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IntroductionIntroduction
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Why Ultra LowWhy Ultra Low--k Dielectric?k Dielectric?

d

S
kC 0ε=

RC-delay RC∝τ
2CVfP α=Power

• Aluminum           Copper for low electric resistivity

• Oxide           Low-k dielectric to reduce capacitance A

L
R ρ=

Lower capacitance to improve signal propagation speed, reduce crosstalk 

and power consumption
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E.G. Liniger and E.E. Simonyi, JAP, vol. 96, 
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Low K Dielectric Mechanical PropertiesLow K Dielectric Mechanical Properties

� Lower modulus

� Lower cohesive strength and adhesion
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Technology ScalingTechnology Scaling
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ITRS 2008 Update

� Microelectronics fabrication is in era of nanotechnology.

� Scaling into nanometers has mechanical impact.
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ULK Mechanical ChallengesULK Mechanical Challenges
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Oxide                Low-k

� Dielectric k ~ 4                      < 3

� Modulus (GPa) 70                    < 20

� Film Stress compressive          tensile

� CTE (ppm/oC)                          ~ 1                    ~ 10

� Cohesive Strength (J/m2)       ~ 10                     < 6

� Adhesion (J/m2) ~ 10                    < 10

Thermal mechanical properties sacrificed for low dielectric constant
� Challenges of integration and reliability from patterning to packaging

Origin of Stress
� Film Deposition Process: 

• PECVD vs. SOD

� Processing Temperature:

• Thermal Mismatch

• Elastic Mismatch

� Other Unit Process:

• CMP

• Packaging

What Consequences?What Consequences?

0=Γ−G

Strain energy release rate

Depends on structural 

geometry, stresses and 

modulus of BEOL and 

packaging materials

Fracture toughness

Cohesive strength of 

dielectric, interfacial 

adhesion, toughening 

due to metal structures

Griffith Theory:
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channel cracking cap cracking

chip package interaction
wire bond damage

ThermalThermal--Mechanical Induced FailuresMechanical Induced Failures
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Dielectric Dielectric FlopoverFlopover

� Dielectric flopover is a structural stability problem when low 

modulus dielectric is under stress arising from process condition.

C. Labelle et al, ECS 2008

flopover after cleaning

good etch
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Line WigglingLine Wiggling

� Line wiggling is a structural instability problem with some 

wave length.
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Dielectric Dielectric FlopoverFlopover
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FlopoverFlopover ModelModel

water hardmaskdielectric

during drying

� During drying process the differential 

pressure due to the capillarity of water causes 

the dielectric lines to bend.

� The flop-over criterion assumes that the 

stiction at the top of the lines top prevents them 

from spring-back once they are in contact.

� All materials are assumed elastic.

� The differential pressure is assumed 

constant for a given liquid.
ww

2D Beam Theory  h: line height, b: line width, 

d: trench width   p: differential pressure,         

E: dielectric modulus γ : surface tension,         

θ : contact angle
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γ : surface tension, θ : contact angle

Differential PressureDifferential Pressure
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Differential Pressure Differential Pressure vsvs Surface TensionSurface Tension

d

d
p

θγ cos2
B =

non-uniform drying

h

γ : surface tension, θ : contact angle

θγ sinC =f

fC
pB

� The differential pressure is dominant 

at small contact angle.
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compressive

tensile

unit: MPa

� pSiCOH plastic yielding (bottom of line) 

� pSiCOH collapse

� pSiCOH crack (bottom of line)

� stiction (top of line)

� electrostatic and/or Van de Waals and hydrogen bonding

3D Finite Element Modeling3D Finite Element Modeling

hardmask

ULK

cap
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Dielectric Line Length (µm)

 Isopropanol

 Water

Dielectric Line Length EffectDielectric Line Length Effect

Finite Element Modeling Integration Observation

ILD line wide

ILD line narrow

ILD line wide

� 3D finite element modeling indicates that longer liner is the worst case for flopover.

� Lower surface tension helps to reduce driving force for flopover.
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Normalized Trench Depth
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Effects of ILD Modulus and Trench DepthEffects of ILD Modulus and Trench Depth

pitch

half pitch

half pitch

� Deeper trench is more susceptible to flopover.

� Increasing dielectric modulus helps to improve structural stability.

Increasing 

modulus
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Case

� Deflection of dielectric flop-over is sensitive to etch profile, including taper angle, and line width.

� Tapered line can either aggravate or alleviate flop-over, depending on whether bottom or mid-height 

dielectric thickness is maintained after etch.

� Larger hard mask opening results in a lower capillarity, therefore helps to avoid flop-over problem.

Etch Profile Effect on Dielectric FlopEtch Profile Effect on Dielectric Flop--OverOver

88o
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88o
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90o
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88o
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Modulus and aspect ratio fixed, water drying
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Line WigglingLine Wiggling
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deflection

bifurcation buckling

nonlinear buckling

increasing initial 

imperfection

Line Wiggling after PatterningLine Wiggling after Patterning

� Line wiggling is structural instability problem for patterned line of low 

modulus dielectrics stressed by compressive hard mask.

�Wavelength of wiggling is larger than characteristic line dimensions.
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Finite Element Modeling of Line WigglingFinite Element Modeling of Line Wiggling

Wiggling at high 

compressive stress in 

hard mask

� There exists a critical compressive stress beyond which the patterned stacked line becomes unstable, that 

is, wiggling occurs.

� Reducing the compressive stress helps to avoid wiggling problem.

� The wave length of wiggling is greater than line height.

Hard mask with high compressive stress

Straight at low 

compressive stress in 

hard mask

Hard mask with low compressive stress
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ConclusionsConclusions

� Ultra low k dielectrics for the interconnects is achieved by 

incorporation of hydrocarbon components to reduce polarizability

and porosity to reduce dielectric constant. Both result in weaker 

mechanical properties.

� Weaker mechanical properties pose challenges from 

integration to reliability of the interconnects. Generally speaking 

lower modulus is dominant for structural instability and lower 

toughness is responsible for cracking and delamination.

� Successful implementation of ultra low k dielectrics for the 

interconnects can be achieved by synergetic optimization from 

materials, integration and packaging.

� Combined thermo-mechanical modeling and controlled 

experiment can provide guide and prediction for ultra low k 

dielectrics helps to enable integration and reliability qualification.
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