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Scaling and Lithography Problems 

Figure courtesy Synopsys Inc.
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Lithographic WYSIWYG Breakdown

ÅExisting compact device models (e.g., BSIM) do not handle 
non-rectangular geometries.

What designer sees What silicon shows

1mW, 200MHz
1.3mW, 180MHz

Contour-based

{RC Extraction,

Device modeling}

Power, 

Performance

Analysis

1.3mW, 180MHz
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Where Are Electrical Models of 

Patterning Imperfections Needed?

ÅCells characterization

ÅElectrically-driven OPC

ïConverting shape into current

ÅContour-based design analysis

ïEstimate power and performance.

ÅDesign rule optimization

ÅTransistor shape optimization

ïOptimizes non-rectangular transistor for delay-

leakage tradeoffs.
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Why Wires Are Not Important

ÅWidth variation averages over long wires.

ÅResistance and capacitance change in opposite directions 

as line width changes.
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Simulation at Chip-Level

ÅDelay and switching power <3%.

ÅImpact of wire variation is exaggerated as averaging effect 

is ignored.
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Non-Rectangular Transistor Modeling

ÅExisting compact device models (e.g., BSIM) do not handle 

non-rectangular geometries

ÅDevice models for shape imperfections :

ïPolysilicon gate shape contours [Gupta SPIEô06]

ïDiffusion rounding [Gupta ASPDACô08, Chan VLSIDô10]

ïLine-end shortening : gate not completely formed 

[Gupta DACô07]

ïLine-end rounding : 

ñtaperingò, ñneckingò 

or ñbulgingò 

[Gupta PMJô08]
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Polysilicon Rounding Model
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ÅLine-edge roughness and poly rounding lead to 

NRG transistor

¢ǊŀƴǎƛǎǘƻǊΩǎ ƎŀǘŜ

ÅEquivalent gate length (EGL) can be used to represent 

the current behavior of the transistor to communicate to 

SPICE

EGL



Narrow Width Effect (NWE)
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Location
Edge

Edge

Middle

Variation sources Vth edge/Vth middle

Fringe capacitance <  1

Well proximity >= 1

STI Stress <= 1

ÅDopant densities, well-proximity effects, line-end capacitive 
coupling, etc. change with distance from STI edge

üNon-uniform Vth along channel width

ü Ion/Ioff vs. W plot is not perfectly linear

ÅThe extent and kind of behavior are very process-
dependent



ÅThreshold voltage modeled as a function of 
location along channel width

ÅK1 and K2 can be fitted purely in SPICE regime

ïNWE effect in BSIM Ą Ioff vs. Width plot 

ïVth vs. location can be fitted such that

Ioff of transistor slices match 

Ioff vs. Width plot 

ÅParameters of Vth model are 

estimated using Ioff data, which

is much more sensitive to Vth
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Modeling Location Dependent Vth
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Device Level Modeling Results
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ÅEGLs depend on transistor working states

ïEGLs are extracted at |Vgs| = 0 and |Vgs| = Vdd for 

leakage and timing analysis, respectively

ÅAlternatives :

ïModel a transistor by multiple smaller 

transistors connected in parallel [Sreedhar

ICCDô08]

üAccurate but number of 

transistors increases

ïFit Leff and Vth for Ion and Ioff

üOnly a set of parameters for a transistor

Compact Model for Circuit Simulation 

L1

W1 Wn

Ln

Χ

Leff

Vth-eff
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Other Circuit Models

ÅExpress gate length as a function of Vgsin deviceôs 

model (e.g., BSIM)

ïGiven Leff at Vgs = 0 and Vgs =Vdd,

ïIntermediate gate length can be 

estimated using close form equation [Singhal DACô07]

ÅModel the impact of gate length variation using voltage 

dependent current source [Shi ICCADô06]

ïI-V curve is calculated 

based on transistorôs shape.

ïæI due to non-rectangular gate

is extracted and modeled as a 

current source connected in 

parallel to the transistor
14

Voltage 
dependent 
current 
source

Leff=f(Vgs)



The Flip Side

ÅUse the models to draw non-rectangular transistors 

intentionally to reduce power

ÅProposed alternative: shape the transistor channel to 

create a dominant device

ïLower leakage, faster delay, smaller capacitance

Å90nm simulation results
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Leakage Improvement vs Width

Circuit 

Name

Orig. 

Delay 

(ns)

Opt. 

Delay 

(ns)

Orig. 

Leakage 

(uW)

Opt. 

Leakage 

(uW)

% 

Imp.

C5315 1.96 1.95 31.93 30.46 4.6

C6288 5.62 5.61 39.66 38.38 3.2

C7552 3.19 3.19 36.78 35.08 4.6

i2 0.86 0.86 13.55 12.80 5.5

i3 0.45 0.45 6.07 5.74 5.4



Its not only ñLò: Diffusion Rounding
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Victor Moroz, Munkang C. & Xi-Wei Lin SPIE 2009

Drain

Poly

ÅDiffusion rounding occurs due to 

printing imperfection.

Å Diffusion routing

Å Pwr/Gnd connections

ÅModeled as trapezoid gate to 

investigate electrical 

performance.



Developing a Physical Diffusion+Poly

Rounding Model
ÅTo capture two dimensional E field, slice channel

according to its distribution

Å For each slice, Leff-i = Li

ÅEffective width is derived using gradual

channel approximation : 

ÅVth varies due to NWE and 

asymmetry between source and drain

ÅUsing charge sharing model:
E

E

Middle

Edge

Edge
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Total Currents

ÅEach slice is rectangular with 

equivalent L,W and Vth:

ÅSecond order effects (DIBL, short channel effects, etc) 

are implicitly considered in BSIM.

ÅEvaluate Itotal at Vgs= 0V     Vds = Vdd (off)

Vgs= Vdd Vds = Vdd (on)

ÅWith Itotal, equivalent device for circuit simulation can 

be obtained using EGL or other methods.

Can be obtained using 
conventional compact model 
e.g., (BSIM).
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TCAD vs Model (Diffusion Rounding only)

ÅAsymmetrical Ion/Ioff when rounding happens at 

Drain/Source terminals

ïæVth varies according to drain/source ratio
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Poly+Diffusion Rounding

L2

Wd

W1

W2

L1

drain source

L1 
(nm)

L2 
(nm)

Wd 

(nm)
W1 

(nm)
W2 

(nm)

Error (%)
TCAD cal. SPICE cal.
Ion Ioff Ion Ioff

Diffusion rounding 
only 

(Source side larger)

45 45 155 26 0 -2.1 -0.8 -2.0 -0.5

45 45 155 45 0 -2.0 0.7 -1.9 1.1

45 45 155 78 0 -2.8 0.4 -2.7 0.7

Poly rounding only
55 45 155 0 0 NA NA -0.7 2.5

35 45 155 0 0 NA NA -0.2 7.5

Poly+ diffusion 
rounding

55 45 155 45 0 NA NA -1.4 3.1

55 45 155 0 45 NA NA -2.8 -2.7

35 45 155 45 0 NA NA -2.4 0.7

35 45 155 0 45 NA NA -0.7 7.8

Average error :
(Diffusion layer rounding only) (Poly+ Diffusion layers rounding)
TCAD calibrated model = 1.6% SPICE calibrated model =2.7%
SPICE calibrated model = 1.7%
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Application on Logic Cells

ÅAt 100nm defocus

æ Delay     = 5%

æ Leakage = 9%

ÅDesign rule can be 

optimized.

NAND2_X1    NOR2_X1
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Line-End Imperfection

Misalignment

Line end 
pull-back Top View

A

A

Cross section at   A-A

{мΣ{нΣΧ

3D view

activeSTI

L nominal
Gate within 
channel

Gate at 
LEE

L 0

active

active

Åline-end shape changes fringing capacitance 

and narrow width effect

ÅFringing capacitance can be modeled by

[Gupta PMJô08]
edge gate--- +=ä fsif

i

totalf CCC

Cf-si Cf-gate edge
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Electrical Impact of Line-End Problems
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ÅLEE vs. Capacitance
Line-end extension increases Cg because 
there exists fringe capacitance between 
line-end extension and channel.

ÅCapacitance vs. Vth

Cg affects Vth, narrow width effect

Á Cg increases Ą Vth decreases

Á Cg  decreases Ą Vth increases

ÅVth vs. Current

Ion and Ioff are functions of Vth

Á Vth increasesĄ Ion, Ioff decrease

Á Vth decreasesĄ Ion, Ioff increase
140

160

180

200

220

240

0 10 20 30 40 50 60 70 80 90 100

Line-End Extension (nm)

C
u

rr
e

n
t 

(I
o

n
: 

u
A

)

100

120

140

160

180

200

220

240

C
u

rr
e

n
t 

(I
o

ff
: 

p
A

)

Ion(uA)

Ioff(pA)

Increasing LEE

Cg

Vth

BfbV y2+



Misalignment Model

Å There exists misalignment error 

between gate and diffusion processes

Å Overlapping region (=actual channel) 

can vary according to misalignment 

error

Á Increase linewidth variation

Å Misalignment has a probability, P(m)

3ů-3ů

P(-3ů<x<-3*(3/5)ů)

P(-3*(3/5)ů<x <-(3/5)ů) P(-3*(3/5)ů<x <(3/5)ů)

P(3*(3/5)ů<x<3ů)

P(-(3/5)ů<x <(3/5)ů)
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Optimizing Line-End of SRAM
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SRAM Bitcell Layout vs. Line-End Design Rule

(Line-End Length, Sharpness) vs. (Leakage, Area)

Poly Diffusion NWell
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Line-End Shortening (LES)

ÅPolysilicon does not cover active region completely

ïSources: Misalignment and line-end pullback

ÅTransistor suffering LES :

ïFunctionally correct 

ïHigh Leakage power

ïMay have hold time violation

G

D

S

RLES

Active 
region

Gate

Polysilicon

Drain

Source
LES
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Design Flow Integration

ÅFull-custom/Analog designs

ïSPICE or SPICE-like analyses flows

ïWeq, Leq per transistor is sufficient

ÅCell-based digital designs

ïStatic analysis flows based on standard cell 

abstraction

ÅOne cell is 2-100 transistors

ÅTiming/power views stored in pre-characterized ñ.libò files

ïAnalysis done at PVT ñcornersò

ïState of art 45nm logic designs have 10M+ cells and 

50M+ transistors ĄHierarchy preservation essential



Adoption Challenge #1: Simulation Runtime 

ÅñExpectedò runtime ~ 1M instances/2 hrs
ï~1nm accuracy needed for timing analysis

ïMultiple focus, exposure and overlay conditions?

ÅTricks to play
ïSimulate only the gate area on Poly and Diff

ïParallelization

ïLeverage pre-simulated cells

ïMix of rule-based and model-based approaches

ïFilter simulation areas
ÅTiming criticality: simulate only near critical instances 

ÅGeometric criticality: pattern-based or graph-based filtering  

ÅAdded complication: need for incrementality
ïTiming/power optimization Ą incrementally resimulate after change

ïTrick: use methods which do not require (significant) layout change.
ÅE.g., multi-Vt



Adoption Challenge #2: Uniquification

Å Lithography simulation + NRG model Ą potentially all instances of a 
cell master may be different

ï E.g., 10 Leq steps, 10 transistors in a cell Ą 1010 unique cell instances 
possible

ï Typical cell library size = 1000 cells

ï Typical design size = 10M instances

ï Uniquification and flattening Ą 10000X increase in library size Ą
intractable STA, etc runtimes; data management nightmare

Å Solutions/research needs: 

ï Smart pruning of cell variants

ÅSnap to pre-chosen set of variants; or

ÅGenerate minimal set of additional variants

ÅDesign-context (power/timing) aware

ï Incremental characterization/estimation of variants

ÅTransistor-level analysis methods to leverage pre-existing ñ.libsò

Å Similar problems for any systematic variation analysis

ïRTA, strain, etché



Adoption Challenge #3: SPICE vs. Litho 

Corners

ÅTypical BSIM corner methodology
ïBased on a reference pattern context 

ÅFF, SS & TT correspond to the device placed in the reference context

ÅWithin this context, parameters (tox, Vt0, etc.) are fitted from silicon 
over multiple L and W bins

ïLitho-dependency in the pattern contexts outside the reference 
pattern is not accounted for

ÅProhibitive to cover all contexts

ÅSome limited context-dependent ñre-centeringò of the model

ÅTypical litho process window
ïAcross focus, exposure with multiple patterns

ÅNo explicit connection between L/W variation in litho vs. 
SS-FF L/W variation in SPICE Ą No way to connect litho 
simulation across PW to circuit power/performance 
analysis



Starting Point: Compact Model for 

Channelôs Shape

ÅNRG transistor are modeled as transistor slices 

connected in parallel

ÅDetailed description of transistor slices is costly

ï(transistor #) x (slices #) x (geometrical info)

ÅExample Compact Shape Model :

ïIgnore narrow width effect Ÿ slices are independent 

Ÿ can be rearranged

Å Approximate channel slices by a trapezium

ïL and W replaced by Lmin, Lmax, W Ą 1 extra layout-dependent 

parameter extracted by device extraction
31

Actual Rearranged and sorted Trapezium (approximation)



Patterning Methods ïNow and Future

ÅNext generation lithography is not ready at 22nm

ïEUV, nanoimprint and electron beam direct write

ÅRETs alone are unlikely to be enough

ÅAlternative solutions:

ïDPL Ÿ pitch relaxation using 2 separate exposure/etch steps

ïInterference assisted lithography Ÿ form 1D grating and 

remove unwanted features with a trim-exposure

ïSource-mask optimization Ÿ enhance printability using 

pixellated source and limited set of layout patterns

ÅChallenges of these solutions:

ïimpose restrictions on layout

ïcarry serious implications on design
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Double Patterning Lithography

2nd litho1st litho

resist

1st  hardmask

2nd  hardmask

Final etchEtch

Åå 2X pitch relaxation

ÅBut many challenges and implications for design
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Within Layer Overlay 

ÅWithin-layer overlay translates into 

linewidth/spacing variation

- depending on process flavor

ÅFor devices (poly)

ïGate spacing affects liner stress

ïGate-to-contact spacing affects  

source/drain resistance, gate-to-contact cap, and liner stress

ÅFor wires [Ghaida SPIEô09]

ïDelay variation can reach up to 17% for a line segment but..

ïMax. variation = 3.4% for a path 

ÅIndirect benefit due to congestion

ÅAveraging

ïUp to 50mV increment in peak crosstalk glitch
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Bimodality Problem

ÅDifferent exposure/etch steps Ÿ two CD populations

ÅOverlay is another contributor to bimodality

ÅLarge CD/delay variability (e.g., 34% 3ůincrease - by ASML 

study)

ÅLoss of spatial correlation

ÅTiming problems: clock skew and worse timing slack (e.g., 

53ps and 46ps assuming 6nm CD difference [Jeong

ASPDACô09])
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Other Layout Dependent Sources of 

Variability

ÅLayout-dependent stress variation (e.g., 15% æIon)

ÅWell proximity effect on Vth (e.g., up to 10% delay increase) 

ÅEtch introduces CD variability with strong dependence on 

pattern-density within a few microns range

ÅRTA used in the fabrication of ultra-shallow junctions

ïLong-range effect (few millimeters) 

ïAffects Ion / Ioff ratio and Vth. 

ÅCMP imperfections of dishing and erosion 

ïCauses interconnect RC variability

ïDepends on line-width/spacing and pattern-density within a 

long-range (up to 100micron)

36




