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Outline

• Acknowledgments 
• Trends in Electronics
• The End of CMOS?
• Beyond CMOS – Emerging Devices and Materials

• Characterization Needs for Emerging Devices and Materials 
(using examples)

o Analytical characterization of chemical, structural, electrical,
and atomic bonding at the nano-/atomic- scale.

o Electrical test structures for timely characterization of electronic 
properties of nanoscale components (e.g. molecules, nanotubes, 
nanowires).
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Acknowledgments
CMOS and Novel Devices Group

Performs research and development for the metrology, test structures, 
and reference materials required for CMOS and Beyond devices 

and their constituent materials.

1. 2.
3.

Ellipsometry

SCM

1. Electrical characterization of CMOS and Beyond devices
2. Broad understanding of electronic materials characterization and 
surface science including specific expertise in SCM and Ellipsometry
3. Micro-/Nano- fabrication

Summary of Core Competencies
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Acknowledgments
Intl. Tech. Roadmap for Semiconductors

Emerging Research Devices

Emerging
Logic and Memory 

Devices

Emerging
Architectures

Emerging
Materials

Added to 
ERD in 2004

Materials to support ERD
Synthesis 
Characterization
Modeling

Emerging Materials Scope
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Trends in Electronics
Moore’s Law
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Trends in Electronics
More than Moore’s Law

Moore’s Law: Smaller, faster and cheaper 
logic and memory (CMOS and Beyond)

Functional Electronics:  On-chip optical 
components, RF, power, sensors, bio tools, MEMS

Ubiquitous Electronics: Putting cheap 
electronics everywhere 
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Trends in Electronics
Functional Electronics

On-chip power, optical, memory, RF, sensors 

Extracted from Dennis Buss’ Centennial Lecture Series Talk at NIST, 
“Jack Kilby’s Invention and the Ensuing 40 Years of IC Technology Innovation,”
March 30, 2001
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Trends in Electronics
Functional Electronics

On-chip molecular/biological manipulation
and characterization using MEMS

M. Gaitan et al. (NIST)
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Trends in Electronics
Ubiquitous Electronics

Organic Electronics

The NIST Organic Electronics Competence Team (E. Lin, C. Richter et al.),
Marc Gurau and C. K. Chiang
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The Basis of Moore’s Law
CMOS

CMOS = Complementary Metal Oxide Semiconductor
FET = Field Effect Transistor
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The End of CMOS?
Many “Red Brick Walls”

Possible “Red Brick Walls”
• Equivalent gate dielectric 
thickness <1nm
• Random dopant fluctuation
• Depletion of the polysilicon
gate electrode
• Resistance of contact to 
devices too high

…………….
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The End of CMOS?
It’s Going to be Tough to Replace

>> 109 devices
<< 10 nm feature size
<< 1 psec gate delay
~ 10 year reliability
<< 100 Watts*
<< $4B to fab*



“M
etrology for Em

erging
D

evices and M
aterials”

Eric M
. Vogel

Slide No. 14

2005 Intl. C
onf. on 

C
har. and M

etrology 
for U

LSI Technology

Beyond CMOS
Numerous Possibilities
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Beyond CMOS
Emerging Logic Devices
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Beyond CMOS
Emerging Memory Devices
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Characterization Needs for 
Emerging Devices and Materials 

Analytical characterization of chemical, structural, and electrical, properties at the 
nano-/atomic- scale.
• Unlikely to find one “holy grail”
• Need 2D/3D
• Need Å spatial resolution
• Need atomic sensitivity
• Need subsurface characterization (specifically organic/inorganic).
• Need to profile local properties

Electrical test structures for timely characterization of electronic properties of 
nanoscale components (e.g. molecules, nanotubes, nanowires).
• Results must be independent of contacts
• Need independent confirmation of results
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Analytical Characterization
Unlikely to Find One “Holy Grail”

• Quantum dot memories generally show 
hysterisis and retention time that is strongly 
dependent on the size and distribution of 
the dots.

• The measured size of the quantum dots 
determined using AFM is larger 
than that determined using TEM. AFM

C-V

†J. Park, C. A. Richter, J. Y. Kim, N. V. Nguyen, J. E. Bonevich, and E. M. Vogel, 
‘Characterization of ultrathin amorphous silicon and correlation with crystalline evolution 
after thermal annealing,’ 2003 MRS Spring Meeting.
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Analytical Characterization
Need 3D

FIN/Tri-gate FETs are based upon Si-nanowires

Need to monitor: 
• 3D properties…

• Accurate size of wire
• Film thicknesses (ie, gate dielectric) on a 3D structure

• 3D Processing parameters:
Pattern/orientation dependent oxidation?

S D
G

Silicon nanowire

Multiple Si-nanowire
FET Intel
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Analytical Characterization
2D Compositional Mapping

Spatial Resolution, d = Cc ß ∆E/E0

Cc = 1.4 mm, ß = 10 mrad, 
∆E = 20 eV, E0 = 300 keV

∴ d ≈ 1 nm

"Tuning the Magnetic Properties 
of Multilayer Nanowires," 
M. Chen, L. Sun, 
J.E. Bonevich, D.H. Reich, 
C.L. Chien, and P.C. Searson, 
Appl. Phys. Lett., 82 (2003) 3310.

Ti L2,3
Energy Filtered Imaging
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Analytical Characterization
Need 3D

J.-H. Scott (NIST)

• Currently, most used 
approach is 2D projection 
or surface morphologic 
imaging with limited 
chemical mapping

• This approach can easily 
lead to misinterpretation

• Chemical 3D information 
is required.

Drawing by John O’Brien, The New Yorker Magazine (1991)
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Analytical Characterization
3D Holography using TEM

Electron phase shifts are 
sensitive to variations in:
Mean inner potential (thickness)

Electro-magnetic fields (fluxons, 
pn junctions)
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Analytical Characterization
Need Å Resolution and Atomic Sensitivity

Number of Atoms vs. Size
U3O8 Spheres
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Increasing Spatial Resolution

J.-H. Scott (NIST)
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Analytical Characterization 
Need Subsurface Characterization

C. Hacker (NIST)Backside FTIR

Spectroscopic characterization of the buried metal-SAM 
interface can be studied by using infrared radiation through 
IR-transparent substrates and thin films.

SAMs, oxides, 
organic layers

Au, Ti/Au, Al, etc.

Double-side 
polished 
Si(100), Si(111)

Silicon

~? nm

~0.5 
mm

~200 
nm

Thin film

Metal

Incident
IR

Reflected
IRDevice = Molecules + Electrodes

*Characterizing the structure of organics is a problem.
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Analytical Characterization
Need Subsurface Characterization

Au (and Al): minimal perturbation

Ti: strong perturbation (but not complete destruction)

Pb-RAIRS Spectra
Transmission Spectra

Backside FTIR
C. Hacker (NIST)

Au
OTS/thermal

OTS/native

Ti

OTS/thermal

OTS/native
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Analytical Characterization
Need to Profile Local Electronic Properties

Scanning Kelvin to profile the surface potential

Non-contact/destructive measurements of variations in surface potential

Available for mapping local charge distributions

Able to monitor processes

Capable of determining the relative work functions of a conducting surface

with a precision of 2~3 meV and a spatial resolution of about 10 nm

eφmeΦi

(A conventional MOS structure) (SKPM tip radius ≈ 10 nm)

S.-E. Park
(NIST) 
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Analytical Characterization
Need to Profile Properties

• The true tip geometry must 
be deconvolved from the 
measurement of the sample.

J. Kopanski (NIST)
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Electrical Test Structures
Molecular Electronics

A Device prototype that enables robust 
electrical measurements of molecules

Suspended
oxide

nanoBucket
region

Schematic 
of planar 

nanoBucket

NH2

NO2

S

NH2

NO2

S

NH2

NO2

S

NH2

NO2

S

NH2

NO2

S

Si-substrate

Au

Au

Criteria:
• Characterizes Molecules
• Tunable to fit Molecules 
• Prototypical 

Device Structure
• “Makeable” 

(i.e., transferable)

NanoBuckets allow control:
• Variety (contacts & molecules)
• Depth (molecular length)
• Area (no. of molecules)

C. Richter (NIST)
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Electrical Test Structures
Contacts

Metal Contact 2 1. Non-invasive top-metal
2. Well-ordered monolayer
3. Smooth bottom contact

“Ideal structure”

• Most common failure mode during fabrication 
is physical shorting of top- to bottom-metal 
through molecular monolayer  

• Observed electrical behavior in moletronic
devices is often not intrinsic to molecules, 
but attributed to metal interfaces/behavior.

Metal Contact 2

Metal Contact 2

C. Richter (NIST)

We must learn how to successfully put metals on monolayers for 
molecular electronics to succeed.
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Electrical Test Structures
Contacts

Nanowires transistors with
different metal contacts (Cr, Ti) 
were fabricated.

SiNW - Length: 28 µm
Width: ~60 nm
Thickness: ~50nm

The metal contacts to the 
nanowire strongly influence the 
conduction characteristics.

S. M. Koo (NIST)
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Electrical Test Structures 
Contacts

Methods to characterize the contact resistance to nanowires

Au

I

I

V

NW
1

2

3

4

RC=V34 / I

4-point Kelvin test structure

Q. Li (NIST)

Transfer length method structure

Rtotal= (ρnw/Snw)d + 2RC

Use linear-fit of Rtotal ~ d

R-intercept is 2RC
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Electrical Test Structures
Reproducible Data
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HP data • First independent 
confirmation of 
molecular device 
behavior.  (Switching 
observed at both 
NIST and HP.)
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Device = Molecules + Electrodes
CA Richter (NIST) & DR Stewart (HP)

C. Richter (NIST)
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Electrical Test Structures
Reproducible Data

Recent results by Lieber et al. suggest that silicon
nanowires may have hole mobility much greater 

than that of bulk silicon => this result was in question.

SiNW FETs – Lieber et al.
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Electrical Test Structures 
Reproducible Data

High Inversion Current in Silicon Nanowire Field Effect Transistors
Sang-Mo Koo, Akira Fujiwara, Jin-Ping Han, Eric M. Vogel, 

Curt A. Richter, and John E. Bonevich

Web Release Date: 30-Sep-2004; NanoLetters

Using geometrically controlled test structures, the dependence of 
mobility on nanowire width was determined.
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Summary

• The future of electronics involves many thrusts:  Moore’s Law 
(faster, smaller, cheaper CMOS and Beyond), Functional 
Electronics (On-chip optical components, RF, power, sensors, bio 
tools, MEMS), and Ubiquitous Electronics (Cheap electronics 
everywhere).

• There are many “red brick walls” for CMOS technology, but it will 
likely continue for the foreseeable future.

• There are numerous emerging architectures, logic & memory 
devices, and materials that are being researched for Beyond 
CMOS.
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Characterization Needs for 
Emerging Devices and Materials 

Analytical characterization of chemical, structural, electrical, and atomic bonding at 
the nano-/atomic- scale.
• Unlikely to find one “holy grail”
• Need 2D/3D
• Need Å spatial resolution
• Need atomic sensitivity
• Need subsurface characterization (specifically organic/inorganic).
• Need to profile local properties

Electrical test structures for timely characterization of electronic properties of 
nanoscale components (e.g. molecules, nanotubes, nanowires).
• Results must be independent of contacts
• Need independent confirmation of results
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