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Emerging Research MaterialsD It (Table ERM2)

<D

. ERD : . Assembl
Materials ERD Logic | Lithography FEP Interconnects Y
Memory and Package
Electrical
fow Hatio. HManotuhe applications
Di . ﬂ.n‘f e A Hanowite High-index Hanotuhes Thetral
HRENSIORN M Graphene and imimersion liguids Iletal nanowires applications
Meterials POy graphitic structures Ilechanical
applications
Howel cleatis Polymer electrical
Ilolecular : Resists aelective etches atic thermal!
Macromolecules Mmemory Dlaleculst devices Imprint polymers welective Low:# 1LD mechanical propertsy
depositions control
: : melective etch
SEQP Ass Emb Jed S:E;:;lm EET]_I:E;:E - aelective depositionn | Selective etch High petformatice
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aetniconductor spin
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Fetromagnetic (FD)
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b/ F 1 —T OB BIC DWW T R T —T T~ T A

Nanotubes Nanotubes
for Vias for Interconnects
Table ERM4 \Emerging Research Materials—Demonstrated and Projected Ptirameters
'y - : Nanowires
Nanorubes Nanotubes Nanotubes Nanowires for
LOow DIMENSIONAL MATERIALS = Jor
for Vias for Interconnects j‘h_f_'EEf Channels FET Channels Fntencommact
Operating Mechanism Ballistic transport Ballistic transport Ballistic transport | Dnft/diffusion Dnift
: Metal
= . MWCNT or 51, Ge, or .
= . - *
E ﬁ Material System MWCNT or SWCNT SWONT SWCNT MV co 4 E;usfenallf
L)
= In situ thermal CVD Thermal CVD
£ 8| Synthetic Method Hot filament CVD | Hot filament CVD | o™ ©3D CVD e
E = Plasma CVD Plasma CVD
. : . Dhameter, density, Diameter, density, Semuconducting : : .
Critical Material Property metallic 1L bandgap Dhameter, doping Resistance
Ml
) Goal <35 <35 =2 3200 (14 nm
Diameter (nm) half pitch)
Demonstrated 0.4-10 0.4-10 0.4-3 <) !%] =200 [h]
Density or o Density (= 0.05 Deaty (= 0.0 Density (0.5 ~10"" radians ~10” radians
angular MWCNT/am’) MWCNT/am") SWCNT/am’) (0.6 deg) (0.06 deg)
placement ~0,01 MWCNTs/nm™
accuracy Demonstrated fal In progress In progress [k]
Goal Perpendicular to the Parallel to the Controlled Controlled Parallel to
Directi substrate substrate direction (TBD) direction (TBD) the substrate
rection : Controlled using Mainly (111).
/Orientation - L g{g!ﬂ?ﬂsp Good :[WCHTEF:;H‘[&] SAM iz Also (100 and
I oo i electric field 110) [i]
Goal 0.05-0.30 M1: 1-5 <l 2 Ml: 1
E Length (1m) B iy 0.06-0.52 [b] 100 Good S_:: }20521121:::1 E';:;:i [13:
b R T | o PR T (0 o o RN B £ SN
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ITRS ERM 2008 ;& &) : Beyond CMOS{&E#f#H3E R
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(Beyond CMOS) @ H T DA HF E .

Emerging Research Device
Technology Candidates Evaluated

LI TR REIEE T 7IRE

m Nano-¢electro Mechanical Switches NEMS
m Collective Spin Devices AL Vi
m Spin Torque Transfer Devices y{,
m Atomic Switch / Electrochemical MetallizationE 7z (v +
m Carbon-based Nanoelectronics h—+"vF/
m Single Electron Transistors BET
m CMOL / Field Programmable Nanowire +,/74¥/0A1 —
Interconnect (FPNI)
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ERD/ERM TWG Recommendation

The ERD/ERM TWGs recommend to the
International Roadmap Committee ---

Carbon-based Nanoelectronics to
include carbon nanotubes and
graphene

For additional resources and detailed road
mapping for ITRS as promising technologies
targeting commercial demonstration in the 5-10
year horizon.

13 ERD m 2008 ITRS Summer Conference — San Frangisee ¢l MH}%ﬁnﬁ,ﬂzﬂﬂﬂ W13 ERM
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CMOSDOEABD F o)L EELT., 512

Beyond CMOSD TS vbT74+—LEL T, BiFNS L

Advantages
Carbon-based Nanoelectronics ---
For scaled CMOS, potentially can ..

¢ Impact geometric scaling by providing an alternate
MOSFET structure, and

¢ Provide a high mobility, high carrier velocity,
MOSFET channel replacement material.

For a new information process technology,
potentially can ...

¢ Leverage R & D for CMOS (above) to ...

+ Provide a technology platform enabling a new “Beyond
CMOS” information processing paradigm

15 ERD m 2008 ITRS Summer Conference — San F?Wﬁ'g %gﬁ%ﬂ&z 009 WGi3 ERM



CNTHFZZ 5

Nanotube FET

Band gap: 0.5-1eV

On-off ratio: ~ 1068

Mobility: ~ 100,000 cm?/Vsec @RT
Ballistic @RT ~ 300-500 nm

Fermi velocity: 10® m/sec

Max current density > 10° A/lcm?

12 ERD m

STRI
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L Shp=a5 ¥

From bt bo top
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Ph. Avouris et al, Nature Nanotechnology 2, 605 (2007)

2008 ITRS Summer Conference - San Francisco - 16 July 2008
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Ultrahigh Electron Mobility in Suspended
Graphene

JAE7 K KimE
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10°

Mobility > 200,000 cm?/Vs was obtained in suspended
graphene

Bolotin et al., Sofid Stafe Communications 146, 351 (2008)
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Carbon-based Nanoelectronics Workshop DRAFT
Objectives

0 Determine status and current issues related to broad
area epitaxial growth of graphene

o Determine application opportunities for carbon-based
materials from both theoretical & experimental points

of view:
o Ultimate scaling of CMOS

a “Beyond CMOS” information processing

2 Determine how we should begin to roadmap Carbon-
based Nanoelectronics

o Ultimately scaled CMOS
o “Beyond CMOS” information processing

STRJ WS: March 5, 2009, WG13 ERM
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Carbon-based Nanoelectronics Workshop DRAFT
Questions

o What are the gating challenges related to epitaxial growth
of graphene over large area”

o What are the key issues in applying graphene to ultimately
scaled MOSFETs?

o What new physical mechanisms does graphene offer and

how might we use them in a new information processing
paradigm?

STRJ WS: March 5, 2009, WG13 ERM



V571 ISHTOHRE #1 (BARE)

\STRI 3!

Carbon-based Nanoelectronics

Organized by Dr. Yuji Awano - Fujitsu

Spin Torque Transfer RAM
Organized by Dr. U-In Chung - Samsung

Tsukuba International Congress Center
Tsukuba, Japan
September 22, 2008
9:30 — 15:00 and 15:10 — 19:00

1 ERD WG 9/22/08 Work in Progress -— Not for Publication ‘m
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11:20 “Epitaxial graphene on Si substrate
mediated by an ultra-thin SiC layer”

12:10 Lunch

13:00 “Evaluation of number of graphene
layers grown on SiC”

13:50 “Beyond-CMOS applications of
graphene based nanoelectronics”

14:40 Summary

Prof. M. Suemitsu (Tohoku U.)

Dr. H. Hibino (NTT)
Prof. P. Kim (Columbia U.)

Prof. T. Hiramoto (Univ. of Tokyo)
or Dr. Y. Awano (Fujitsu)
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“Theory of electronic states and transport in graphene and nanotube”

Prof. T. Ando (Tokyo Inst. Tech)&V

B Pll: POTRILF—TEOQ/NVREFeyT 2N
BMEREAED, I+ /UHELICE>THEDEEREZD,

B PSR LA [STRENT A E

! Electronic States and Transport in Graphene and Nanotube ]I

Tsuneya ANDO

1. Electronic states
e Weyl's equation for neutrino
e Berry's phase and topological anomaly
2. Zero-mode anomalies
e Density of states and conductivity
e Effects of level broadening
3. Special time-reversal symmetry
4. Phonons and electron-phonon interaction

e Acoustic phonon

e Optical phonon

e Zone-boundary phonon
Multi-layer graphene

6. Summary

g
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“Graphene conduction control by gate voltage” Dr. K. Tsukagoshi (AIST)X ") ®

MEBTSTIVICEEERFNASAET,. EFIREOHNRES
B CE TNV F v T DFREZFER (Bim TR % ELD

dual-gate graphite FET

Graphite thickness= 0.5nm — 5nm
Top gate (Al) Thin graphite film

Source Drain

Sio,

*_ Electric fields are applied

Back gate (Doped Si)

m from top and bottom gates.

bottom gate % 8
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“Epitaxial graphene on Si substrate mediated by an ultra-thin SiC layer”

Z

Prof. M. Suemitsu (Tohoku U.) &V

(>10007CHT&KY, 2

SITIO)ERICEFESDODRWOSICUINET
ZJ 57Ok K (& il ) (TR DH

AR L, SR E

Raman Intensity (arb.unit)

Comparison of the Raman 2D band

2 D ti.a ng?iﬂﬁ cm!

—

r BH-SIC -1 A peak — Single-layer EG on 6H-SiC
|| B peak — Double-layer EG on 6H-SiC
ial A 2715 cm:

C3c.Sic. A Corems Good agreement!

Si
' 27115 cm™ |
6H-SiC | Formation of a single and a two-layer
F | graphene films on SiC(111)/Si(110)
A . 4 NI et al, PHYSICAL REVIEW B 77,
2600 2700 2800) 2900 115416 (2008)

Raman shift (cm

RIEC, Tohoku Univ.
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“Beyond-CMOS applications of graphene based nanoelectronics” ®
Prof. P. Kim (Columbia U.) XY

FS57x0%F/)RALT AZETEFNEINEBE, HED
INRF ey W BoNBEZEEXZER, SE. TYDHIENEE

Scaling of Energy Gaps in Graphene Nanoribbons

100 F
> r
E -
S
10 F E = E,/(W-W,
1
0 30 60 90

Han, Oezyilmaz, Zhang and Kim PRL (2007)
STRS WS: March 5, 2009, W&i3 ERAM
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3:00AM-11:30AM PDT
12:00AM-3:30AM (Oct. 17) Japan
Teleconference Information

8:05AM Introduction & Japan WS Summary M. Garner

CVD on Ruthenium, Silicon, etc.
8 :20AM Graphene CVD Alexel Preobrajenski (Lund Univ.)
8 :O0AM Graphene CvVDon Ir 111 Johann Coraux (Univ. Cologne)
9 20AM Discussion

Liquid Phase Exfoliation & Deposition
0 :30AM Graphene exfoliation & eleotrloal properties

10:00AM
Graphene
10:10AM Graphene Oxide Deposition C Gomez-Navarro(EPFL)
1 D 40AM Graphene Oxide Deposition Vincent Tung (UCLA)
11:10AM Discussion
1.:20AM Meeting Summary & Next Steps M. Garner
1:30AM Close Meeting

\/
\/
\/
\/
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"‘Chemically Derived, Ultrasmooth Graphene Nanoribbon ®
Semiconductors” by Prof. H. Dal (Stanford Univ.)

HEHEBE RMIBCTSTIOF /)R IR
FETZ#AESIL . YARUMBIZK B\ R 2y T L& 800
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<04 0.3 032

VaslV)

05 04 03 02 -01 0.0
Vae(V)

o .

Li et al.,Science 319, 1229 (2008)

0 r e -

_IDD i i "Eu_l' 1= Sla "7 W |

0 10 20 30 40 30
Winm}) Hinm)
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“Self-organization of Novel Carbon Composite Structure: Graphene m
Multi-Layers Combined Perpendicularly with Alighed Carbon Nanotubes”
by Drs. D. Kondo, S. Sato and Y. Awano (Fujitsu Labs.)

T2 ECNTOESEEROFER
500°CREEDERCVDTY S 7z B R A Al B

510°C

AR

y?

D. Kondo, et al., (APEX), 2008.3 REELET L
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“Directional CNT Growth on Sapphire” by Prof. H. Ago (Kyushu Univ.)

D8%

p—
e

L. CNT® 75 7] Hill 18 Bl f= |

¥oea o Lz F,

AINE Rk F= M

H. Ago et al., J. Phys. Chem. C 112, 18350 (2008).
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“Separation of Metallic and Semiconducting SWNTs by Agarose Gel @

Electrophoresis” by Drs. Tanaka and K. Kataura (AlST)

7HO—XT7 IRV -BERKEEIZE>T.CNTD
BEEGEE - FERTEHIS% (FERBT) TR

0 15
—_—1 2 3 4 1 2 3 4
|
sww:mﬂ i ' ' l
in gel
o o P |
[ ™ )
50V) [g| 3 B| <
+ (a)

Absorbance (arb. unit)
=

=
L)

800 1300 300 800 1300
Wavelength (nm) Wavelength (nm)

Tanaka et al., APEX1 114001(2008)

g

A

a0 ¢

10 f

0o

46 min
1 2 3 4

s
I
Semi.

| IS
Metallic

300

B0 1300 . 300 300 1300
Wavelength (nm) Wavelength (nm)
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