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Semiconductor Miniaturization

*Intel

1.2 nm SiO2

Intel 65 nm (strained channel)    
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Statistical Effects in Nanoelectronics

*A. Asenov

Computational Materials Science and Engineering
*A. Asenov

Need to think about exact distribution ⇒ atomic scale!

Statistical Effects in Nanoelectronics
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Role of Ab-Initio Methods on Nanoscale
1. Improving traditional process modeling 

to include nanoscale (atomic-scale) effects

2. Nanoscale characterization
= Combination of experiment & ab-initio 

calculations

3. Atomic-level process + transport modeling
= structure-property relationship 

Computational Materials Science and Engineering

Ab-Initio MD: Si-Interstitial

1200 K
GGA
65 atoms
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“Moore’s MD Law”
• Direct simulation of kinetics: Molecular Dynamics
• Infrequent event system: often times > ms between events
• Problem:

MD often does not get 
to relevant time scales
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Moore’s law

* 1-week simulation of 1000-atom 
metal system, EAM potential

Computational Materials Science and Engineering

(exact flux)

(harmonic approx.)

- classically exact rate if no recrossings or correlated events
- no dynamics required
- excellent approximation for materials diffusion
- can also exploit TST formalism to develop methods that do       

not require knowing in advance where the dividing surface is

Transition State Theory (TST)
TST escape rate = 
equilibrium flux through
dividing surface at x = q

〉−〈=→ ||)( xqxrTST
BA &δ

)/exp(0 TkEr B
HTST
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How To Find Saddle Points

• Reliable search for 
diffusion path: “Nudged 
elastic band method”
(Jónsson et al.). Used in 
this work.

ΔE ~ 0.4 eV ΔE

En
er

gy

• “Easy”: Can guess final state & diffusion path (e.g. vacancy diffusion)

• Less reliable search for 
diffusion path: “By hand”, 
“drag” methods etc.  
Extensive use in the past.

• “Difficult”: Final state unknown (e.g. I, cluster decay) ⇒ MD, dimer

Computational Materials Science and Engineering

Bridging the Length Scales: Ab-Initio to Continuum
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Need to calculate: ● Diffusion prefactors [Stoddard et al., PRL (05)]

● Migration barriers [Windl et al., PRL (99)]

● Binding energies [Liu et al., APL (00)]

● Capture radii [Beardmore et al., Proc. ICCN (02)]
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Boron Activation & Boron-Interstitial Clusters  

GGA

30 min anneal, different T (equiv. constant T, varying times)
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Expt: Mokhberi, Plummer
Liu et al., APL(00).

Computational Materials Science and Engineering

N2 Diffusion in Si Dissociative?

Pair Diffusion Dissociation

Stoddard, Pichler, Duscher, Windl, PRL(05).
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As Pile-Up at Si/SiO2 Interfaces
Etch+GI-XRF+AFM 

(Fraunhofer IISB)
EELS 

(NCSU)

Steen, Martinez-Limia, Pichler, Duscher, Pei, Gupta, Windl (07).
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As Deactivation in Si

Steen, Martinez-Limia, Pichler, Duscher, Pei, Gupta, Windl (07).

Ab-initio modeling:
Asn+Vm complexes and SiAs
precipitates deactivate As

Continuum modeling:
Satisfactory model with
As4V complexes and 
SiAs precipitates 



9

Computational Materials Science and Engineering

2. The Nanoscale Characterization Problem

• Traditional characterization techniques, e.g.:
– SIMS (average dopant distribution)
– TEM (interface quality; atomic-column

information)
• Missing: “Single-atom” information

– Exact interface (contact) structure (previous; 
next)

– Atom-by-atom dopant distribution (strong VT
shifts)

• Our approach: atomic-scale characterization 
(TEM) plus modeling

Computational Materials Science and Engineering

Z=31Z=31 Z=33Z=33

Atomic Resolution ZAtomic Resolution Z--Contrast Contrast 
ImagingImaging

GaAs

EELS 
Spectrometer

< 0.1 nm< 0.1 nm
Scanning Scanning 

ProbeProbe

1.4Å
AsGa
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Electron Energy-Loss Spectrum

00

10

20

30

40

50

60

70

energy loss (eV)

in
te

ns
ity

 (a
.u

.)

ZERO
LOSS

silicon with
surface oxide and
carbon contamination

LOSS
VALENCE

x25

optical properties
and

electronic structure

concentration

CORE
LOSS

bonding and
oxidation state

100 200 300 400 500

x500 x5000

Si-L

C-K

O-K

VB

CB

Core hole
⇒ Z+1

Computational Materials Science and Engineering

Calculated Si-L2,3 Edges at Si/SiO2
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Combining Theory and Experiment

•Linear combination of different single-atom spectra
•Fit to EELS spectra line scans 
•⇒ “Measure” amorphous interface structure

Computational Materials Science and Engineering

Combining Theory and Experiment
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Calculation of EELS Spectra from Band 
Structure

⇒ “Measure” atomic structure of amorphous materials.
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Band Line-Up Si/SiO2

Real-space band structure:
•Calculate electron DOS 
projected on atoms

Theor.
(scaled)

Expt.

~5 Å

EELS
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Theor.

Expt.
(scaled)

(a)

(b)

Band Line-Up Si/SiO2

*Muller et al., Nature (98)

Real-space band structure:
•Calculate electron DOS 
projected on atoms

⇒Minimum experimental 
thickness of working 
oxide:* 8 Å

Si 

DrainSiSource
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Band Line-Up Si/SiO2

Theo

Exp
(scal

⇒Minimum experimental
thickness of working 
oxide: 8 Å

⇒ Abrupt would be  
better!

8 Å

1.2 nm SiO2

Intel 65 nm (strained channel)    
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Interfaces with Different Abruptness:
Si/SiO2 vs. Si:Ge/SiO2

•Ge-implanted sample 
from ORNL (1989).

•Sample history:
• Ge implanted into 

Si (1016 cm-2, 100 
keV)

• ~ 800 oC oxidation

Initial Ge distribution

~120 nm

~4%
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• Ge after 
oxidation 
packed into 
compact layer,
~ 4-5 nm wide

ZZ--Contrast Ge/SiOContrast Ge/SiO22 InterfaceInterface
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• peak ~100% Ge
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Si/SiOSi/SiO22 vs. Ge/SiOvs. Ge/SiO22
Atomic Resolution EELSAtomic Resolution EELS

W. Windl et al., JCTN (2004).
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Oxidation of Si:Ge: “Ultimate” Device?

 

High-T oxidation of Si:Ge:

• Repulsive Ge-O interaction 
results in atomically sharp 
interface.

• Additionally, Ge channel  
(high mobility)

• Additionally, oxidation of Ge

Computational Materials Science and Engineering
Wind et al.,  JVST B, 2002.

Possibilities:
• Carbon nanotubes (CNTs) as 
channels in field effect 
transistors

• Ballistic electron transport in 
perfect SWNTs.

Process Simulation for
Carbon Nanotube Devices
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Realistic CNT-on-Ti Contact

MD optimized

Computational Materials Science and Engineering

•Ab-initio calculation of kinetic parameters for higher-
level process modeling (TCAD, KMC) well understood. 

• Parameters for annealing of B, N, As in Si

•Characterization plus ab-initio modeling may solve the 
characterization problems for nanoelectronic devices 

• “Process simulation” for molecular devices crucial

• Only possibility: (Accelerated) MD techniques

Conclusions


