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ThreeThree --fold aim of the current fold aim of the current 
presentationpresentation

•• OutlineOutline Drivers of Drivers of NanodomainNanodomain and and 
ProblemsProblems

•• IllustrateIllustrate modeling and metrology modeling and metrology 
applications with specific examplesapplications with specific examples

•• AcknowledgementAcknowledgement
–– M. Haverty, H. Simka, M. Bohr, J. GarciaM. Haverty, H. Simka, M. Bohr, J. Garcia
–– A. Bower, P. HoA. Bower, P. Ho



Background on Nanoscience Background on Nanoscience 
and Technologyand Technology
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Nanoscience isNanoscience is ……
•• Understanding of science at the nano levelUnderstanding of science at the nano level

–– Quantum mechanics provides selfQuantum mechanics provides self --consistent consistent 
explanationexplanation

–– Overlap of Molecular and Structural scales where Overlap of Molecular and Structural scales where 
the material behavior is due to collective behavior  the material behavior is due to collective behavior  
of nanoof nano --structuresstructures
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Nanotechnology isNanotechnology is ……
•• Research and technology development at the Research and technology development at the 

atomic, molecular or macromolecular levels, in atomic, molecular or macromolecular levels, in 
the length scale of approximately 1 the length scale of approximately 1 -- 100 100 
nanometer range.nanometer range. ””

M. M. RocoRoco , National Science and Technology Council,, National Science and Technology Council, February 2000February 2000

Relative sizes of micro-and nano-
objects

Nanotechnology

Hydrogen 
atom

(Hosack, SRC,  2003)



Some key drivers of Some key drivers of 
NanotechnologyNanotechnology
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New Information  Technology New Information  Technology 
ComponentsComponents

SENSORSSENSORS

DISPLAYSDISPLAYS

INPUT 
CHANNEL
INPUT 
CHANNEL
OUTPUT 
CHANNEL
OUTPUT 
CHANNEL

LOGICLOGIC

LOCAL 
MEMORY
LOCAL 
MEMORY

MASS 
STORAGE 
DEVICES

MASS 
STORAGE 
DEVICES

�Information Transmission
�Photonic Networks
�Neuroelectronic

(Waser, 2003)

�Information Output
�LCD
�Organic LEDs
�FE and Plasma Displays
�Optical and IR imaging

�Information Processing
�Ferroelectric DRAMS
�Single electron
�Nanotubes
�Molecular electronics
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Tipping Forces (1)Tipping Forces (1)

•• Dimensions reduced to Dimensions reduced to nanonano --dimensionsdimensions
–– Material domains of same dimensionsMaterial domains of same dimensions
–– Effect of InterfacesEffect of Interfaces

•• Increasing number of materials in smaller dimension s Increasing number of materials in smaller dimension s 
–– 130 nm introduced Copper130 nm introduced Copper

–– Transition metalTransition metal
–– 90 nm introduced low90 nm introduced low --k dielectrick dielectric

–– Pores several nanometersPores several nanometers
–– 45 nm introduced high45 nm introduced high --k/metal gatesk/metal gates

–– NonNon --Si, Si, polymerpolymer
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Tipping Forces (2)Tipping Forces (2)

SiGe SiGe High-k

Metal Gate

Modern CMOS scaling is as much about material 
innovation as dimensional scaling
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ITRS Emerging Research Materials MatrixITRS Emerging Research Materials Matrix
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TWG ≡≡≡≡ Technology Working Group
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•• Each cache cell has 6 transistors that together sto re Each cache cell has 6 transistors that together sto re 
““ 11”” or or ““ 00”” and allow the value to be changed.and allow the value to be changed.

MooreMoore ’’s Law s Law -- SRAM Cell SizeSRAM Cell Size

4565nm90nm130nm180nm
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Research Focus in Research Focus in 
Materials: Materials: 
New Behavior not 
seen in traditional 
bulk materials

NATURE|Vol 441|18 May 2006

Ack:  J. Wells, 2006



MM22: Modeling and : Modeling and 
MeasurementMeasurement
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Nanotechnology Nanotechnology –– Two major Two major 
paradoxesparadoxes

•• Size in nano dimensions, Size in nano dimensions, butbut
–– Interfaces/bulk ratio >>1, interfaces modulate Interfaces/bulk ratio >>1, interfaces modulate 

behavior (behavior ( e.ge.g pinning, pinning, voidingvoiding ))
–– NonNon --local effects local effects manifestmanifest

–– Density of states modulated by neighboring material s Density of states modulated by neighboring material s 
and structuresand structures

–– New structures or thin films which are chemically New structures or thin films which are chemically 
different, are integrateddifferent, are integrated
–– HighHigh --k/Metal gatek/Metal gate
–– Polymer ILDPolymer ILD

•• Metrology Metrology unable unable to characterize precise to characterize precise 
specific effects, especially specific effects, especially ““ buriedburied ”” surfacessurfaces
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Nanotechnology ParadoxesNanotechnology Paradoxes

(M. Begley, 2006)
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Motivation for ModelingMotivation for Modeling

ACCUMULATED LEARNING FROM EXPERTS. ALONE

TIME

LE
A

R
N

IN
G

PREDICTIVE
MODEL LEARNING 
RATE

ACCUMULATED 

LEARNING FROM 

MODELS + EXPTS

EXPT.
LEARNING 
RATE

ACCUMULATED LEARNING FROM 

EXPTS

•• Efficient and Efficient and 
effective way of effective way of 
engineering engineering 
material  material  
performance in performance in 
devicesdevices

•• Multiple Multiple ““ EurekaEureka ””
moments aid in moments aid in 
evaluating evaluating 
directionsdirections

(Ack: J. Mar, 1998)

Use Modeling to Accelerate Learning CurveUse Modeling to Accelerate Learning CurveUse Modeling to Accelerate Learning CurveUse Modeling to Accelerate Learning Curve

Eureka

Eureka

Eureka
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Fundamental Problem in ModelingFundamental Problem in Modeling

•• Use of first principles is Use of first principles is 
information limitedinformation limited
–– O(10O(102323) ~10 trillion x trillion ) ~10 trillion x trillion 
–– Mining & postMining & post --processing processing 

are limitingare limiting
•• GIGOGIGO

–– Structure, characterization, Structure, characterization, 
and interface conditions and interface conditions 
need to be preciseneed to be precise

Computational Requirements
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Motivation for MetrologyMotivation for Metrology

•• Use Metrology to understand structure, composition,  and Use Metrology to understand structure, composition,  and 
functionfunction

•• 2D/3D chemical, bonding, Electronic DOS, and struct ural 2D/3D chemical, bonding, Electronic DOS, and struct ural 
characterizationcharacterization

–– Functional property characterization Functional property characterization -- Metrology & test structures to Metrology & test structures to 
separate functional propertiesseparate functional properties

Atomic Force Microscope 
Picture of Resist Nano-domains
Atomic Force Microscope 
Picture of Resist Nano-domains

Line Edge Roughness(LER)Line Edge Roughness(LER)

??

Ack: M. Garner
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Problem in MeasurementProblem in Measurement

Blackman, Brill, Wysong

Topography Phase (G. Blackman, 2006)
•How do you interpret measurement ?

•What are you looking for ?

Nanoflouro Coatings
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Metrology ChallengeMetrology Challenge

•• Dimensions of integrated devices are Dimensions of integrated devices are 
increasingly below the interaction volume increasingly below the interaction volume 
of standard metrologies, such as SIMS, of standard metrologies, such as SIMS, 
SCM, XPS, Auger, TEMSCM, XPS, Auger, TEM

Projection image of gates and 
contacts – bright field TEM

•• Modeling is needed to Modeling is needed to 
deconvolutedeconvolute analytical analytical 
results from integrated results from integrated 
geometrygeometry

K. Johnson & H.C. How
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Fundamental problem of Fundamental problem of 
Measurement and ModelingMeasurement and Modeling

•• Presence of multiple interfacesPresence of multiple interfaces
•• Ternary compounds and higherTernary compounds and higher
•• Both modeling and metrology are convoluted Both modeling and metrology are convoluted 

and are up against and are up against combinatoricscombinatorics
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Symbiosis between Modeling and Symbiosis between Modeling and 
MetrologyMetrology

•• Model necessary to interpret a physical or electric al Model necessary to interpret a physical or electric al 
measurement.measurement.

•• Physical or electrical characterization necessary t o Physical or electrical characterization necessary t o 
confirm a model of a novel material, device structu reconfirm a model of a novel material, device structu re

Quantitative
Understanding

Physics-based
Computer Vision

Scientific
measurements

Model Knowledge



Interface Reliability Interface Reliability 

Reference:  H. Simka, S. Shankar, C. Duran, and M. Haverty (MRS 
Symposium Proceedings, Vol 863, B9.2,  2005)
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•• Advanced backAdvanced back --end interconnect technologies contain end interconnect technologies contain 
dualdual --damascene Cu layers and numerous interfaces:damascene Cu layers and numerous interfaces:
–– Intel 65nm logic technology features 8 Cu interconn ect layers Intel 65nm logic technology features 8 Cu interconn ect layers 

with CDO lowwith CDO low --K ILD and K ILD and SiCNSiCN etch stop layers etch stop layers (P. Bai et al, (P. Bai et al, IEEE IEEE 
International Electronic and Device Meeting, 2004)International Electronic and Device Meeting, 2004)

•• Understanding the interface is critical to optimize  and Understanding the interface is critical to optimize  and 
ensure the desired properties and device reliabilit yensure the desired properties and device reliabilit y

Interface PropertyInterface Property

Etch Stop

Cu

Barrier Layer

Focus of this work:
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Challenges and GoalsChallenges and Goals
•• ChallengesChallenges : : 

–– Adhesion strength depends on many factors (material s, process Adhesion strength depends on many factors (material s, process 
conditions)conditions)

–– Lack of detailed characterization of interfaces (co mposition, stLack of detailed characterization of interfaces (co mposition, st ructure, ructure, 
etc)etc)

–– Adhesion measurements are often complex and timeAdhesion measurements are often complex and time --consumingconsuming
–– Multiple effects are difficult to Multiple effects are difficult to deconvolvedeconvolve and evaluate separatelyand evaluate separately

•• Goals:Goals:
–– Develop a fundamental model for Cu interface adhesi on for screenDevelop a fundamental model for Cu interface adhesi on for screen ing ing 

materials and guiding experimentsmaterials and guiding experiments

Agglomeration
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Cu slab

Cu slab

Si 3N4
slab

MM22 MethodologyMethodology

Cu Slab

Adhesion 
Material Slab

Cu Slab

•• Modeling:Modeling:
–– Periodic supercell model of interfaces:Periodic supercell model of interfaces:

–– Typical Cu(111)slab: A few atomic layers each Typical Cu(111)slab: A few atomic layers each 
with 4 or 16 atoms. Atoms in the 2 layers with 4 or 16 atoms. Atoms in the 2 layers 
farthest from the dielectric fixed at their bulk farthest from the dielectric fixed at their bulk 
positionspositions

–– Energies calculated using DFTEnergies calculated using DFT
–– Adhesion energies determined using:Adhesion energies determined using:

EEadhesionadhesion = (= (EEstackstack –– EEslab1slab1 –– EEslab2slab2) / A) / A

EEstackstack = total energy of relaxed stack= total energy of relaxed stack

EEslab1slab1 = total energy of slab1= total energy of slab1
EEslab2slab2 = total energy of slab2= total energy of slab2

A       = cross sectional area of interfaceA       = cross sectional area of interface

•• Metrology:Metrology:
–– Wetting experimentsWetting experiments
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Interface AdhesionInterface Adhesion
•• Modeling showed that surface affinity towards Cu in creases in thModeling showed that surface affinity towards Cu in creases in th e e 

order of order of 
TiN(111) < W(111) < TiN(111) < W(111) < TiNCTiNC < < TiNSiTiNSi < < TaNTaN, , TaCTaC, , TaOTaO < < ββββββββ--Ta(001) Ta(001) 

•• Results consistent with deResults consistent with de --wetting experiments for 100wetting experiments for 100 ÅÅ Cu on various Cu on various 
barrier layers, annealed at 380barrier layers, annealed at 380 °°C for 15 minutesC for 15 minutes
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Classical Open System: Classical Open System: 
ElectromigrationElectromigration

Reference:  A. Bower, P. Ho, S. Shankar (MRS, 2007)
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Problem

Void Nucleation
• Caused by stress induced                        
debonding at interfaces
• Occurs early

Void Evolution and Growth
• Caused by stress and electric

current induced mass transport
• Dominant part of interconnect life

Challenges
• Cu Damascene structures are heterogeneous due to interconnect 
morphology and materials
•Voids nucleation and evolution are system dependent;

•Different material properties
•Hetero-material interfaces
•Triple boundaries
•Current and mass transport
•Stress effects
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Void nucleation/growth in 2 level Void nucleation/growth in 2 level 
structurestructure

Dielectric Cu

Cap

Electron flow, ,Cu Cu CuE ν α, ,d d dE ν α

Cu/Ta Interface diffusion

Cu/Cap Interface diffusion

Surface diffusiond
Grain boundary
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Void nucleation, growth and Void nucleation, growth and 
evolutionevolution

Animation showing entire structure
Contours show vertical stress

Animation showing close-up of void.
Note rapid failure after void meets grain boundary
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Comparison with experimentsComparison with experiments

Hauschild et al (Proc AIP stress workshop, 2004)

Conclusion – simulation predictions very similar to experiment.
Minor differences are caused by discrepancy of grai n
boundaries between simulations and experiments



Metrology ExamplesMetrology Examples
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Modified crossModified cross --sectional nanosectional nano --
indentationindentation

M3
M2
M1

Schematic of the indentation procedure. The SEM picture at the bottom 
shows the arrangement of the stack with three levels of metallization.

J. Molina1, I. Ocana1, D. Gonzalez1, M.R. Elizalde1, J.M. Sanchez1. J.M. Martinez-Esnaola1, J. 
Gil-Sevillano1, T. Scherban2, D. Pantuso2, B. Sun3, G. Xu2, B. Miner2, J. He2, J. Maiz2
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Modified crossModified cross --sectional nanosectional nano --
indentationindentation
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Correlation between the energy of adhesion for the interface ES/Cu measured by 4 
point bending and the crack length along the same interface measured by MCSN for 
the case of ILD-2 (ES/ILD-2 adhesion energy is about 3 J/m2 in all cases). Error 
bars represent the standard deviation for the mean value for 5-7 indentations. 
Typical standard deviation for four-point bending is 10%

J. Molina1, I. Ocana1, D. Gonzalez1, M.R. Elizalde1, J.M. Sanchez1. J.M. Martinez-Esnaola1, J. 
Gil-Sevillano1, T. Scherban2, D. Pantuso2, B. Sun3, G. Xu2, B. Miner2, J. He2, J. Maiz2
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Modified crossModified cross --sectional nanosectional nano --
indentationindentation

(b)(a)

Figure 6: SEM images of the crack path in two different samples. (a) 
ES-1 (poor adhesion). The crack kinks into the interface; (b) ES-4 
(good adhesion). Almost all the cracking occurs through the ILD.

J. Molina1, I. Ocana1, D. Gonzalez1, M.R. Elizalde1, J.M. Sanchez1. J.M. Martinez-Esnaola1, J. 
Gil-Sevillano1, T. Scherban2, D. Pantuso2, B. Sun3, G. Xu2, B. Miner2, J. He2, J. Maiz2
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Phase Retrieval ApproachPhase Retrieval Approach

•• Quantitative phase imaging is one method for Quantitative phase imaging is one method for 
extracting geometric information from TEM images.extracting geometric information from TEM images.

•• At below left, the transport of intensity equation was At below left, the transport of intensity equation was 
solved for a stack of TEM images to extract the solved for a stack of TEM images to extract the 
geometry of an geometry of an MgOMgO particle.  The result compares particle.  The result compares 
well to the modeled image at right.well to the modeled image at right.

T. Pedersen et al University of Sydney
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Metrology ModelingMetrology Modeling

Stress relaxation with modeling used to assess Stress relaxation with modeling used to assess 
Cu interconnect reliability with different Cu interconnect reliability with different 
passivationpassivation layerslayers

Ack:  Ho, IITC, 2003



ChallengesChallenges
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Complexity of MultiComplexity of Multi --scale Systemsscale Systems
Technology performance Technology performance 
is determined by the is determined by the 
behavior of materials at behavior of materials at 
the the integrated levelintegrated level
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Thin Film
Or Macrostructure

Quantum Mechanics

Quantum and Atomistic

Mesoscale

Integrated Device 

Circuit
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Integrated Device 

Circuit
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Material Dimensions falls between Material Dimensions falls between 
Molecules and Structures Molecules and Structures 
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Modeling & Simulation Modeling & Simulation 
RequirementsRequirements

•• Four major components on Four major components on SynthesisSynthesis , , StructureStructure & & 
CompositionComposition , , Probe interactionsProbe interactions , and , and PropertiesProperties

+

Synthesis: SubstrateSynthesis: Substrate
Structures and 
Composition
Structures and 
CompositionSynthesis: PrecursorSynthesis: Precursor

PropertiesProperties Atomic Scale ProbesAtomic Scale ProbesAtomic Scale ProbesAtomic Scale Probes
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SummarySummary
•• ““ NanotechnologyNanotechnology ”” needs new levels of understandingneeds new levels of understanding
•• Demonstrated successful applications of modeling & metrologyDemonstrated successful applications of modeling & metrology
•• Needs in modelingNeeds in modeling

–– Theory Development Theory Development 
–– Examples:  Density Functional Theory, low concentra tion defectsExamples:  Density Functional Theory, low concentra tion defects

–– Algorithm DevelopmentAlgorithm Development
–– Bridging length scales for integrated systemsBridging length scales for integrated systems

–– Software DevelopmentSoftware Development
–– Scalability and Scalability and ProductizationProductization

•• Needs in metrologyNeeds in metrology
–– Characterize different propertiesCharacterize different properties

–– Electronic structure, transport,  optical propertie sElectronic structure, transport,  optical propertie s
–– Classes of MaterialsClasses of Materials

–– Semiconductors (IIISemiconductors (III --V, IV), V, IV), GrapheneGraphene , CNT, Complex Oxides and Nitrides, CNT, Complex Oxides and Nitrides
• The convergence of today’s difficult challenges, em erging market 

drivers, and recent breakthroughs in materials tech nology 
represents a rare opportunity for chemists, chemica l engineers, 
materials scientists, and others to develop breakth rough material 
and process application options
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