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macro macro →→ micro micro →→ nanonano

describedescribe →→ understandunderstand →→ designdesign

Evolution in physical scienceEvolution in physical science



How do we get experimental How do we get experimental 
information from a nanostructure?information from a nanostructure?

by interaction with particlesby interaction with particles



Ideal experiment:Ideal experiment:

Strongest interacting particlesStrongest interacting particles

Single particle detectionSingle particle detection

Noise only due to counting statisticsNoise only due to counting statistics



What is understanding?What is understanding?

Fitting a physical model to the experimental dataFitting a physical model to the experimental data

Improving the physical modelImproving the physical model

What is scientific progress?What is scientific progress?



ØØUltimateUltimate physicalphysical model: model: atomatom positionspositions and typesand types

ØØPredictionPrediction of of propertiesproperties fromfrom ““firstfirst principlesprinciples””

ØØRequiredRequired precisionprecision: 0.01 : 0.01 ÅÅ

experimentexperiment theorytheory

Evolution in theoretical materials Evolution in theoretical materials 
sciencescience



ØØ strong interaction strong interaction →→ nanostructuresnanostructures

ØØ sub surface informationsub surface information

ØØ easy to detecteasy to detect

ØØ use of lenses (real space use of lenses (real space ↔↔ Fourier space)Fourier space)

ØØ bright sources bright sources ““A synchrotron in the electron A synchrotron in the electron 

microscopemicroscope”” [1][1]

ØØ less radiation damage than Xless radiation damage than X--rays rays [2][2]

ØØ sensitive to ionization of atoms sensitive to ionization of atoms [3][3]

[1][1] M. BrownM. Brown
[2][2] R. HendersonR. Henderson
[3][3] J. SpenceJ. Spence

Ideal particles: electronsIdeal particles: electrons



ElectronElectron microscopemicroscope



ElectronElectron microscope = coherent microscope = coherent imagingimaging

Image wave = object wave Image wave = object wave ** impuls responseimpuls response

Deblurring (deconvolution) of the electron
microscope
1) retrieve image phase: holography
2) deconvolute the impulse response function
3) reconstruct exit (object) wave

ΨΙΜ = ΨOB*P

IIM = |ΨIM|2



Focus Focus variationvariation methodmethod



Ultimate resolution = atomUltimate resolution = atom

Transfer functionsTransfer functions
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ResolvingResolving atomsatoms = = newnew situationsituation

Model Model basedbased fitting (fitting (quantitativequantitative))

resolutionresolution precisionprecision

resolvingresolving refiningrefining

resolutionresolution precisionprecision

1 1 ÅÅ 0.01 0.01 ÅÅ











Phase of total exit wavePhase of total exit wave
Σ Σ 5 Al: Cu5 Al: Cu

Courtesy C. Courtesy C. KisielowskiKisielowski (NCEM,Berkeley) (NCEM,Berkeley) 



Spectroscopy in the electron Spectroscopy in the electron 
microscopemicroscope

A STEM / HRTEM : A STEM / HRTEM : 

Scanning coilsScanning coils
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  Current technology:Current technology:
  HAADFHAADF--imageimage   Local energy spectrumLocal energy spectrum

  Dislocation core in Dislocation core in GaNGaN [0001][0001]  0.2 nm0.2 nm

N. Browning, C. N. Browning, C. KisielowskiKisielowski, LDRD, 2002, LDRD, 2002--20032003



SpectralSpectral informationinformation::

ØØCompositionComposition

ØØBondingBonding

ØØElectronicElectronic

ØØLocalLocal configurationconfiguration





Scaling Limits to CMOS TechnologyScaling Limits to CMOS Technology

TEM. F. H. BaumannTEM. F. H. Baumann

60 nm

WSix

Poly-Si

(For proper operation, all vertical and lateral dimensions scale(For proper operation, all vertical and lateral dimensions scale simultaneously)simultaneously)

182 monolayers channel

1.2 nm

Gate Oxide ~ 5 Si Atoms thick

p+ source p+ drainn channel
Shrinking the junction depth               increasing the carrieShrinking the junction depth               increasing the carrier concentrationr concentration



Gate Oxide CharacterizationGate Oxide Characterization

Lucent Technologies
Bell Labs Innovations

ØØ Is there a fundamental limit to the oxide thickness?Is there a fundamental limit to the oxide thickness?

ØØ What happens at 12Å?What happens at 12Å?
ØØ Roughness?Roughness?
ØØ InterlayersInterlayers??
ØØ Interface Scattering?Interface Scattering?

Expected

Lg=70 nm
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SiSi

STEM ImageSTEM Image

Nominal 1.1 nm SiONominal 1.1 nm SiO22::
0.8 - 1 nm Bulk SiO2

1.6 nm wide oxygen profile

Oxygen Bonding from EELSOxygen Bonding from EELS
(Chemistry on an Atomic Scale)(Chemistry on an Atomic Scale)

D. MullerD. Muller



A A nanonano lab in the microscopelab in the microscope



StatisticalStatistical experimentalexperimental designdesign

WhatWhat is the is the optimaloptimal experiment?experiment?

The experiment The experiment thatthat yieldsyields the most the most 
preciseprecise model parameters model parameters forfor a a 
givengiven particleparticle ((electronelectron) ) dosedose



1.1. parametricparametric statisticalstatistical model of the model of the observationsobservations
(single (single particleparticle detectiondetection))

observationsobservations

expectationexpectation modelmodel

parametersparameters

TheoryTheory



2.2. FisherFisher informationinformation matrixmatrix

3.3. CramCraméérr--RaoRao Lower Bound (Lower Bound (CRLBCRLB))

theoretical lower bound on the variance of the theoretical lower bound on the variance of the 
parameter estimates for any unbiased estimatorparameter estimates for any unbiased estimator



OptimalOptimal experimentalexperimental oror
instrumentalinstrumental designdesign

1.1. CRLB is CRLB is computedcomputed

2.2. CRLB is CRLB is minimizedminimized withwith respect respect toto the microscope the microscope 
settings (settings (forfor a a fixedfixed electronelectron dosedose))

3.3. These settings are These settings are suggestedsuggested as as optimaloptimal
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Towards an automatic interpretationTowards an automatic interpretation

Why do we do experiments?Why do we do experiments?
ØØ to understandto understand
ØØ to find underlying lawsto find underlying laws
ØØ to find hidden orderto find hidden order
ØØ to reduce the apparent entropy in our to reduce the apparent entropy in our 

experimental data setexperimental data set



Example:crystalExample:crystal unit cellunit cell

reduction of entropyreduction of entropy

((RR11))

sampled unit cellsampled unit cell atom positions atom positions 
and typesand types

((RR22))

((RR88)) ((RR99))

((RR55))
((RR33))

((RR44))

((RR66))

((RR77))



Example:crystalExample:crystal unit cellunit cell

reduction of entropyreduction of entropy

((RR11))

chemical lawschemical laws

((RR22))

((RR88)) ((RR99))

((RR55))
((RR33))

((RR44))

((RR66))

((RR77))

((RR11))

atom positions atom positions 
and typesand types

((RR22))

((RR88)) ((RR99))

((RR55))
((RR33))

((RR44))

((RR66))

((RR77))



Can science be automated?Can science be automated?

ØØ Finding lawsFinding laws
ØØ Pattern recognitionPattern recognition
ØØ Artificial intelligenceArtificial intelligence

Will it still be fun?Will it still be fun?
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