300 SIMS
2 data

Process & Device | -

Simulation

Saturation
Drain Current

Modified RSF

- Global
Process sensitivity on calibration
Vith, Ids and Cj

¥

Generation of MOS model parameters . J

Accurate Statistical Process Variation Analysis for 0.25- m CMOS with Advanced TCAD Methodology, Hisako Sato, Hisaaki Kunitomo,
Katsumi Tsuneno, Kazutaka Mori, and Hiroo Masuda, Senior Member, IEEE, IEE TSM, Vol 11, No 4, November 1998
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The basic Macromodeling Idea

J NM(‘)S
0 - g . .
3 !\ ® 1. “tune” process/devu_:e simulator
02 imulation for good agreement with process.
. ] ©  Measurement 2. Run the tuned simulator over a
z - emos.__|  “designed” experiment.
< Iy IR L —
R R S
02 Simulation M 0.1
0.1 1 10 O 8 Q Q
Lg(um) 8 RSF (o)
3. Fit polynomial (macromodel) to
simulator results. g s — -
4. Replace costly simulator with = ¢ P
inexpensive (but rather “local”) 02 | et enor ¢ 0/ RSF
macromodel. _— Vieomy 3/ O
Ids: 3%
0.2 03 0.4 05 0.6
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Lg(um)

<3

Alds(mA)
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Good Statistical Match Can be Achieved...

0.05 0.0+
RSF
204 (80=0.081V) vosd RSF
& 3 ' (30=9.52%)
w» o003 Experiment <
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How about Statistical Process Simulation?

» Low level, physical process parameters can be
used as statistically independent disturbances.

 Method

— Identify process disturbances.
— Infer multi-level statistics of process disturbances.

— Use fats process and device simulation to generate
device parameters.

— Global and local variations can be represented.

Lecture 3: Parametric Yield Closeout

EE290H FO3

19

Spanos & Poolla

Statistical Process Simulation

» Compact Process / Device Models.

— Typically 1-D or compact 2-D models.

» The concept of process disturbances.

— Low level process parameters that are, almost by
definition, independent from each other.

Lecture 3: Parametric Yield Closeout
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pirusvip 1€ ROle of Statistical Process Simulation

Problems
e Process
Characterization is
difficult
i « Modeling accuracy is an
= Oxide Growth issue
Loa=Lewe] Frocess Demaln - Coef. . .
findependant procase ¢ Monte Carlo simulation
alurhances) . . .
is still expensive
Leﬁ: Fracets Simygdalion
-
-]
Cittuit
Elmulatlon
s ——
Tox
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Possible to Model Statistics of Device Performance

— AN Lok Laval

o Hoaal walsr Leval
w | N8 L] Moranal

w- HJ__“'
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For complex Analog Circuits...

« “Matching” matters.

« It is impossible to
consider matching of
individual devices

« It is practical to
“group” devices, and
consider matching
across groups.
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EE290H F03 Spanos & Poolla

Why do we really loose Yield?

» Catastrophic defects due to contamination.
* “One time” departures from Statistical Control.

Process Domain Performance Domain

Lecture 3: Parametric Yield Closeout 24



EE290H FO3

Spanos & Poolla

Problems with earlier Techniques

» Earlier Techniques assume:
 The entire fab line is “under SPC".

 Critical steps can be “characterized” via
measurements.

» VLSI Technologies, however, are often too
short-lived and too complex to achieve SPC
status!

Lecture 3: Parametric Yield Closeout 25

EE290H FO3

Spanos & Poolla

A Binning Prediction Problem

Create a model that relates yield to easy-to-measure,
in-line and electrical parameters.

Base model on process physics - so that is is valid even
when the process is out of SPC.

Model Coverage

Model Coverage

\

Process Domain Performance Domain
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The Binning Prediction (cont.)

» Use this model in conjunction with
measurements to predict functional yield (speed
binning) early on.

» This will give early feedback about the line and
the product in it.

« Some of the costly performance testing might be
avoided.

Performance Prediction Model

27
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The Generic Process Model

Mean and Std. Dev. (6) for NMOS Process Parameters

Parameter Mean Global ¢ Local ¢ Units
AL 0.30 0.10 0.025 microns
AW 0.15 0.05 0.0 microns
T,x 35.0 1.5 0.38 nm
Ny 55x105 | 1.67x10° | 042x105% | em™3
global
mean
global std dev
die
local value
local std dev

NMOS/PMOS Global Parameter Correlations

Parameters | N-AL | N-AW | N-T,, | N-Ng,;¢
P-AL 0.75 0.0 0.0 0.0
P-AW 0.0 1.0 0.0 0.0
P-T,, 0.0 0.0 10 0.0
PNy, 0.0 0.0 0.0 0.0

28
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The Specific IC Product Model

ROW DECODER
ADDRESS > o > o—@@ R WORDLINE
I c
SENSE AMPLIFIER
vop VoD
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COLUMN SELECT
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Simulated Statistical Distribution of Performances
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Yield Body Representation

» Using a linear model, each side of the yield body
Is a hyperplane of the form:

Performance = Ay+A;(N,g) + A,(Nig,)+...

* The adequacy of the model can be examined by
plotting the distance of good and bad parts from
the hyperplanes:

d,=AX,

* Projecting constraints into two dimensional
planes gives insight into how to improve the
model.
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Linear Approximation of the Yield Body

Detail of one Constraint
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Test Patterns

* We need to characterize both interconnect and
active areas of the chip. Test patterns include:

— Transistor arrays (three sizes of each type).
— Capacitors for three typical oxide thicknesses.
— Polysilicon structures for word line resistance.

33
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In-Line and Electrical Measurements

* In order to use this model as a yield predictor,
we have to “feed” to it easy to collect
measurements.

» Standard test patterns are in use to collect Tox,
Vi, kp, DL, DW, doping levels, poly resistivities.

34
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Overall Binning Prediction Methodology

-1 C

Nominal Process
Parameters

Process
Variations

D

Monte Carlo
Simulation

Circuit
Model

Parameter
Correlations

l

Simulated Circuit
Process Spread Simulation
Principal [ Simulated )
Component Performance
Analysis Spread

L

In-Line and
Electrical Test
Measurements
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Histogram of Distance from Constraint Tacc < 50 ns

Points predicted to pass

—_—
Points predicted to fail

Actual passing points

Type II Error Committed

~

15.00

10.00

5.00

0.00

Type I Error Commitied

Actual failing points

/

/|

-2.00
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Issues in IC Manufacturability

 Importance and Causes of Yield Loss

* A Formulation of the DFM Problem

» Circuit Design for Manufacturability

* Yield Modeling Methods

* CIM and DFM

Lecture 3: Parametric Yield Closeout
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Projected Parametric Variation in Future Nodes
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Projected Parametric Variation in Future Nodes
Test Circuits used to facilitate Analysis

Logic Interconnect
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Projected Parametric Variation in Future Nodes
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Projected Parametric Variation in Future Nodes

Performance Variation Trend- Interconnect
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Projected Parametric Variation in Future Nodes

Delay and Energy Variation caused by height
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Let's Summarize...

wafer fab real-time Equipment
measurements? | Utilization

in-line tests

wafer yield | die yield (functional) |

- functional : binning/
| e-test | — test |_ packaging |_parametric test

back-end

ield i i field I — | .
» field '”Sta”a“onl— data die yield (parametric) |
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IC production suffers from routine and assignable variability.

eHuman errors, equipment failures
*Processing instabilities

*Material non-uniformities
*Substrate inhomogeneites
eLithography spots

Variability causes deformations

* Geometrical « Electrical
° Lateral ° Global
° Vertical ° Local

° Spot defects

Deformations have deterministic and random components,
are global and/or local, can be independent or can interact.
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Performance vs Yield

Performance
Manufacturability

Equipment Settings
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How does reduced variability help?

L.y Process
Window Tighter lot CD distribution
= allowed target shift to
NC shorter L4 without
¥4 \ yield hit
f 2 Speed Bin |% Pre-ACDC|% Post-ACDC,
: 1
/ y :
{ 11 3
J \ 4
N 5
< Leﬂ' — Mean ASP: $ $
% Speed Speed § $ 2M / wk /
Ff ield Yield f 1K starts ’
Semiconductar §
Jthhnduw ) e _ -
Tmtogiity st

600k APC investment, recovered in two days...
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Design Yield Prediction

First we define functional (timing and other functionality
constraints) and parametric (speed, power etc.) measures:

Qr ={af.a5,...ak.}
Qp={al.a5.....aR}"

Then we define the space that contains both types of
measures: ]
SR

The set of acceptable IC performances is given as:

Aq = {QI Sg| eachgj acceptable " j=1,2....,ng}
Ng =Ng+nNp

Lecture 3: Parametric Yield Closeout
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Design Yield Prediction (cont.)

All performances are determined from the state variables
of the process (geometric and electrical parameters after
wafer fabrication):

Aw = {Xul SwIQ (Xw)l Ag}

This is the acceptability region defined in the state variable
space. The Yield is defined as:

Y= { g(xw) fw(xw)dxw

1," xwl Aw
fw(xw) is the jpdf of Xy and g(xw) ={
0, otherwise

Y = f fw (Xw) dxw
Aw

Lecture 3: Parametric Yield Closeout
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Design Yield Prediction (cont.)

Let us now assume that Xwreally depends on the parameter
sets defined as C (Controls), L (Layout), and D
(disturbances). Given fixed values for C and L, then:

Yzf fo(d)dd
Ap(CO L9

Let us further assume that C, L, D are separable (i.e. some

affect performance and some functionality, but none affects
both). Then:

Yeun= / fo'(d')dd"
A5(COL9
and

Year = f fo'(d")dd"
AB(COLO)
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Manufacturing Yield vs. Design Yield

_Ne _ Nw Ne Np _

YMm N - N Ny Np YwYpTYFT

Because of test coverage limitations:
Ym3 Y
Because of imperfect separation:
Y £YparR'XYFuUN'
Finally, since we do not probe the actual circuit, we have:

Ypro » YpPAR
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Yield and Production Cost

The objective is not to maximize yield but to minimize cost.
Wafer Cost: C1 = (N - Nyw)(cp*+ cy)

Probe Cost: C2=(Nw - Np)(cpr+ Cp + Cw)
Final Test Cost: C3 = Np(CET+ Ca+ CpT+Cp + Cw)

Total Cost per chipsold: C =C; +Cy+ C3

C =Neerrt catcprop+ow) + MWL - NPyeprr cpt o) +
Nk Ne Ne " Ny

ﬂl_N_W C*+C
AL e ow)

Lecture 3: Parametric Yield Closeout
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Yield and Production Cost (cont)
Finally, total cost per chip sold:

Y
N%: =(CFrt Cat CpTHCp + Cw) +Y—;(1 - Yer)(Cert Cat CprHCp +Ow) +

Y,
W(1 - Ypr)(Cpr+ Cp + Cw) + ok (1- Yw)(Cp*+Cw)
Ym Ym

This means that the yield maximization problem and the cost
minimization problem are not equivalent!

VLSI Design for Manufacturing: Yield Enhancement
Director, Maly and Strojwas
Kluwer Academic Publishers 1989
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In Conclusion

* Yield is good and Variability is bad.
— metrology
— statistical process control
— run-to-run and reaktime control

Spanos & Poolla

* Must manipulate process steps to accommodate

circuits and designs.
— modeling
— design of experiments

» Must keep cost of manufacturing low.
— Automation of product flow
— Automation of information management

Lecture 3: Parametric Yield Closeout
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Calculating IC Cost vs Defect Density

An example...
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The 1997 Roadmap (see transistor cost)

Year 1997 1999 2001 2003 2006 2009 2012
Feature nm 250 180 150 130 100 70 50

Area mm? 300 340 385 430 520 620 750
Densitycm? 3.7M 6.2M 10M 18M 39M 84M 180M
Cost nc/tr 3000 1735 1000 580 255 110 50

technology 248 248 193? 157? 14 14 14
wafer size 200 300 300 300 300 450 450

Function/milicent

Overall Production
Efficiency up by
~20X (1)

from 1997 to 2012.

Function/milicent
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Negative Binomial (a widely accepted yield model)

If f(D) follows a Gamma distribution, then:

v{144D]" I (a~03-3)

And if clustering becomes an issue, then:

vev[1+8p "

where Yo is the “gross cluster yield”.
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Typical Defect Size Distribution

ifi'[Rj From Lzyeri-23 R
”a{ R From layeti -2 R

From layeri - |

.—M.

R

LR} $ ; VET—— This means that defect
H . MgpEset detigh niky density increases to gbout
’ 1/square~1/cube of line
i i, for .
K width!
f
ii R
=

A
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Line Yield, Memory
] L R T r s X S
Tt TImea g el #T .
3 T i l‘*‘.--.}‘
_:5?.5 a0 K oot
E = o " t
i‘ m - ..". II-J‘II.'I
3 :_Hz'. |'.
£ &0 #
3 Historical data on what percentage of WAFERS
o 50 makes it to the end. We can assume that this Yield
- component will be a non-issue in the future...
an
an -

1aal 1948 198k

I
1631
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Numbers here are for class 10.

1/cube~1/square of line width for a given clean room class).

EE290H FO3
Line Yield, CMOS Logic
120 =,
.-
= o
1
f:{ B0
E" ET
a
I 6o
= = 4
2 v N A ! E
B 3 ' (o
= : ...even though CMOS does : B
40 not have perfect wafer yield 3t
|. M 1
an - : yet! : Ei
; : o
T T - T 1 T 1
10gA 10E4 1zan0 T8 105 1533 166 1905 1958
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Memory Defect Density, 0.45-0.6mm
000 _.a'-:
1u.n:—-! _c" B Ly
’E LAN— Y -".k__.-‘.__
E aan- q*x:';‘_l_ﬁ .
e 00— v-“)'\-. ' kR "‘--:_\_-_ .l"""'J\u
B LA e w— L) et
-E 0.30 ) ‘“-_\_‘_T.-?h‘va ‘_*1_:‘1\4\'!'4\ e
z ——— -, . B — _‘;
',@ B [ - [ ]
2
g EE Ais the area. D is the defect density (goes up to
z o
%
=
&

See next slides for data points from older technologies...

Y =[ (1-eP)/AD ]2

[ T 1
19az 1903 1934 TABS
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Logic Defect Density, 0.7-0.9nm CMOS
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Logic Defect Density, 0.7-0.9mm CMOS

7501y = [ (1-eAP)AD ]2
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Bringing the Puzzle Pieces together...

Year = D CD | Awea ' GDW | KilerDef =~ WaferSize ~ Density = VYield | CentDie 10°6c/Tr
1997 10.000600| 0250 ' 300000 | 830% | 0.000600 200000 3700 0842 | 1B 3068
1999 10000500 0.180 ' 340.000 ' 137.856 | 0.001340 300,000 6200 = 0663 | 10881 175
2000 10000040 050 | 385000 145052 | 0.000648 = 300000 | 10000 = 0790 | 120341 | 1034
2003 10000050 030 | 430000 ' 141792 | 0.000356 = 300000 | 18000 = 0863 10579 = 588
2006 10000002 000 | 520000 133684 | 0.00003L 300000 | 30000 094 11220 268
2009 10000004 0070 | 620000 ' 229707 | 0.000182 = 450000 | 84000  08% 9% T
2012 10000001 0050 | 750000 193304 | 0.000125 450000 180000 0912 164 6B

Note how clean we must be!
Note trade-offs between wafer size and defects!
20x improvement will not be easy...
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Fall 2003 EE290H Tentative Weekly Schedule
1. Functional Yield of ICs and DFM. :
2. Parametric Yield of ICs. IC Yield &
3. Yield Learning and Equipment Utilization. Performance

4. Statistical Estimation and Hypothesis Testing. — Process
5. Analysis of Variance.

6. Two-level factorials and Fractional factorial Experiments. MOdellng
7. System Identification.

8. Parameter Estimation. Process
9. Statistical Process Control. Distribution of projects. (week 9) Control
10. Run-to-run control.

11. Real-time control. Quiz on Yield, Modeling and Control (week 12)

12. Off-line metrology - CD-SEM, Ellipsometry, Scatterometry Metrology

13. In-situ metrology - temperature, reflectometry, spectroscopy

Manufacturing
14. The Computer-Integrated Manufacturing Infrastructure Enterprise

15. Presentations of project results.
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