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1999 Lithography Roadmap1999 Lithography Roadmap1999 Lithography Roadmap1999 Lithography Roadmap1999 Lithography Roadmap1999 Lithography Roadmap1999 Lithography Roadmap1999 Lithography Roadmap

First Year of IC Production 1999 2002 2005 2008 2011 2014

Resist TechnologyResist TechnologyResist TechnologyResist Technology
Potential Solutions:Potential Solutions:Potential Solutions:Potential Solutions:

� Environmentally benignEnvironmentally benignEnvironmentally benignEnvironmentally benign
materials and processes
(high volume)

� High performance
alternate chemistriesalternate chemistriesalternate chemistriesalternate chemistries
(non-chemically amplified)

Resist TechnologyResist TechnologyResist TechnologyResist Technology
Potential Solutions:Potential Solutions:Potential Solutions:Potential Solutions:

� Environmentally benignEnvironmentally benignEnvironmentally benignEnvironmentally benign
materials and processes
(high volume)

� High performance
alternate chemistriesalternate chemistriesalternate chemistriesalternate chemistries
(non-chemically amplified)

Te
ch

no
lo

gy
 n

od
e 

( µµ µµ
m

)

adapted from
 The National Technology Roadm

ap for Sem
iconductors, SIA, 1999



NSF/SRC ERC for Environmentally Benign Semiconductor Manufacturing

Challenges in Resist TechnologyChallenges in Resist TechnologyChallenges in Resist TechnologyChallenges in Resist TechnologyChallenges in Resist TechnologyChallenges in Resist TechnologyChallenges in Resist TechnologyChallenges in Resist Technology

from Bloomstein, et al, JVST B 16(6),1998, pp. 3154-3157

CVDCVDCVDCVD
Resist
Application

Spin OnSpin OnSpin OnSpin On
Semiconductor International, Sept, 1998

WasteWasteWasteWaste
DisposalDisposalDisposalDisposal

VOCVOCVOCVOC
EmissionsEmissionsEmissionsEmissions

SolventSolventSolventSolvent
ExposureExposureExposureExposure

Development

ESH-BenignESH-BenignESH-BenignESH-Benign
DevelopmentDevelopmentDevelopmentDevelopmentWet EtchWet EtchWet EtchWet Etch

Gas EffluentGas EffluentGas EffluentGas Effluent
EmissionEmissionEmissionEmission

????
� Existing resists inadequate at 157-157-157-157-nmnmnmnm
� “Alternative resist strategies will be

based on either fluorinated polymersfluorinated polymersfluorinated polymersfluorinated polymers
or organosiliconorganosiliconorganosiliconorganosilicon materials materials materials materials.”.”.”.”

TransparencyTransparency

DevelopmentDevelopment

� Aqueous base compatible with new
chemistries?

ESH impact of new
processes

ESH impact of new
processes

Next-Generation Lithography (NGL)Next-Generation Lithography (NGL)

� New chemistries required

ProcessProcessProcessProcess
PathwaysPathwaysPathwaysPathways
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Challenges in Interconnect TechnologyChallenges in Interconnect TechnologyChallenges in Interconnect TechnologyChallenges in Interconnect TechnologyChallenges in Interconnect TechnologyChallenges in Interconnect TechnologyChallenges in Interconnect TechnologyChallenges in Interconnect Technology
adapted from

 The National Technology Roadm
ap for Sem

iconductors, SIA, 1999

Reducing dielectric constant, ????Reducing dielectric constant, ????

SiOSiOSiOSiO2222 SiOCHSiOCHSiOCHSiOCH,,,, FSGs FSGs FSGs FSGs, amorphous FC & HFC, amorphous FC & HFC, amorphous FC & HFC, amorphous FC & HFC…………

porous films, air gapsporous films, air gapsporous films, air gapsporous films, air gaps…………
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Low-Low-Low-Low-Low-Low-Low-Low-????????         StrategyStrategyStrategyStrategyStrategyStrategyStrategyStrategy

% porosity
to reach ?  ~ 2

SiO2 55 – 65

hydrocarbon polymer 40 – 50

fluorocarbon polymer 0

Bulk PTFE
(CF2CF2)n
a-C:F
(Endo, NEC)

a-C:F,H
(Theil, HP)
FLAC
(Mountsier, Novellus)

FDLC
(Grill, IBM)

CFx
(Akahori, TEL)

SPEEDFILM
(Rosenmayer, Gore)

2.1
?

2.1-2.5

2.2-3.3

2.0-2.5

2.5-2.7

2.5

1.7-2.0

FC Materialsmall atomic radius
high electronegativity

low polarizability
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Exploiting these Issues: A New StrategyExploiting these Issues: A New StrategyExploiting these Issues: A New StrategyExploiting these Issues: A New StrategyExploiting these Issues: A New StrategyExploiting these Issues: A New StrategyExploiting these Issues: A New StrategyExploiting these Issues: A New Strategy

InterconnectInterconnectInterconnectInterconnectInterconnectInterconnectInterconnectInterconnect

DirectlyDirectlyDirectlyDirectlyDirectlyDirectlyDirectlyDirectly Patternable Patternable Patternable Patternable Patternable Patternable Patternable Patternable
Low-Low-Low-Low-Low-Low-Low-Low-κκκκκκκκ Dielectric Dielectric Dielectric Dielectric Dielectric Dielectric Dielectric Dielectric

� Low-Low-Low-Low-????  candidates candidates candidates candidates
� doped oxides.doped oxides.doped oxides.doped oxides.
� fluorinated glasses.fluorinated glasses.fluorinated glasses.fluorinated glasses.
� porous films.porous films.porous films.porous films.
� air gaps.air gaps.air gaps.air gaps.

� Must be compatibleMust be compatibleMust be compatibleMust be compatible
with Damascene.with Damascene.with Damascene.with Damascene.

Developed using…?Developed using…?Developed using…?Developed using…?Developed using…?Developed using…?Developed using…?Developed using…?

� 157-157-157-157-nmnmnmnm
� transparency.transparency.transparency.transparency.
� development.development.development.development.

� NGLNGLNGLNGL
� new chemistries.new chemistries.new chemistries.new chemistries.
� development.development.development.development.

LithographyLithographyLithographyLithographyLithographyLithographyLithographyLithography

******** fluorocarbon &fluorocarbon &fluorocarbon &fluorocarbon &fluorocarbon &fluorocarbon &fluorocarbon &fluorocarbon &
organosiliconorganosiliconorganosiliconorganosiliconorganosiliconorganosiliconorganosiliconorganosilicon

materials.materials.materials.materials.materials.materials.materials.materials.
******** CVD processing.CVD processing.CVD processing.CVD processing.CVD processing.CVD processing.CVD processing.CVD processing.
******** ESH impact  ofESH impact  ofESH impact  ofESH impact  ofESH impact  ofESH impact  ofESH impact  ofESH impact  of

new processes.new processes.new processes.new processes.new processes.new processes.new processes.new processes.
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Goal: Simplified Lithographic ProcessingGoal: Simplified Lithographic ProcessingGoal: Simplified Lithographic ProcessingGoal: Simplified Lithographic ProcessingGoal: Simplified Lithographic ProcessingGoal: Simplified Lithographic ProcessingGoal: Simplified Lithographic ProcessingGoal: Simplified Lithographic Processing

2. Spin-on imaging layer

1. Dielectric deposition

3. Selective irradiation

4. Development in
aqueous base

5. Dielectric patterning

6. Imaging layer strip

conventionalconventionalconventionalconventional
 lithography lithography lithography lithography

reduce ESH
impact

reduce ESH
impact

“all-dry”,“all-dry”,“all-dry”,“all-dry”,
resistlessresistlessresistlessresistless

lithographylithographylithographylithography
VS.VS.VS.VS.

simplify
processing

simplify
processing

“Win-Win”“Win-Win”“Win-Win”

1. CVD patternable
dielectric layer

2. Selective irradiation

3. Development in
supercritical CO2

wet chemistry
eliminated
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HOTHOTHOTHOT
FILAMENTFILAMENTFILAMENTFILAMENT

++++++++ESHESHESHESHESHESHESHESH
responsibilityresponsibilityresponsibilityresponsibilityresponsibilityresponsibilityresponsibilityresponsibility

  

How Do We Choose Candidate Materials?How Do We Choose Candidate Materials?How Do We Choose Candidate Materials?How Do We Choose Candidate Materials?How Do We Choose Candidate Materials?How Do We Choose Candidate Materials?How Do We Choose Candidate Materials?How Do We Choose Candidate Materials?

type oftype of
filmfilm

Fluorocarbon Fluorocarbon 
--CFCF22--CFCF22--

OrganosiliconOrganosilicon
--SiMeSiMe22--OO--SiMeSiMe22--
OrganosiliconOrganosilicon
--SiMeSiMe22--OO--SiMeSiMe22-- low dielectric

constant, κκκκ
low dielectric
constant, κκκκ

� lower RC delay
� less cross-talk

noise

� shorter λλλλ for
lithography

transparent
at 157-nm

transparent
at 157-nm

sensitive to
e-beam exposure

sensitive to
e-beam exposure

� next-generation
lithography

soluble in
supercritical CO2

soluble in
supercritical CO2

� higher resolution
� ESH-benign

development

CriterionCriterionCriterionCriterionCriterionCriterionCriterionCriterion ValueValueValueValueValueValueValueValue

and

PLASMAPLASMAPLASMAPLASMA
and

CVD technologyCVD technology
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HOTHOTHOTHOT
FILAMENTFILAMENTFILAMENTFILAMENTPLASMAPLASMAPLASMAPLASMA

ESH Responsibility in Design of CVD ProcessESH Responsibility in Design of CVD ProcessESH Responsibility in Design of CVD ProcessESH Responsibility in Design of CVD ProcessESH Responsibility in Design of CVD ProcessESH Responsibility in Design of CVD ProcessESH Responsibility in Design of CVD ProcessESH Responsibility in Design of CVD Process

Select precursors with:
� low global warming potential
� low ozone depleting potential
� low safety and health hazard.

Reduce extent of unwanted
precursor fragmentation
which may lead to
undesirable byproducts.

Analyze composition
of reactor effluent using
gas phase FTIR.

2

4

3

Select CVD process:
� plasma CVD
� hot-filament CVD.

1

and
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Hot-Filament CVD of Fluorocarbons (FC)Hot-Filament CVD of Fluorocarbons (FC)Hot-Filament CVD of Fluorocarbons (FC)Hot-Filament CVD of Fluorocarbons (FC)Hot-Filament CVD of Fluorocarbons (FC)Hot-Filament CVD of Fluorocarbons (FC)Hot-Filament CVD of Fluorocarbons (FC)Hot-Filament CVD of Fluorocarbons (FC)

filament
wire array

precursor feedprecursor feedprecursor feedprecursor feed

water-cooled
stage

silicon
substrate
at 25°C

vacuum
chamber

wires at
500°C

Hot-FilamentHot-FilamentHot-FilamentHot-Filament

Pulsed-PlasmaPulsed-PlasmaPulsed-PlasmaPulsed-Plasma

4 Effluent analysis

1 Choice of Process 2 Choice of Precursor

(Labelle et al, JVST A, 17(6), pp. 3419-3428, 1999)

� short atmospheric lifetime
(cf. CF4 ~50,000 yrs.)

� low GWP

HFPOHFPOHFPOHFPO
(hexafluropropylene oxide)

effluenteffluenteffluenteffluent
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Molecular Tailoring of Film StructureMolecular Tailoring of Film StructureMolecular Tailoring of Film StructureMolecular Tailoring of Film StructureMolecular Tailoring of Film StructureMolecular Tailoring of Film StructureMolecular Tailoring of Film StructureMolecular Tailoring of Film Structure

3 Minimize unwanted reactive species

Reduce precursor fragmentation and breakdown

Higher CF2 concentration and more CF2 polymerization

More PTFE-like composition and structure

10/50 HFPO
Pulsed-Plasma

10/400 HFPO
Pulsed-Plasma

HFPO
Hot-Filament

Bulk
PTFE

19F
NMR
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Increased Safety

•No solvent exposure
•Non-flammable
•Non-toxic

Reduced Waste

•Recyclable effluent
•No aqueous waste
•No organic solvents
•CO2 extracted from waste stream
or from atmospheric sources

Traditional: Spin-coating Resist

•Excessive polymer & solvent use
•Exposure to solvents/ vapors

Traditional: Aqueous Development

•Solvent and water consumption/ waste
•Exposure to solvents/ vapors

Innovative: CVD Resist

•Little effluent
•Controllable disposal

Innovative: CO2 Development

•Reduced waste
•Increased safety

ESH Benefits of Supercritical COESH Benefits of Supercritical COESH Benefits of Supercritical COESH Benefits of Supercritical COESH Benefits of Supercritical COESH Benefits of Supercritical COESH Benefits of Supercritical COESH Benefits of Supercritical CO22222222
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� High and variable
density
� Dissolution selectivity

can be manipulated
� Digital control of

temperature and
pressure
� Tunable solvating power

VAPOR SUPERCRITICAL 
FLUID LIQUID  

P = 0.1 MPa 
T= 15 °C 

Pc 
Tc 

4Pc 
Tc 

P = 0.1 MPa 
T= 15°C 

Density 
(g/cm2) 0.0006 – 0.002 0.2 – 0.5 0.4 – 0.9 0.6 – 1.6 

Viscosity 
(µPa·s) 

10 – 30 10 – 30 30 – 90 200 – 3000 

Diffusivity 
(cm2/s) 0.1 – 0.4 0.7·10-3 0.2·10-3 0.2·10-5 – 2.0·10-5 

 
� Low viscosity: comparable to

gas
� No surface tension
� Pattern collapse of features

avoidable
� Higher diffusion coefficient

than liquid
� Accurate and rapid development

Supercritical COSupercritical COSupercritical COSupercritical COSupercritical COSupercritical COSupercritical COSupercritical CO22222222 as a Developer as a Developer as a Developer as a Developer as a Developer as a Developer as a Developer as a Developer
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� Low Viscosity of SCF CO2 allows for drying features without patternwithout patternwithout patternwithout pattern
collapsecollapsecollapsecollapse

� Studies underway to examine limits to SCF CO2 as developer.  E-
beam at Cornell;   Negative tone processing of THPMA-F7MA

C H 2 C
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C O
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C H 2

C F 2
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F
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hν

PAG H+

Non-polar
SOLUBLE in CO2

Polar
INSOLUBLE in CO2

•High aspect ratio (>5)
lines and spaces

•Aqueous developer
surface tension
creates lateral forces Si wafer

Si wafer

•Forces during drying
cause breaking of
features: Pattern
Collapse

•SCF CO2 has no
surface tension

Si wafer

H 2O

CO
2

Supercritical COSupercritical COSupercritical COSupercritical COSupercritical COSupercritical COSupercritical COSupercritical CO22222222 as a Developer: Pattern Limits as a Developer: Pattern Limits as a Developer: Pattern Limits as a Developer: Pattern Limits as a Developer: Pattern Limits as a Developer: Pattern Limits as a Developer: Pattern Limits as a Developer: Pattern Limits
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• Use CO2 to replace water or polar solvents
• Reduce/ eliminate capillary forces that lead to pattern collapse
• Combinations of N2 and CO2 used in successful processing
• Remarkably fine features possible

Pump

SCCO2

Chamber

Pressure Control Valve

Developer Rinse Solution

Temperature Controller

23oC
35oC

Resist patterns

Developer/
Rinse liquid

θ

Wafer

NTT Process - Avoiding Pattern CollapseNTT Process - Avoiding Pattern CollapseNTT Process - Avoiding Pattern CollapseNTT Process - Avoiding Pattern CollapseNTT Process - Avoiding Pattern CollapseNTT Process - Avoiding Pattern CollapseNTT Process - Avoiding Pattern CollapseNTT Process - Avoiding Pattern Collapse
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C.HFPO.HF-3
C.HFPO.HF-6
C.HFPO.HF-4
C.HFPO.HF-7

100% Removal100% Removal

� deposition of hot-
filament FC film

� e-beam
exposure

� development in
supercritical CO2

E-Beam Patterning & Development of FC Films IE-Beam Patterning & Development of FC Films IE-Beam Patterning & Development of FC Films IE-Beam Patterning & Development of FC Films IE-Beam Patterning & Development of FC Films IE-Beam Patterning & Development of FC Films IE-Beam Patterning & Development of FC Films IE-Beam Patterning & Development of FC Films I
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Atomic Force Micrographs
Sample 8 post-development, 6000 µC

1.0 µ Lines/ spaces Cross section

0.25 µ Lines/ spaces Cross section

•High selectivity (450 nm) 
•Complete development  
•1 µm lines
•Positive-tone developing

•Possible charging of film
•0.25 µm lines
•AFM tip profile interference
•Positive-tone developing

E-Beam Patterning & Development of FC Films IIE-Beam Patterning & Development of FC Films IIE-Beam Patterning & Development of FC Films IIE-Beam Patterning & Development of FC Films IIE-Beam Patterning & Development of FC Films IIE-Beam Patterning & Development of FC Films IIE-Beam Patterning & Development of FC Films IIE-Beam Patterning & Development of FC Films II
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•• Demonstrated Demonstrated Demonstrated Demonstrated Demonstrated Demonstrated Demonstrated Demonstrated patternablepatternablepatternablepatternablepatternablepatternablepatternablepatternable hot-filament CVD fluorocarbon films. hot-filament CVD fluorocarbon films. hot-filament CVD fluorocarbon films. hot-filament CVD fluorocarbon films. hot-filament CVD fluorocarbon films. hot-filament CVD fluorocarbon films. hot-filament CVD fluorocarbon films. hot-filament CVD fluorocarbon films.
• Film composition can be tailored.Film composition can be tailored.Film composition can be tailored.Film composition can be tailored.
• E-beam used to effect solubility change.E-beam used to effect solubility change.E-beam used to effect solubility change.E-beam used to effect solubility change.

•• Successfully developed CVD polymer with supercritical COSuccessfully developed CVD polymer with supercritical COSuccessfully developed CVD polymer with supercritical COSuccessfully developed CVD polymer with supercritical COSuccessfully developed CVD polymer with supercritical COSuccessfully developed CVD polymer with supercritical COSuccessfully developed CVD polymer with supercritical COSuccessfully developed CVD polymer with supercritical CO22222222........
• Density/solvating power of CODensity/solvating power of CODensity/solvating power of CODensity/solvating power of CO2222 can be controlled. can be controlled. can be controlled. can be controlled.
• Promise of ESH benefits for semiconductor processing.Promise of ESH benefits for semiconductor processing.Promise of ESH benefits for semiconductor processing.Promise of ESH benefits for semiconductor processing.

•• Determine detailed mechanism(s) of irradiation chemistry.Determine detailed mechanism(s) of irradiation chemistry.Determine detailed mechanism(s) of irradiation chemistry.Determine detailed mechanism(s) of irradiation chemistry.Determine detailed mechanism(s) of irradiation chemistry.Determine detailed mechanism(s) of irradiation chemistry.Determine detailed mechanism(s) of irradiation chemistry.Determine detailed mechanism(s) of irradiation chemistry.

•• Improve sensitivity and resolution in patterning.Improve sensitivity and resolution in patterning.Improve sensitivity and resolution in patterning.Improve sensitivity and resolution in patterning.Improve sensitivity and resolution in patterning.Improve sensitivity and resolution in patterning.Improve sensitivity and resolution in patterning.Improve sensitivity and resolution in patterning.
• Incorporate irradiation-sensitive moieties.Incorporate irradiation-sensitive moieties.Incorporate irradiation-sensitive moieties.Incorporate irradiation-sensitive moieties.
• Demonstrate patterning using 157-Demonstrate patterning using 157-Demonstrate patterning using 157-Demonstrate patterning using 157-nmnmnmnm photolithography. photolithography. photolithography. photolithography.

•• Optimize supercritical COOptimize supercritical COOptimize supercritical COOptimize supercritical COOptimize supercritical COOptimize supercritical COOptimize supercritical COOptimize supercritical CO22222222 development development development development development development development development........
• Investigate dissolution mechanisms in supercritical COInvestigate dissolution mechanisms in supercritical COInvestigate dissolution mechanisms in supercritical COInvestigate dissolution mechanisms in supercritical CO2222....
• Establish resolution limits of COEstablish resolution limits of COEstablish resolution limits of COEstablish resolution limits of CO2222 development. development. development. development.

SummarySummarySummarySummarySummarySummarySummarySummary

Future WorkFuture WorkFuture WorkFuture WorkFuture WorkFuture WorkFuture WorkFuture Work
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