March 18, 2005

Metrology for Emerging
Devices and Materials

Eric M. Vogel Leader, CMOS and Novel Devices Group
and Director, NIST AML Nanofab

NIST

Semiconductor Electronics Division
Gaithersburg, MD 20899




2
I

Outline

o 2

o o
m % 5 Acknowledgments
2' ;B = Trends in Electronics

=
P=f - The End of CMOS?
o trd . . .
il - Beyond CMOS - Emerging Devices and Materials

S 13

m: 0%
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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.

Summary of Core Competencies

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
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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)
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Functional Electronics: On-chip optical
components, RF, power, sensors, bio tools, MEMS
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Ubiquitous Electronics: Putting cheap
electronics everywhere
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Trends In Electronics
Functional Electronics

On-chip power, optical, memory, RF, sensors
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Trends In Electronics
Functional Electronics

On-chip molecular/biological manipulation
and characterization using MEMS
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Technical Approach
SM? Platform

Platform based on Manipulation (Transport):
Nanofabrication Fluidic Restrictions,
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2 gg Molecular Assembly ~ Beads
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a2 NanoBloTechnology
§ § Q Electronics/meets Biology
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o2 9
IR Measurements: Manlpulatlon (Capture):
Electronic, Optical, Force Vials, Beads, Arrays
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Organic Electronics

cheap dynamic signs wearable electronics
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The NIST Organic Electronics Competence Team (E. Lin, C. Richter et al.),
SraeEr® Marc Gurau and C. K. Chiang



The Basis of Moore’s Law
CMOS
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CMOS = Complementary Metal Oxide Semiconductor
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SR
= ielectri
=8 = —Gate Stack Gate Dielectric
<z 7 - Dual workfunction - Very thin to improve
8 & o - Low sheet resistance SCE and current drive
® g B - No boron penetration - Limitations: defect density,
= 0% - Tight dimensional control tunneling current, reliability
@, 5
09 Dielectric
n+ Poly TiSi, p+ Poly Spacer
n+ n+ pt pt+
F
2 A nFET il pFET
=3 g o ;
g R = Y p-well b e
v 8 =3 k n-well
| Q- =
— — p-
C o Y R et L e L e e e T et
S g S , ~ Source/Drain p*
o S ™ Shallow Trench Isolation - Shallow extension Non-uniform Channel
SR S - Litho limited dimensions to reduce SCE - Improve SCE
2 < " - Thickness indep. of size - Profile optimized - Halo to counter Vi
- Lower capacitance for reliability + rolloff
- ND E)@tendt-ﬂff therma’ perfﬂrmance N Reduce function
oxidation - Low sheet rho capacitance
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The End of CMOS?
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—~ 0.
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03  Random dopant fluctuation hfpwpgr { ” Py |2 | | P
. L MPUMSIC Toy frm) [4, 41
 Depletion of the polysilicon . —"
Gate dielectric laakage at 100°C 0 m 1 1 \PU
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= A » Resistance of contact to Table 71b Thermal and Thin Film, Doping and Etching Technology Requirements—Long-term
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QO |
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It's Goin

The End of CMOS?

to be Tough to Replace

350

180

50

25

>> 107 devices
<< 10 nm feature size
<< 1 psec gate delay
~ 10 year reliability
<< 100 Watts*
<< $4B to fab*

Feature Size Projections
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70% linear shrink
every 2 years
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Beyond CMOS
Numerous Possibilities
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Beyond CMOS
Emerqging Loqgic Devices

Availability Sequence 1 2 2-3 2-3 4 5 5
Device /r—\
o &
FET RSFer'i'B' o 1D structures Rasonant SET Molecular QC_—I{D‘? Spin transistor
Tunneling
Devices
Types = Si CMOS = IJ CNT FET RTD-FET = SET = 2-terminal = E: QCA** = Spin FET
NW FET RETT = 3-terminal = M:QUCA*= (SFET)
T hetero- FET = Spin-valve
structures = 3-terminal transistor
Crossbar bipolar (8VT)
nanostruciur transistor
e = NEMS
= Mloclecular
QCA
Supported = Conventional |= Pulse Conventional Conventional (= CNIN = Memory- = QCA = Quantum
Architectures Cross-bar CMNN based * Programmable
= QCA legic
Cell Size 100 nm™ 0.3 nm 100 nm* 100 nm*® 40 nm Mot known 60 nm 100 nm™
(spatial pitch)
Density s 3E9 1EG 3E9 3E9 6E10 1E12 3E10 3E9
fdevice/icm™ )
Switch Speed 700 GH=z 1.2 TH=z Mot known 1 TH= 1 GH=z Mot known 30 MH=z 700 GH=
Civrcuit Speed 30 GH=z 250—-800 GHz 30 GH= 30 GH=z 1 GH= =1 MH=z 1 MH= 30 GH=z
(INEMS)
Switching 2x10718 =107 ¥ ) 2x10718 =2x107 18 1=1072% 1.3x107%  |[E=1x1071814E] 2x10718
Energy, JUT [>1.ax10""] 1sx107 79| (NEMS)  lypegeio™
Binary 86 0.4 86 86 10 MN/A 0.06 86
Throughput,
GRBit‘ns/‘cm”
Gain Must be ==1 for all devices. See Table 63b for experimental values
Operational RT = 4K ({INb) RT RT 20K BT EQCA Cryogemic (* Cryogemc
Temperature = TTEHTS) MQCART (SFET)
= 20 KMeEs) = RT(SVT)
CD Tolerance Critical Wot critical Mot critical Wery critical Wery critical Mot critical Wery critical Critical
=2% (M: QCA)
Materials 51 Nb CINT III-W III-W C-50 AliA1O5 = III-W (SFET)
System HTS i 8i-Ge 51 (E: QCA) = SJFM (SVT)
III-W

Mozt Complex
Circuit
Demonstvated

See Table §3b
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Emer //7

Beyond CMOS

Memo

De V/ces

e R e R i
Table 62a Emerging Research Memoiry Devices—Projected Paramerers
M 1 . Single/Few Tnsulator
Present Day Baselina Fhase Change Floarnmg Body Svanaefloanng Ingtes e Resistance Molecular
N X ~ - Gare Electron N .
Technologies Memory® DRAM . S Change Memories**
. Memory Ademories
- MMemory**
Sterage
Mechanism R I
— T+ | 7= | {H}
Devi Engineered Bi bi
Ve DERAM NOR Flash OUM ITDRAM tunnel barrier SET NI i-stable
Types - swritch
or nanocrystal
Availability 2004 2004 ~2006 ~2006 =20006 =2007 ~2010 =2010
e 1TiC 1T ITIR 1T 1T 1T 1TIR ITIR
Elements
Initial F 90 nm 90 nm 100 nm 70 nm 20 nm 65 mm 65 nm 45 nm
) SF° 12.58° _6F" ap” —6F° —~6F~ ~6E° i
Cell Size 2 2 2 y) Not known
03063 pm 0,101 pm™ 006 pm 0.0049 pm™ 0038 pm 0025 pm~ 0025 pm™
Access Time 15 ns ~80 ns 100 ns =10 ns [A.B] <10 ns =10 ns Slow ~10ns
Srore Time 15 ns ~1 ms 100 ns =10 ns B =10 ns =100 ns =100 ns ~10ns
?z;e:ln’on 64 ms 10—20 wrs 10 wyrs =10 ms LAl 10 yrs ~100 zec ~1 year ~1 month
EATF Cyeles Infinite 1ES ~1E13 E15 -1E6 =1E9 =1E3 =1E15
= Density = IMNon- = Nomn- = Density = Nom- = Density Low Density
= Economy volatile volatile =  Economy volatile = Low power voltage Low power
General =  Multi-bit = Low power = Fast read Multi-bit 3D
Advantages cells = Ead hard and write cells potential
= Multi-bit SR bi Defect
cells cells tolerant
= Scaling = Scaling = Large E/W = Need 50I = Material = Dimension New Welatile
current = PRetention gquality control for materials Thermal
= New versus RT "_U'ld . stabdlity
materials scaling operation integration
Challenges amd _ = DOFIHI;I = Backgroumnd Slow
integration fluctuation charge access
disturb Spead
= Endurance P
versus R
trade-off
Maturity FProduction Production Development Demonsrated Eesearch Fesearch Fesearch Fesearch
Research =
RS 3 61 40 3 43
Aefivigp®*+* -




Characterization Needs for
Emering Devices and Materials

2
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Analytical characterization of chemical, structural, and electrical, properties at the
nano-/atomic- scale.

» Unlikely to find one “holy grail”
* Need 2D/3D
« Need A spatial resolution
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* 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).

uo Juoy) puI S00¢

» Results must be independent of contacts

A3o[ouyd9], [S1N 10J
K30[019IN pue 1By

* Need independent confirmation of results
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Analytical Characterization
Un//ke /-'//70’ One Gra//

c-v £,
* Quantum dot memories generally show g
hysterisis and retention time that is strongly g =
dependent on the size and distribution of o
the dots. T
» The measured size of the quantum dots
determined using AFM is larger
than that determined using TEM. AFM
TEM

10 nm

1J. 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
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« 3D Processing parameters:
Pattern/orientation dependent oxidation?

Silicon nanowire

A3o[ouyd9], [S1N 10J
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Multiple Si-nanowire - ]
FET Intel
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Analytical Characterization

2D Compositional Mapping
mz 2 TiL, Energy Filtered Imaging
: ;z it Spatial Resolution, d = C, B AE/E,
=2: R C.=1.4mm, B = 10 mrad,
“Z \ AE =20 ¢V, E, =300 keV
= - d=~=1nm

Energy (eV)

"Tuning the Magnetic Properties
of Multilayer Nanowires,"
M. Chen, L. Sun,

.E. Bonevich, D.H. Reich,
C.L. Chien, and P.C. Searson,
Appl. Phys. Lett., 82 (2003) 3310.
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Analytical Characterization
Need 3D

L R R R e

J.-H. Scott (NIST)

» Currently, most used
approach is 2D projection
or surface morphologic
imaging with limited
chemical mapping
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 This approach can easily
lead to misinterpretation

* Chemical 3D information
is required.

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

A3o[ouyd9], [S1N 10J
K30[019IN pue 1By
uo Juon UL $00¢

Slide No. 21



2
I

Analytical Characterization
3D Holography using TEM

R s

Electron phase shifts are
sensitive to variations in:

Mean inner potential (thickness)
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Electro-magnetic fields (fluxons,
pn junctions)

SurSiowy 10J A30[019A,

Electron
source

TiO, particle with internal void Specimen

e Exp phase

Spherical partiche

with void Electron

m—  Spherical particle blpl‘l sm
with inclusion

A3o[ouyd9], [S1N 10J
Fhase Shift (rads)
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0 0 20 W & & 6 0 K If
Distance (nm) ////%//”‘ Hologram
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Analytical Characterization
Need A Resolution and Atomic Sensitivit

Ry

J.-H. Scott (NIST)

r:n. Number of Atoms vs. Size

% U308 Spheres

-< 1.0E+18

g 108416 | 1 Comfort zone for
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1.0E+06 // . Current research

1.0E+04 | = 717
/

1.0E+02/

. New technology
1.0E+00 /N ‘ ‘ T
0.1 1 10 100 1000 10000 100000 need ed

Diameter in Nanometers

Increasing Sensitivity

No. of Atoms
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<+— |ncreasing Spatial Resolution
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Analytical Characterization
Need Subsurface Characterization

s

Backside FTIR C. Hacker (NIST)

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

~200
g Q nm ¢
St ]
£ =3 = ~ nrr
2 2o t Double-side
=56 ~0.5 ,
25 B ' polished
% % S M Incident Reflected Si(100), Si(111

IR De\I/Iche = Molecules + Electrodes
*Characterizing the structure of organics is a problem.
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Analytical Characterization
Need Subsurface Characterization

S e S e e

4 )
Au (and Al): minimal perturbation

Ti: strong perturbation (but not complete destruction)
- J

m
=,
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(@]
(ES

—— PDb-RAIRS Spectra Backside FTIR
---- Transmission Spectra C. Hacker (NIST)
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' | | | | | | |
| | | | , o
Dotted line = Transmission Spectra 410 - Dotted line = Transmission Specira . Ti -
aio® L Solid line = Reflection Spectra | Solid line = Reflection Spectra
’éb @) ) I .".
8 S L Au 1. it 4%, OTS/thermal
= WD o N T g N s
©ws z F OTS/thermal) § & -
H Q— :—_‘p ‘5 7 eesmsesusvvr vy L . é
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250 < i
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| | | | | | | I I I I | | |
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-1
Wavenumber (cm ) Wavenumber (cm”)
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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
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Able to monitor processes

SurSiowy 10J A30[019A,

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

—

S.-E. Park '
(NIST) e

A3o[ouyd9], [S1N 10J
K30[019IN pue 1By
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— 100 nm

(A conventional MOS structure) (SKPM tip radius = 10 nm)
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Analytical Characterization
Need to Profile Properties

R R e e e s e
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Electrical Test Structures
Molecular Electronics

A Device prototype that enables robust
electrical measurements of molecules

2
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nanoBucket

Criteria: v e g

. Characterlzgs Molecules Suspended

* Tunable to fit Molecules oxide

* Prototypical
Device Structure

Schematic |« “Mgkeable”

of planar (i.e., transferable)
nanoBucket
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NanoBuckets allow control;

C. Richter (NIST) * Variety (contacts & molecules)
| * Depth (molecular length)

» Area (no. of molecules)
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uo juop pur S00¢

Slide No. 28



Electrical Test Structures
Contacts

NST

“1deal structure” 1. Non-invasive top-metal

2. Well-ordered monolayer
3. Smooth bottom contact

ERJMRITE
S[eLIdJRIA PURB SOIA(

SurSiowy 10J A30[019A,

* Most common failure mode during fabricatiom
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. /

C. Richter (NIST)
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We must learn how to successfully put metals on monolayers for
molecular electronics to succeed.
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Electrical Test Structures
Contacts

2
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Si Nanowire

Channel Metal

Sj Layer: SO (AU/Ti or AU/CF)

(50 nm)

Nanowires transistors with

different metal contacts (Cr, Ti)
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Si-Substrate 3.5x107

SINW - Length: 28 pm 3.0x107
Width: ~60 nm .
Thickness: ~50nm 2.5x10
e
S E S 2.0x10”
s O —_
TiE = < -
L8 5 = 15x107 %
5 = g The metal contacts to the - %
S : i T ke N
s = =@ nanowire strongly influence the 1.0x10
g E Q conduction characteristics. 5.0x10" }
< <"
0.0 &
-10

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

2
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o 2 : : :
S g Methods to characterize the contact resistance to nanowires
moao o
=2 o 1?
(] - (1))
=25
S £ o . . 2
Q 2 & 4-point Kelvin test structure
E_;;(%. 1 4
BE I A NW
FI Q. Li(NIST) RVa/T
C 5 O u
e,
w e g
—_— e B
- &=
g =0 Transfer length method structure
5 g S
o 2
% 7 8 Riotar™ (Prw/Spw)d + 2R¢ -

Use linear-fit of R, ~ d

R-intercept is 2R
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Electrical Test Structures
Reproducible Data
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5 2 R < | confirmation of
=5 = £ o |' :
= A = molecular device
3 § s 5 7 / / / behavior. (Switching
g 2 | / observed at both

& E. ot NIST and HP.)

“0% ) Al 0 1 2 3 4

Voltage (V) .
3 Ti _ C. Richter (NIST)
=4 < 30 NIST
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Cvent CA Richter (NIST) & DR Stewart (HP)
Device = Molecules + Electrodes

k i 8

) e,
\"f'f 7
NIST researchers are developing meth-
ods for testing the electrical properties

R&D Magazine:
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Electrical Test Structures
eproaucible Data
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SINW FETs - Lieber et al.
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2003
Vol. 3, No. 2
149—152
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Sample counted
(%]
|

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.
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Electrical Test Structures
Regmduab/e Data
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High Inversion Current in Silicon Nanowire Field Effect Transistors
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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).
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= There are many “red brick walls” for CMQOS 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
Emerin% Devices and Materials

2
I

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

» Unlikely to find one “holy grail”
* Need 2D/3D
« Need A spatial resolution
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* 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).

uo Juoy) puI S00¢

» Results must be independent of contacts

A3o[ouyd9], [S1N 10J
K30[019IN pue 1By

* Need independent confirmation of results
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