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

Nanoelectronic Device

MOS Device Characterization Metrology Project

and Reliability Project
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Electronic Materials
The CND Group Characterization Project
collaborates
I N » with numerous
EEERAREA % internal & external
partners to leverage
expertise

AML Nanofabrication
Facility
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* The ITRS serves as a guideline for the global semiconductor
industry for a 15-year on projected technology needs and
opportunities for innovation.

e The ITRS is devised and intended for technology assessment
only and is without regard to any commercial considerations
pertaining to individual products or equipment

® The ITRS consists of 15 chapters dealing with details of projected
technology trends.

1. System Drivers, 2. Design, 3. Test & Test Equipment, 4. Process
Integration, Devices, & Structures, 5. RF and A/MS Technologies for
Wireless Communications, 6. Emerging Research Devices, 7. Front End
Processes, 8. Lithography, 9. Interconnect, 10. Factory Integration, 11.
Assembly & Packaging, 12. Environment, Safety, & Health, 13. Yield
Enhancement, 14. Metrology, 15. Modeling & Simulation
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e The Future of Electronics

* The End of CMOS?

e Architectures, Devices, and Materials for Beyond CMOS
e Characterization Needs for Beyond CMOS

* Modeling/Simulation Needs for Beyond CMOS
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The Future of Electronics

PC Era Internet Era
Semiconductor 1P + Memory DSP + Analog

Market Share

1980 1990 2000 2010

95 00 03

Transistor Scaling will continue to be an important Technology
Driver in the Internet Era. But it will no longer be the sole
driver: SOC Integration will be increasingly important.

2020




Non-Moore’s Law:
Adding Additional Functionality to CMOS

On-chip power, optical, memory, RF for

communications applications
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' Non-Moore’s Law:

. Adding Additional Functionality to CMOS

- @O ... - ...

On-chip MEMS (micromotors,
accelerometers, pressure and gas sensors)

MEMS Technology Timeline

’90s MEMS Foundries

ASTM MEMS Test Structures

1998
{ ) DRIE for MEMS [ ]

(Klassen, 199
MCNC MUMPS .
(DARPA 1992. ADI IMEMS
(DARPA 1993)

’80s Surface Micromachining Micmmum,i CMOS cif-MEMS through MOSIS
(NIST, 1991)

LIGA (Karisruhe, 1936). Silicon accelerometers commercialized

Polysilicon surface micromachining

Pressure sensors commercialized - - -
Silicon as a mechanical material
(Honeywell and others, 197[)’5). (Peterson, 1982)

. Silicon accelerometers and pressure sensors

‘Westinghouse resonant gate trag.. . (late 60's)
(Nathanson, 1965) 8 Anisotropic etching of Si
(Finne & Klein, 1967)

Isotropic etching of Si
(early 60's) ’ s - - - =
T 60’s Bulk Si Micromachining
Piezoresistivity in Si

(Bell Labs, 1954)




Non-Moore’s Law:
_Adding Additional Functionality to CMOS

On-chip molecular/biological manipulation
and characterization

Technical Approach
SM? Platform

Platform based on Manipulation (Transport):
Nanofabrication Fluidic Restrictions,
Molecular Assembly Beads
NanoBloTech nnlogy;
Electronics meets Blcjlfo;gy//
Measurements: Manipulation (Capture):

Electronic, Optical, Force Vials, Beads, Arrays
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B Non-Moore's Law:

SESISin Electronics Everywhere

Organic Electronics

cheap dynamic signs wearable electronics

semiconducting dielectric .
polymer material electronic paper

\ switching

signal
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RFID tags flexible solar cells



Non-Moore’s Law:
Electronics Eve h

Interactive Electronics

Smart Bandage

Smart Socks can
detect pressure & alert
the wearer about
incipient

ulceration

Personal Digifal Assistant

U. Of Rochester Center for Future Health
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Accelerating the Rate
of Technical Change

-

Moore’s Law: Smaller, faster and cheaper
logic and memory

~

-

.

Non-Moore’s Law: 1) Adding functionality

to logic and memory, 2) Electronics everywhere

~
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What is CMOS?

CMOS = Complementary Metal Oxide Semiconductor
FET = Field Effect Transistor

— Gate Stack

- Dual workfunction

- Low sheet resistance
- No boron penetration

Gate Dielectric
- Very thin to improve
SCE and current drive
- Limitations: defect density,

- Tight dimensional control

tunneling current, reliability

SOWD puoAag Joj s|ellaie|\ pue sa2iAsg bulbiaw

Dielectric
n+ Poly TiSi, 1P+ Poly Spacer
n+ n+ p+ p+
F
nFET el pFET
% p-well __, -t
k n-well
p-
. ~ Source/Drain [ .
Shallow Trench Isolation - Shallow extension Non-uniform Channel
- Litho limited dimensions to reduce SCE - Improve SCE
- Thickness indep. of size - Profile optimized - Halo to counter Vg
- Lower capacitance for reliability + rolioff
- No extended thermal performance - Reduce junction
oxidation - Low sheet rho capacitance
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Table 71a Thermal and Thin Film, Daping and Etching Technology Requirements—Near-term

Equivalent physical oxide thiciness for MPUASIC Ty, frm) [4, 41]
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and going and
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Yet another record:
Intel’'s 15nm NMOS Transistor

3

2

3

3

Drain Current (uA/um)

3
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What does a Beyond CMOS technology

&l  have to do to replace CMOS?

- >> 109 deViceS Heading towerd 1biilion ansistorsinzhoriasy” myy 1:000,000,000

= — 100,000,000

: << 10 nm feature size B Tl

- Pentium® Procesgar™

' << 1 psec gate delay e 1000000

100,000
<~ $4B fab o
sa$

i ~ 10 year reliability “ 1.000

1970 1980 1990 2000 2010
. Feature Size Projections
D

50— 70% linear shrink 100

- A \ every 2 years G O Published Data N M OS
) o @ = Intel 30nm

ol AN . / e Expecor a # Intel 20nm .-

@ — : — 1 0 | -
\ — 1997 Forecast -9 8@&?
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Materials, Devices, and Architectures

ision

* There is a paradigm shift taking place in future information
processing technologies.

Emerging Materials

Integrated
Approach

Emerging Devices Emerging Architectures
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I The Missing Plateau
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.7+ Quantum
Computing

" F?.. 3
R e
T ST g L | 4§
What Will Fill the Plateau?
« Carbon NanoTubes
- Self Assembly
= Single Molecule / Electron Devices
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Extracted from a talk by Dr. David Tennenhouse (V.P. for Research,
Intel Corporation) entitled “Three Challenges” at a joint CIA/DARPA
conference on The Global Computer Industry Beyond Moore’s Law

Slide No. 20




PRIDLSHONST
2NZALTD *ON 3Dl
qQeo A[QEL 2% xa]die) 15oFy T N 8PS
MCTIT
(LAS) WIS = _Han..m_.mu =) 3 s = 51H wisrAy
(IFISI A-TIT = FONTV ATV 09-2 ACIIT AT LMD any S SOLIBIUEY A
(w20 T %> O
TEITIID (e Ara s [EDTEFD 1OM] [eanID Ia TEanre AIe s TEITILID JORT TEQHIID JON] [EITLIT FIUDLBIOL (T M
(IASITd = FESIUNIOT = Q)
(L34s) I3 W20 (SIHiL = aurnpaadua]
JmaBelry | amaFodr) WOrE 14 0T iR Id (DM = Id ouepnedo o
san(es [ejuewiadsa 10] g 2[qE] 2235 SADTAAP [[E IOF [ 2q IS0 HIDD) C
BT IO (@)
indySnoay s y
o8 9070 Win o1 o8 98 0 98 Aamag ((D]
IR (ST (il 0TS 1=] [, _oT=+1<] vur s [a'a)
] _u._:w.wex:.ma op-0T<E'T ap-0T=I gp-01=T= g-01*T _”nv.u__mTch ) £ Suryogmg —_
(spranD O
ZHD 0E ZHW 1 ZHW 1= ZHD 1 ZHD 0E THD 0t THD 008-05T THD 0F peady 1o
ZHD 00L ZHW 0t TAOTE] JON ZHD 1 ZHL 1 TALOT] 30N ZHL T1 ZHD 0L pazdy YoIIMgG (Vp]
_qmmt.u...,m.u.h.\_.mt\_ foo]
6HE o1de 14l 01TH9 6HE 6HE 931 6HE Ansuag .n
(yo1rd jopods) v
=0 00 T TR Q9 TAOT] JON e Ot =TOTE 00 T + T 00T W g0 =TT 00T 2IIS 120D s
I1E0] VOO = (0]
AQETIIEIZ0] = paseq NN Teq-ES0IT) SEANIISIIY IAFT M
TWIYTEND) = VOO o= % Il £ 0 S BN [EUOTRATIC [ETFOTIESATID ) g w| TETOTRATOD W paLioddng
voOu ©
IEMIB[OIN = (i
SWAMN = 2 (o]
ToysTEIRI) INJINISOTETE
(LAS) re1odig FEQSSOIT) (Vp)]
30ysTETED) [EUTTIIS) - = SaIMyons (D)
aages-urds - 133 TOFREd MUN .rIL
(LHIS) =+ WD TN = [EUIMILISI-E - 114 LII MM >
I3d wds = #=x WO T = TETITIS-F - LIS 134-a14d L3 LMD = SOWND TS - saddy (D)
SEIAIT D
Sugjsuung -
AOPSETUEe) wids h..n.d_.u.uru_@ ADFRIBFEFY Igs IUBUETEY SRANIINALE (TT T TSH THd (@)
7N =
5 & 3
< BT v
9 1 ¥ £ £ Z I asuanbag Auiqepeay m
Ll

S9JIAD

buibiaw3j

:_ {20 U0NILIES

(L1 _LJ

=i




= LIALIF

£ € ar 19 £ s YoADSTAY
Tareasag areasag Ay areasag PRIEDSTIoTTa] msmdoranagg monanpoeLy ToTIMPOL] Aoy
IFo-opEer)
W snsmaa
paadg qreastp 20TEMPTUT W
553008 aSrera e TOTIEIS ST
mors prEoIsReg juede = pue saEusuy D
- TOTIRTS ST uwonelado sureas E[ETIRETR
Ayrrgels pue T9 smsran MIN w
[ETEE=TL = S[EII2)ETE 307 [ORWOD Kupenb TEOHTAYE - JURIIND
SHEDA = TN TEOTSTIRTIE (] TETIIRT = TOS PN = NT SETET w Suness = EurEsg
JEEIS[O} s@a EicE
123130 = NGO = L Rt L A
Tenusiod EEE] I pUR PIE PR - B CE] saSmupapF
de = ERSI a1 u oy pearise = zamod Mo w WG-BMA = RN )
ramod Mo e 2Seon ramod mo arneron Ammowodg amEoa amErea Amoucdg
Apsuag = Mo Apsuagcy -UCA]  w Aysua = SO w SUCh] = Apsua(] =
CIdl= £q1= 691= o3t ] S1I= £1d1= [=1 Sy seyadlD eE
- = - - - ETUTE A
TITOTE T~ Fead 1~ 295 Q01— 514 01 w1 ST Q1 = SIA QT SIA OT—0T STE 0 wonEIay
ST~ ST OOT> ST QT o3 ) = vy 5F 01 ST QOT= s [~ su gL s 4015
ST T~ Mmors SO QL OOl [+ ST QL= S QO ST g~ £ ' ML T STAIIF
_w €700 _wvl ¢z0°0 Wl §E070 _w 6170070 _wmi 900 w1010 Wi 000
TEAOTE] JOM < < < c c .| 2215 118D
A9~ A9 A9~ rel 2317 A9~ ATt A8
Wi ot W g feets 1 W g TR 4, T g0 T wu g et T A oyrug
SIS WSTT
drill |aill 1t It Ll dTLT Il 2111 1z
QTOT= oToL—- LO0T= SOO0T= 00T~ SOOI~ 00T 00T AnigupivaE
[EISATDOTET 10
HEats z ISTITEG [T I sE I sadiy
e AT 13s e MY EdLl WO serI JON TV EA e
ITIE | o Qe gl
_ -H__H_ _ R [ e— HESIUP YIS
aSvao01s
wu LGB T _ . N
& TOLIOWS Y SEULY D UW*M.M.M_MMLWHA * *.M_“MEMH,, FVFHT wiliowapy sa1So]ouyaa T
ADINISTOFYT WWM_H.HH._MHW .i.m.n.w....,mmmwn.ﬂ.w. NK.ECME.WKG.% Apog Sunpol.g aZuvyy a5oy g surjasog Ao Jussaag

SABIPUUDAD P3Io2{0AJ—S822108 (T AoWBP| Yjouvasay SuiSiaug

DZg 2iqu.L

JIADQ Alowdy buib.owig

¢ 'ON 3pIIS

)
@)
=
O
©
c
(@)
>
(D)
(a'a]
P -
(@)
[l
L
(]
—
(D)
)
(4]
=
©
c
(o]
v
(D)
A
>
(D)
()
O
=
(@)
-
(D)
=
L

UOISIAIEE

a_,_._ﬁ_uﬂm_."

e e

10 {20 U0NILIES

(L1 _LJ

=i




i NanoElectronic Device Metrology

L Project (Curt Richter

, Goal: Develop metrology that will enable emerging information
O processing technologies to extend electronic device performance
iImprovements beyond the incremental scaling of CMOS

Molecular Electronic Test Structures (METS): Developing
test structures and accompanying measurement methods that
enable reliable, reproducible electrical measurements of
molecules to investigate molecular conduction mechanisms.
Self-assembly based fabrication paradigm

O Si-Based NanoElectronics: Developing the precise metrology

- required for Si-based nanoelectronics. Focus on the electrical

and physical metrology of the basic building blocks of confined-

= silicon devices (e.g., quantum layers, wires, and quantum-
dots).

O Extrapolation of CMOS top-down fabrication.
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iy Silicon Nanowires
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e ‘ At LRy source
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i}} !I l Y

Bottom-up
silicon nanowire
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2 Primary Characterization Needs for
'Emerging Devices and Materials

* 2D/3D resolved, non-destructive, timely characterization of

chemical, structural, electrical (e.g. spin, DOS), and atomic
bonding at the nano-/atomic- scale.

*  Weare “blind” at the nanoscale.

*  Should include need of subsurface characterization of
interfaces (specifically organic/inorganic).

* Include target spatial resolution and atomic sensitivity.

* Electrical metrology and test structures/vehicles for timely

characterization of electronic properties of nanoscale components
(e.g. molecules, nanotubes, nanowires) independent of the
contacts
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TN 3D Physical Characterization

“sa=sllivision

Defining and developing metrology for
future nanoelectronics

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

* Quantum dot memories generally show

large retention time that is strongly

dependent on the size and distribution of C-Vv
the dots.

Capacitance (pF)

al

SOWD puoAag Joj s|ellaie|\ pue sa2iAsg bulbiaw

tJ. Park, C. A. Richter, J. Y. Kim, N. V. Nguyen, J. E. Bor ,
‘Characterization of ultrathin amorphous silicon and correlation with crystalllne evolution
Slide No. 27 after thermal annealing,” 2003 MRS Spring Meeting.



EEELLIDIS 3D Physical Characterization
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FIN/Tri-gate FETs are based upon Si-nanowires

Need to monitor:

e 3D properties...
» Accurate size of wire (is it critical to performance?)
 Film thicknesses (ie, gate dielectric) on a 3D structure

» 3D Processing parameters (example):
Pattern/orientation dependent oxidation?

Silicon nanowire

Sources C

SOWD puoAag Joj s|ellaie|\ pue sa2iAsg bulbiaw

Multiple Si-nanowire
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3D Chemical Imaging

£ ¢+ The holy grail of characterization and chemical

measurement:
« Know each atom and relationship to all others NIST/NNI
Workshop -
« Where one or more atoms well placed or misplaced J. H. Scott
can make or break a nanodevice (NIST, CSTL)

(Elastie Scaltaring = “Z conirast”

Annular D:rkF Idn:AI:IF;dnt et

R A | 5T Spatlal Drift < 0.5 nimimin
ElecironEnergy "SR _ - 24 ! B 5 Energy Drit < 0.03 éVimin
Loss Speciromuter b e : <R

Courtesy David Muller, Comell



3D Chemical Imaging

#% Need for 3D Chemical Reconstruction

Projection and Surface Images are Limiting

Currently most used

approach is 2D L AT SR ST SR NIST /NNI
projection or surface [« AL TS T A e e

morphologic imaging _ e AN = RIS RS WOI‘kShOp—
with limited chemical [ S OIS e PRI e

mapping T L i J. H. Seott
This approach can e (|, _wks - NIST, CSTL)
easily lead to AT B o MW Y o

misinterpretation ' i P ey
Chemical 3D
information is now
often required to
determine true nature
of working
nanodevices and their

failure modes Drawing by John O’Brien, The New Yorker Magazine (1991)

NST
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ALY Test Structures for

S ision Electrical Characterization

SiNW FETs — Lieber e

NANO
LETTERS

2003
Vol. 3, No. 2

149—152
s Hole mobility extracted
251 m using simple measurements
-~ 4 - . > o
g3 | and very approximate
g2 H] lLl.L models was as high as
e .3'...!1, EL 1350cm?/Vs

10 100 1000
Mobility (cm /Vs)

Recent results by Lieber et al. suggest that silicon

SOWD puoAag Joj s|ellaie|\ pue sa2iAsg bulbiaw

nanowires may have hole mobility much greater
than that of bulk silicon => this result was in question.
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Test Structures for
Electrical Characterization

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; NanolLetters

= Layer EIH.I;'{ Charnel F " 'lé: Gl e e,
:._ I_. '.‘.‘ F o [ E 105 L £ a
i | ! -/ ":'-'-._ = & %"... r"\‘“
] L 5] X § = SO0 : -
= b e = L : "|._.. & D=} = — -
-Eilm P -mi- - E &5 £ b, £ davars
._.._!._ '_ S rr“- IE\-. :‘ e .. i
. s : eg @ g |
F"-l:il'!lr.5| a - 4[-' nm E -I-ILF._._“ 'H._H = |l.'| r'. A .|
Gate = T —— - W0 100 000 0o

£ e Wslith I."-"l.|||:.-r



~_Electrical Characterization

Test Structures for

A Device prototype that enables robust \

nanoBucket .
electrical measurements of molecules (P region CU
. Au | e
Criteria: Suspencey
%%%%% » Characterizes Molecule
Q “Aiu“ “ e Tunable to fit Molecules
_  Prototypical
Device Structure
Schematic | “Makeable”
of planar (1.e., transferable) | Fully suspended
nanoBucket nanoBucket:

Major Objective:

one example

A NIST suite of robust molecular
electronics test structures.

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

Measure the molecules, not artifacts of the METS



] Test Structures for

ision Electrical Characterization

CA Richter (NIST) & DR Stewart (HP)

&,
NIST researchers are developing meth-
ods for testina the electrical properties
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Device = Molecules + Electrodes



iy Critical Interplay between
‘ Sim. & Characterization

iion Modelinc

Two categories of modeling/characterization interactions:

* Models and simulations necessary to interpret a physical or
electrical measurement.

* Physical or electrical characterization necessary to confirm a
model or simulation of a novel material, device structure, or
process.

Ssynthesis
1 Chemicals + Materials
+ Process Recipe

Characterize
Material Properties

Modeling & Simulation
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suull  Modeling/Simulation to Interpret

isor Characterization

Physics-based
Computer Vision

!

Quantitative
Understanding

by Scientific
: measurements

e Metrology interacts with with nanoscale properties, and
confounds the measured properties

* Need to decouple metrology interaction with material
e Interpret images in conjunction with physical models.
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NEMO (Nanoelectronic Modeling)

NEMO 1-D was developed under a NSA/NRO contract to Texas Instruments and
Raytheon from “93-"98 (>50,000 person hours, 250,000 lines of code).

NEMO 1-D maintained and NEMO 3-D developed at JPL “98-"03 (>14000 person
hours) under JPL, NASA funding. Since ‘02 NSA and ONR funding.

NEMO is THE state-of-the-art quantum device design tool.
First target: transport through resonant tunneling diodes (high speed electronics).
Second target: electronic structure in realistically large nano devices (detectors).
Newly set target: qbit device simulation.

Bridges the gap between device engineering and quantum physics.

Based on Non-Equilibrium Green function formalism NEGF - Datta, Lake, and
Klimeck.

Used at Intel, Motorola, HP, Texas Instruments, and >10 Universities.

elmpurity
./' "~ & Phonon

—» Interface
Electron = ~Na o —b

G. Klimeck, Purdue

Physics
Phonons
%
Formalism
reen Function Theory
N

5 o & Boundary Cond.
7, %
%0,
<, Interface
CN s Roughness

Morgan State University - Northwestern University - Purdue University - Stanford University -
University of Florida - University of lllinois - University of Texas at El Paso




Validation of new theoretical methods for rapid assessment
of charge transport . ..

OPE F-OPE

1.6 T T T T 2.5

101 w==sss Experiment
Theor
0.51 y
T T 0.0 T T T
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 15 2.0
Voltage (volts) Voltage (volts)

“A Quasi-molecular Approach to the

Conductance of Molecule-Metal Junctions:

Theory and Application to Voltage-Induced

Conductance Switching,” C. Gonzalez, Y. DlV 838 Carlos Gonza|ez
Simdén-Manso, J.D. Batteas, M. Marquez, M.

Ratner and V. Mujica, J. Phys. Chem. (2004) in

press.



The future of electronics (accelerating the rate of technical change):
Moore’s Law (faster, smaller, cheaper), Non-Moore’s Law #1
(adding functionality to CMOS), Non-Moore’s Law #2 (electronics
everywhere).

There are many “red brick walls” for CMOS technology but it will
likely continue for ~15 years (10 devices, 10 nm feature size,sub-ps
gate delay).

There are numerous emerging architectures, logic & memory
devices, and materials that are being researched for Beyond
CMOS.

There are 2 primary characterization needs for Beyond CMOS: 1)
3D physical characterization, 2) reliable electrical test structures.

There are 2 primary modeling /simulation needs for Beyond
CMOQOS: 1) interpretation of measurements, 2) both fundamental
and fast modeling/simulation of nano-devices and —materials.
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