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BRRATEL 3

Table ERM1 Emerging Research Materials Difficult Challenges

Difficult Challenges <16 nm

Summary of Issues

Integration of alternate channel
materials with high performance

III-V has high electron mobility, but low hole mobility

Germanium has high hole mobility, but electron mobility is not as high as III-V materials

Demonstration of high mobility n and p channel alternate channel materials co-integrated with high «
dielectric

Demonstration of high mobility n and p channel carbon (graphene or carbon nanotubes) FET s with
high on-off ratio co-integrated with high k dielectric and low resistance contacts

Selective growth of alternate channel materials in desired locations with controlled properties and
directions on silicon wafers (I1I-V, Graphene, Carbon nanotubes and semiconductor nanowires)
Achieving low contact resistance to sub 16nm scale structures (graphene and carbon nanotubes)

Ge dopant thermal activation is much higher than III-V process temperatures

Growth of high K dielectrics with unpinned Fermi Level in the alternate channel material

Control of nanostructures and properties

Controlled assembly of nanostructures

Ability to pattern sub 16nm structures in resist or other manufacturing related patterning materials
(resist, imprint, self assembled materials, etc.)
Control of CNT properties, bandgap distribution and metallic fraction

Control of stoichiometry, disorder and vacancy composition in complex metal oxides
Control and identification of nanoscale phase segregation in spin materials

Control of surfaces and interfaces

Control of growth and heterointerface strain

Control of interface properties (e.g., electromigration)

Ability to predict nanocomposite properties based on a “rule of mixtures”

Data and models that enable quantitative structure-property correlations and a robust nanomaterials-by-
design capability

Placement of nanostructures, such as CNT's, nanowires, or quantum dots, in precise locations for
devices, interconnects, and other electronically useful components
Control of line width of self-assembled patterning materials

Control of registration and defects in self-assembled materials

Characterization of nanostructure-
property correlations

Correlation of the interface structure, electronic and spin properties at interfaces with low-dimensional
materials

Characterization of low atomic weight structures and defects (e.g., carbon nanotubes, graphitic
structures, etc.)

Characterization of spin concentration in materials

Characterization of vacancy concentration and its effect on the properties of complex oxides

3D molecular and nanomaterial structure property correlation

Characterization of properties of
embedded interfaces and matrices

Characterization of the roles of vacancies and hydrogen at the interface of complex oxides and the
relation to properties

Characterization of transport of spin polarized electrons across interfaces
Characterization of the structure and electrical interface states in complex oxides

Characterization of the electrical contacts of embedded molecule(s)

Fundamental thermodynamic stability
and fluctuations of materials and
structures

Geometry, conformation, and interface roughness in molecular and self-assembled structures
Device structure-related properties, such as ferromagnetic spin and defects

Dopant location and device variability
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ERM FE(ZVE, HrBLERATEE AR EE, BRSO+, B AR AT EE, AE 38 5@ R L LR
GBI, T L AT RRHEEAL H—T 2= AREEINTND, ZNHDMENZF RO T AR VT 57
#, 7Ry bR T aE A BRHDNET v TV =D B COT v L VIR ISR S
51259, ZIHD L%, EEOFERO IS FTRETHHZEAY TABLE ERM2 [ZHHFHSAL TS, V<
DPOYE BIZIL M-V B LAY HEERD I, T UL TIFHHT ClEiRdTh, ZDILHIZ oW
T, FET OREETF v A EIOINTH LN DB EFIL TS, IEHDFERIIZ DUV TR, EAE LD FEIRES
53 Tt 7 5,

Table ERM?2 Applications of Emerging Research Materials

Memory

Macromolecular Memory

or CNTs
IMOS: Si, Ge or III-V

Metal nanowires

Materials ERD Memory ERD Logic Lithography FEP Interconnects Assembly and Package
Alternate Channel CMOS: Tl".i:n.zltl‘(): me;talt:.nd
Ge, I11-V, Graphene nitrides for ultrathin

barriers

Thin Films Tunnel FET: Ge & I11-V
IMOS: Ge or I1I-V
Spin FET: III-V, Ge
BiSFET: Graphene

. Alternate Channel CMOS:
Nano-electromechanical N . o

Ge, Ge, I1I-V Nanowires Nanotubes Electrical applications

Thermal applications

Macromolecular memory

Single expose dual
develop
Inorganic-organic hybrid
resist

Selective depositions

Low Dimensional (nanoparticles) nanowires EUV Inorganic-Organic
Materials Nanothermal SE—;: (iarbog Ntanotubcs Hybrid Re%lst Graphene and graphitic Mechanical licati
(Chalcogenide Nanowire) or m¥con uetor (Nanoparticles) structures echanical applications
Nanowires
NEMS Switch: CNT,
Nanowires
Nanomagnetic MQCA
Molecular devices Non CAR Resist Novel cleans 153611 {\ssembled Molecule
arriers
Negative Gate Neeative t o Selective etches Low-x ILD X
Molecular memor Capacitance FET: FE egative tone resist Polymer electrical and
Macromolecules Y Multi-exposure Resists thermal/ mechanical

property control

Self Assembled Materials

Sub- lithographic patterns
Enhanced dimensional
control

Selective etch

Selective deposition

Deterministic doping

Selective etch
Selective deposition

Self Assembled Molecule
Barriers

High performance
capacitors

Spin Materials

STT MRAM
Ferromagnetic layers

Spin FET

Spin MOSFET
Collective Spin Device
Moving Domain Wall
Nanomagnetic MQCA

Spin Transport Local
Interconnects TBD

Complex Metal Oxides &
Transition Metal Oxides

1T Fe FET
o1

barrier & magnetic

VKAV (ULLet
Charge Trapping

Mott Transition Memory

Ferroelectric Polarization

Nanothermal Oxide

Magnetoelectric materials
(Spin materials)

Novel phase change

Passivation dielectrics

Negative Gate
Capacitance FET: FE
Oxide

EUV Inorganic-Organic
Hybrid Resist

High performance
capacitors

Interfaces and
Heterointerfaces

Electrical and spin
contacts and interfaces

Electrical and spin
contacts and interfaces

Contacts and interfaces

Electrical contacts and
thermal interfaces

MBI R LT CEMMEDOHER E TED HIZEL TH, ERM OBER, 24, fEEA~ORHER 47
RSN OFIHTEDINTRORTIUTEIRD 20, FHIRCET V76 ISHIZAT 72 ERM OERVAH A
ELTHETHD, FHUNEIL T /A — MLV AT — )L CORGECARZ I U | ZORENR TS HLIZ
STVDDOHDIAFILTND)RE | BERYBRIFHEE X YT 72V — a T 570120 ETHD, TT
V713 MEHA R CRTEOREE DN CTE QWD EINEIRE T DDICHETHY , T M EOFE
PEDNS BV THEREL QUNBIE I EIRD HT2DITH R ZENTEIR, THUTZLTEVEIZ ST B
T oI THICHT 2,
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BERSRAEL 5
HHRICT 73 A AFFEHEmerging Research Device Materials)

PR 7T AR AT A EHEmerging Logic Materials)

HHIaY w77 SARATHEHL, B—R <y 7 D00 FTCMOSEAEME T 572D DREETF ¥ 1R K}, &
TS —ADIERERIIFETA FEBI T D7D DM EL, &5V NIFEFETRCIERE T~ —ADBeyond CMOS7 \/f
Al RHSELDOME B EL QD MEHBLOT B AL, HEOT AR>S THATHLE

MDD | HHOEDDIEHBN OV TEEZEE TR ATV Z OO BN OV TIE, FFET REEN
(ZOWCigam 2282 D,

CMOS FEMDT= D DIFET v /LK (Alternate Channel Materials for Extending CMOS)

VarF vz PIZIZI-VIEA W EEIR, Ge, 7T 7 2 B—Ro T/ F a—7  N8IKFT /U A7
EDZ DM HHER TEEZ HZ LIS T, FFROCMOSHAIZ B W TIHE B OIS /74—~
A (EWERFE) D) LW >Te AU "G 7o b3 D ATREMED D5, ZOLT- AU N, iz Ep-F v R/ EIT
%Ge, n-F v RTBITAN-VILAWNEEIK, 757 xy  i—ReF ) Fa—7 F /047 T-ZF0fth
DEIRIZBIT DL S OB BB E NSO LI D THD, ZNHDF¥ I T Ok R A
EL7=TF 22 Tld, KVEWOnENE (Ton) & EDIonlZBIF DIV — R/ SO H AR RILEIND,
)=l SVE NN {EEb VEENZBIT AL EVMOSFETD /X7 4 —< 2 At 7257, CMOSD &\ V7
F— L AEERN T HIZOIE, BB (B 2 Z M-V S M-8R L Ge) ST - —FEI TR IAT e Z &
WELLT2D, EE@M‘H@F&% RUZRIL Tl 2OV o 2B SEBLS LA RN, il CRBIRETH S,
ZNHORESICIE, SiHEAR B2 @m W E ORI E A T op B L UnT ¥ RLAT RIE XX T VRO TR,
AT I —a B B RE R A R L, D3O =0 7SN TN T = LI BN A4 Dhigh-k 7 —
MEFIEOIEE., Fv VB =R/ RUA BRI I DR — S My Rzl | 2> D130 DR T2 0k
B PIC IO ES DL KIRPLCIRY — 2 &R DY —A /RU AL DAL, a3 D FH A FF
O —NEM, V—A R A BLOV —NEMRIZIBIT DR T 27 MELO FZEI2 BN G Einb,

757 220%, GeRII-VILAWHEEIRD D ECMOSE B EH 2 58BN ST E 72 5 ORI Be s
HDOD, BIOEDDEALRE 1 FFo T T ¥ R BN 2 D, 7‘37:‘/ ifﬂﬁ?’vyfflﬁi’wﬁi’éébéﬁ) B
LEFIRNT 4T T e VI OMEE A DB Lo CRERANEITIL, (LVRWEREEEIZL >0 1H
BEIEWOLIZY, VT OBEIE DM | _J:OTT/\/rXO)/ﬁjMV/x%:rﬁLéﬁtD#éT %
HLTNWD, 777 0%, —HatA4 £l (ambipolar) T3R5, n-F ¥ L EL Thp—F ¥ R/ EL THIEHT
XOMEFCHD, EBRZ, 7 T77 =2 TlE—EBPIn-F v ) 7 Ep-5r U 70N EFE LY B2, PoER FCE
XU T N BRI CODER MRS =2 e 3D, 777 2 AT LTI < ORI RN
FeoTD, ZORBESIIE, BlZ X, CMOSIZE L= 5K bz o7 = Ba BT 5 L2 AlREIc 357 1
TR RPN TE—RIEROREZ AT 528, =y P ChHEVRMEAEL T\ F— 1L, =T
TINTELZE, R 7 DI AR 2 7 e 25 i OB . CMOS 7 m B ALEES O L7 r 2D
WEIRENEGEND,

{ﬂﬂx&—)/&% HEIE LT ERPEHZIR, Siy Ge, I-VIBE -8R T /O AY  1—RF ) Fa—7
EEND, ZIHDT REERFEHT . CMOST 1t A 23 A U7 filitz FIV T IS -, i
ﬂ%ﬁfm‘ HIFEDOMEST eV T RO RIRE SR AT Z CD, M5, I—R T ) F a—T 13T /U AT,
BT REREST NI BEEL AT 003, ZTONEREL TONU R vy T2l 22 L ITIEF I NEET
D ZIVHDNEE LT I REIEROTETER R AL, BRI DUV T, LU T O Table ERM3 CRYEEHICFLR S

TS,
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HHRRAEL 6

Table ERM3

Challenges for ERM in Alternate Channel Applications

Material & Earliest Potenial
Insertion

Potential Material Value

Key Challenges

Target/Goal

Status

1II-V Semiconductors

High electron mobility(InGaAs,
InSb) Strained I1I-V Higher Hole
Mobility (Scott UF)

Achieving low defect density in selective deposition on
silicon

Integration of high Kk dielectric with unpinned ITI-V Fermi
level

High electron & hole mobility devices

Low contact resistance

Control of stress in process and assembly and packaging

Free of dislocations, twins,
phase separation
Dit<1E12/( eV-cm)

Hole mobility >3000cm2/V-
sec Quasi Ballistic Velocity >
Contact Resistivity <1 e-8 Q-
cm?

No mobility degradation after
assembly & packaging

Dislocations have been reduced but
other defects need attention

GdO: Interface control has been
achieved by I11-V surface passivation
and by interface layers

Electron mobility >10,000cm2/V-sec
[A]

Satisfactory gate control has been
achieved with standard I1I-V contact
metallurgies

Stress effects have not been measured
yet

Ge

Adequate hole mobility
(~3000cm2/V-sec)*

Integration of high k dielectric with unpinned Ge Fermi
level
High hole and electron mobility in a device

Low contact resistance

Dit<1E12/( eV-cm)

Electron Mobility >10,000
cm2/V-sec

Hole mobility >3000cm2/V-
sec Quasi Ballistic Velocity >
Contact Resistivity <l e-8 Q-
cm?

Fermi level pinning causes are still an
open issue

Metal Schottky S/D contacts need to
be investigated

Co-integration of IlI-V and Ge

High electron and hole mobility

Activating Ge dopants requires higher temperature than II1-
V processing
Forming low resistance contacts to Ge and I1I-V compounds

Conductivity must not degrade when embedded in a
dielectric

Low contact resistance

Meet 400C implant activation
for Ge

Explore new Schottky barrier
S/D contacts and low-T
processing

New scattering effects must be
understood in nanoscale
channels

Contact Resistivity <I e-8 Q-
cm?

Co-implant with He may reduce
activation drive-in energy
Process compatible Schottky S/D
contact metallurgies need to be
investigated

Work on phonon and interface
scattering just beginning

Process compatible Schottky S/D
contact metallurgies need to be
investigated

Graphene

High electron mobility

Ability to deposit graphene (CVD) with controlled
orientation and thickness on silicon compatible layers

Ability generate a controlled bandgap with high on-off ratio
in an integrated structure

Ability to achieve high electron and hole mobility on
silicon compatible substrates

Ability to deposit a high dielectric

Ability to dope the graphene n and p-type

Ability to form low resistance contacts

Develop a new graphene
deposition capability that
produces the desired film
properties and is CMOS
compatible

Develop new double gate
structures for bilayers and
controlled lateral dimensions
for single layers

Electron Mobility >20,000
cm2/V-sec

Hole mobility >10000cm2/V-
sec Quasi Ballistic Velocity >
Dit<1E12/( eV-cm)

Understand elecron/hole
puddling physics and edge-
dependent doping effects in
ambipolar graphene as well as
co-deposition of dopants
Contact Resistivity <1 e-8 Q-
cm?

No suitable integrated process has
been proposed yet

Bandgap control is still in the
discovery stage

Mobility >8000cm2/V-sec [B]
So far only Al203 has been formed by
oxidation of Al films

N-doping has been achieved; P-doping
still needs to be demonstrated
Contact resistances have not yet been
eveluated using proper test structures

Si or Ge Nanowires

High gate control of leakage current
and possibly low surface surface
scattering

Ability to grow nanowires in desired locations and directions

Catalyst compatible with CMOS processing

Ability dope nanowire channel and §/D regions

Ability to achieve high electron and hole mobility on
silicon

Ability to pattern surround gate structures

Selectively deposit NW's in
cither vertical or horizontal

locations
Metal catalysts cannot

introduce deep level defects
into the channels and S'D's
Demonstrate conrolled doping
of NW's wirh atomically sharp
boundaries

Identify and understand
mobility degradation processes|
De’v’éi(ryp fabrication methods
for surround gates for both
vertical and hoizontal NW's

Thital NW_deposition m controled |
locations has been demonstrated but
not for monolithic processing

Initial NW deposition in controlled
locations has been demonstrated but
not for monolithic processing

Initial co-linear and surround NW
doped sructures have been grown by
CVD on a one-ff basis but not
monolithically

Mobilities of 50% of bulk values have
been achieved in Si and Ge NW's
Individual NW structures have been
demonstrated but monolithic
processing has not

1I1-V Nanowires

High electron mobility with high
gate control of leakage current

Ability to grow nanowires in desired locations and directions

Catalyst compatible with CMOS processing

Ability dope nanowire channel and §/D regions

Ability to achieve high electron and hole mobility on
silicon

Ability to pattern surround gate structures

Ability to form low resistance contacts

Selectively deposit NW's in
either vertical or horizontal
locations

Metal catalysts cannot
introduce deep level defects
into the channels and S'D's

Demonstrate conrolled doping
of NW's with atomically sharp
boundaries

Identify and understand
mobility degradation processes|
in NW's

Devlop fabrication methods
for both vertical and
horizontal FET's

Contact resistances cannot
modulate channel transport

Initial NW deposition in controlled
locations has been demonstrated but
not for monolithic processing

No data yet on catalyst effects on
NW FET performance

Initial co-linear and surround NW
doped sructures have been grown by
CVD on a one-ff basis but not
monolithically

Mobilities of 50% of bulk values have
been achieved in individual AlGaAs
NW's but not on Si

Individual NW structures have been
demonstrated but monolithic
processing has not

Low values have been achieved with
Pt but not for CMOS process
compatible metallurgies
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Carbon Nanotube FETs

High mobility with high gate control
of leakage current

silicon

Catalyst compatible with CMOS processing

Ability to grow CNTs in desired locations and directions

Ability dope CNT channel and /D regions

Ability to achieve high electron and hole mobility on

Ability to pattern surround gate structures

Ability to form low resistance contacts

Metal catalysts cannot
introduce deep level defects
into the channels and S/D's
Ability to grow CNT's in
planar structures with density
compatible with sub 15 nm
technology

Demonstrate conrolled doping|
of NW's with atomically sharp
boundaries

Identify and understand
mobility degradation processes
in NW's

Devlop fabrication methods
for both vertical and
horizontal FET's

Contact resistances cannot
modulate channel transport

No data yet on catalyst effects on
CNTW FET performance

Ability to grow CNTs with catalyst on
quartz or shapphire with density of 10
per micrometer

Initial co-linear and surround CNT
doped sructures have been grown by
CVD on a one-ff basis but not
monolithically

Fully integrated CNT channels on
CMOS have not been demonstrated
yet

Individual CNT structures have been
deposited on a planar gate dielectric
but fully integrated channels have not
been demonstrated

Low resistance contacts have been
demonstrated but materials
compatibility with CMOS processing
has not been demonstrated yet

* Field Effect Mobility

References for Table ERM3

[A] M. K. Hudait, G. Dewey, S. Datta, J. M. Fastenau®, J. Kavalieros, W. K. Liu*, D. Lubyshev*, R. Pillarisetty, W. Rachmady, M. Radosavljevic, T. Rakshit and Robert Chau. Heterogeneous Integration of
Enhancement Mode In0.7Ga0.34s Quantum Well Transistor on Silicon Substrate using Thin (=2um) Composite Buffer Architecture for High-Speed and Low-Voltage (0.5V) Logic Applications,”
International Electron Devices Meeting (IEDM) Technical Digest, 2007, pp. 625-628.

[B] S. Kim,_J. Nah, 1. Jo, D. Shahrjerdi, L. Colombo, Z. Yao, E. Tutuc, and S.K. Banerjee. “Realization of a high mobility dual-gated graphene field-effect transistor with AI203 dielectric.” Applied Physics
Letters, vol. 94, pp. 062107, 2009.

=R R—=A (N1 =R F ) F2—T BILOTT722) T3 AL, T 1/VR £ L CiE S Beyond
CMOS 7 CTOIFAIZEBW T, ZOBTEMNR A IMEE S E T2, IS Y CTHOMEERH L DL
L TREESHIL TS, ERM 3L TN ERD OETIL, ZALHLOFER)S, Table ERM4 THFHIILTWNDINIT, B
RENTBERIEDO TN DO BT A REL /2 DT TR T _EFRE L WO R T 2IEN M LS

NTWDDMNELERFEL TWD,

Table ERM4

Alternate Channel Material Properties

(2013-2018)

1lI-V Materials
(2019+)

Homogeneous Nanowires
[Group IV and 11I-V]
(2019+)

Carbon
Nanotubes
(2019+)

Mobilities: Performance Material grown on Si Contact resistivity Property Control CMOS L i ion Average
Hole >5000 cm?/V-s |Unpinned Fermi level, wafers with low <1E-8 W-cm? 10% (1s) /understand catalyst, as needed, | mechanism, develop | (excluding mobility)
N=8 Raters Research targets and/or 10% thickness (1s), defect density controlled n and/or p | 10% of half pitch, vert.| low defect density
Electron >5000 cm?/V-s | Dit <1E12/(eV-cm’) channel & /D doping,| and/or horizontal strategy
e.g. 10% (1s)
Ge [For p-channel devices] 3 18 15 2 2 18 18 18 18

Graphene (2019+)

29

14

14

14 14
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IV (EEBFEMET#F (111-V Materials)

17 Vi A TS RV (LSS T+ L g DI DL T
(Formation of _high crystalline quality thin III-V film channel materials.)

SiFEM BT R AR Y LR ST DT2OIC, WLODDT 7 a—F 372 S T0V5,

SiF_EICCVDIEIC I EHEGe B L OM-VIL AW -8k 2 R S E D,

etz EDGe (CVD) B (GeOIHE 1)

S EDOGeOI 1 - ~DNI-VIL S5 R DRk E!

Si_ b~ DOIL-VIE AW 5 KB K D728 O Aspect ratio seeding™

GaAs/GeOl#i E~DII-VAL AW 8K E DAL

SiGe~T BT 4 L 4 VOB IRLIC L B Ge D I

S e

SiIHMR E~DALT T —2a 41T, RfaE B Z I FTRER L~V T, I DB T 424570 AR L
LT, M-VAE AW -8R E 2 SRR _EITIER T DICI3 < ORIBEEEN S5, KIEE. B EHOENIC
HR T DIAT 0 MENL O AE RO T2 T/ E72 D8, 87T AT LD R FNERA~O IR R B X
OZ AU B e ST LIE D K7 [~ OvergrowthZH L 7= 7 774 7 FEIR O N ER T, KKaz BIHY)
(ZPHHTZENATHETH D, BHELH DKM D F IR EES T, Fio, I 24503
L DOMOKEEEL TIE, BEEDEERI-VILEWH-EIRDOT o F 7 2 — AR AL BET D, 12720, Z
B RMaHF¥ VT R 52 D8 8% e/ NRIZ T D720 B /K HE 0 - T Ve, TERRS U (78
HINT) JBNOBMEE IR A 3 LRERICE YU TR ] ESEA7-OICH S CTh D REMERH S
— 5T, RSB RS R D AERIC IV EE VT 42K TS TLE AlREMEL &5, SHIZ, ZOEAZFIHL
TAR— VDN RORMGIBZ RN T, KO EWAR— VB EI A2 EBEE IO LV OEB TV TD, iR,/ IX
RO T IA~ Y FICHR T DRACIDEERLELH D, <~V F 7 —MEEIL, 25 LTSIl
TV FE T\ CHHE (EEAR) 70t D12 T 5, FTo, M-V AW BTN X — AT AR BRR (FEAE) e 2 do
TX XU THEASESEDDICMELESNDIE N E L ZENR2NTHAD’, FEfom (Elm) 1T, T 4%
YD E % el 295728, BLOEROMANL AN T AN E BB L OMREEEE AL > EH R
DIZHIET DI 7o TOEIOIEDDEE LD, 6,/ FARF Tt U CHRE L 5 [ OA 2V E &%, Kiis
JEDIEHZMNZ DT, FTzlonDEREZST-5T KRG DX v/ N\ H L A2 NS H AT O ITHRRIZT
ETHD, ~TufEEOREHT, VLS8R T v 1 VEE) A SE D20 DH) DD/ T A—HT
HD, Blz1L. InGaAs/InAs/InGaAs~7T AL, 777 47 FEIRODInAsT ¥ /LD S O A F| 72 585K
W D720y 77— L THWSNES, RIS, HI-VIE AW EEROF ¥ 2V £ T, 77— NEmED
FEAEIO T ZETRDENVEIEA LD Z 2T Db DD | Hft D7 e AD R DAL FRIZR ROSHEZ 2 % H
T, Fry T ENDHRETHD, 77— BT 4/ BELD L7251 VT OBGEEE IOV CE, Bako
AT EREEOHEEZ /NS T DD, SOITEA TN THD, %I, 7ot A0S BT 5%
I, 300mmdn D\ N F450mmT =/ BT — T DS IV NREE 2 AT o ~T R Z 3 LY VRO T,
BRI [ ~Dovergrwth<°PGelffii 0D KO 7e 2 7 a B AR L T - CD, Fv RV DR EF
YUT OFEN EH) L OB OFBARIR (N— A7) D DL BN D5,

HI-VIESY) 22N E | OHigh-kitiFIED I 20 T
(Deposition of high-k dielectrics on III-V's: )
B s COH-VIL AW -8R EOhigh-kifEfxiRD B 2557 7 m—F I LU FOLONE Fib,

Ga,05/GdGaO/Si;NHEED 5y TR A

As cap/in-situ As decap+ALD HfO,*
NH,SHIHS7=GaAs_E~DALDIZ L AHIO, AR

ALDIEIZ X BHI0,5 X OALO I kA ONH,OH Y — =7

oW
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5. InAlAs\UT B!
6. FESESIFEE + PLD/MBD#:IC L D High-kit sk 2
7. H-VILAWEERE R Oin-situr ) — =7 + ALDVEIC L A High-K AL

HI-VAL AW -5 8 _E Ok Al B3 23R E S L OWIRE AU, IS D R A L L OVESIT
(ZHIE 22 Lt T 2RISR T 5b O Th D, T-VILEWHERER O/ Sy R —al (1K)
BIOFEE (DR 1E. SO EZHIET 5720 I BIR S CE I Ei T 5, NH,S. NH,OH% v
7= =y MU DL 0, (Ga, InBXOAD 2/ B X OVKHEF T2 AW IR EOEIZB W THELS
W TWND, 2O X7 ITEIL. IR DIit s =0 7 D7\ R 4155 7= I -VIE D FE i ko
WAL 2282 AIHEICL QD I NOORIETIEIL, o7 NV a KT a AT v R —[l TR E)
SEDHIEEATREIZL CD, FEARE As, FESHESI/SIO,. Ga,05/Gd,05. BLUALD ALO;D XH7 F i E i
High-kEAZAKIZHE L 7= R m 21507 DITH WOV TE T, HARFEDMERR TT WML DY =0 7 3
CHD%FI< T B 72 AHigh-kiEIEDS L EETHY | £, EOHE O R DL EMITTHET V7 )
BatshaRETHDY, 20 =0 7%, SESFRIM-VIL AW 8RO FHE CTORE SR D FERIC
HSRL CTUVD', FIEIDORE A IRREZ 395 715 (XPSD XH72) . FUEOIRRERS FE | [E E B OB, BLOY
FH O SRR A Rl 2 RN LB Th D, IO, MO FEMIZ BT A RE RISV T, filinid
VENAETDLTHA,

GE TEZF 4/l R L OF HIGH-K /R (GE EPI MATERIALS AND HIGH K)

B COW DD DEGEEAN L, EASIBLOZE DD TS A AZBIF LSiGe DR A Z 127280 #iGe
DI R ORI /2B N b oM, — 7 TSiGe/ L —7 v R g (REARLOH5SiGe#E) b
TeZ EIT72D, )7, KdimS = i a2 3 Dhigh-k 7 — MEZIEO TR LIE T (R EECTH D,

B . COGeE _EDhigh-kiEDIEREA~DT 7 0 —F I ZLL F DL HIENEG D,

GeON, ZE1L"

T b Ge E~DALDEIZ L AHIOMEDFE AL
LaGeO,-ZrO,ik: i High-kf&'"

High-kifixia k570 O St @& HliH 3 5720 D Ge E~DSifx> 7 DAL

W=

GeT v IV _E~DEF IR Z B3 23R R L ONWIE AT, I CHigh-kiER I R SO AH O &
BIL72 \GeOXIEDIEZ AT KT 28 DT D, ZOEEREHHVNIEIN T D H1ELLTUL, AV 12kD
ATALER, Sifr vy~ HDWNIGeNRAINIED L7z b VT @z F 32 FiEN 2T s, B ETLEENE
DIHRBGGHIRT 7 0 —F 720 Tl L AT VEESEEE (STM) /435615 (STS) DX 57 iz kb,
T = NIYERT A = 7 A R ENREEIC DU T RO L D E RA B LB H2,

-V (EEBFEMEE GE DIEFEEE (CO-INTEGRATION OF III-V AND GE)

CMOST A AIZI-VAL G 8RS UL Ge A AR AT e Z S LY | W5 2% [RIRFIZCMOSI SRR A A
2T G A OISR /2D, ZNOOFEIE, R —/ U hOREE-OTE L, (R a4
MEFTE RO — R/ RL AL DI E BN EEND,

P = NAPDFEEN IEEEIZ D0 Yy TDopant Incorporation and Activation)
MI-VIEEHEAR DR — /S OTEMAVITRIR CHf S AHDY, GeF DR — /U hOTEHA I In N —/ <k
2L T, BT R RRE RS EL 7257, GeH DA BIHELR — S NEHEIZ BT D RGE DR R I LU,
TEMAER380°C LV MR CEERR S NTZ 2 EAVRENTEE, L2 > T b LI-VIL AW -8R L GeD A3 ]
—HM BTSN DT DL, TR AOBHENA BT HZ L2250 0 0 ZOEE T HERERIZE- T,
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FHRRAEF 10
NI-VAL AW BRI DRI . GeTE FNER SN A LN BRI NS,

=X N DR (Source/drain (S/D) formation:)
IR — 7 EIE T — R RUA PR T DL HEFNHFEA LT, ZHUZDON T, &E%
Wz ay s —S DR CTh L FIREMED D D0 TI-VILEWEERIZ L TUE, SIDORRFHE, ~T s
T RNV DRELF YU T OB A SNDIET ThD, SIDINT ¥R/ TDX v T Ok TR
OHEFAIE, HIEISEDRR I INTNDEL T, IDLNDHLEMD D,

RERDOAIFE - BAFELL T, 77— hafi, SIDMEIDZEIR BLOT v AU SV TORTERIZ SV T
TRUBEMNDHENZ D, Flo, R U NEF- ORI, T/ A7 — /TR 5728 | B—/ bl
DUV TORE I TR ED DD,

72, T7 7 MI#} (GRAPHENE AND GRAPHITIC MATERIALS)
ZIBR B —F DB, IHERICBENE NSV E (I —R T ) F2—T 12 Abind) &, FEhE
TTURRANFRERZETHD,

LR DZEDRIRENE DD, 7T 7 2N BN TOERELRFETHD:

777 % JBHRLS ME L CRERECAERT D28

TT77 2 D/NRX Yy T EIER, 528,

EBRTOWE~DEE , HAONIA L Z—T =— ADEEZ ST SAHWITHIET AL,

VA BEOHM LT, S WBENEZ E T2l

A E CRER R mE RO ik R R T 5L

FEMEDO B MR 278 7T 7 2 ARTUBR T 2 L (B L =T 752 L)
£, F—E2 7 CMOS L H Ak

N o=

BRI B CHERRS 2D (BT v AL COIGH L F2Z D551 Beyond CMOS Jii A~
EREZRILT5720, V77 2 AFEBITHE B 2% 2080385, Table ERDS (2, AIHEMES @V DA
TV a2 )V HIREIVTNDM, £ T, 2019-2020 D77 /o —DOISHIZ T T 7 = WL IR DT EDMI
ESNTND,

72 DHEFE (GRAPHENE DEPOSITION)

TT7 2 DHRRICB T ELWT 7 a—F L, TUar v ETOCVD 7 et A HAHNI=EZF
T NTRERATHD, LINLMOEAMGE DL, BUEMFESILTWSY T = OHEFEHINIE. Highly
Oriented Pyrolytic Graphite(HOPG)2>H DR AY, (b5 AR L, DV MTIEIEIZ LD RIBES, Bk dh I8 Jaik
EA~DERECVD 2% — FONSIC DI Var ORFEC LD 715 E % E A TWD, IRV F LT
L7 XL —K(PET) RV AT L a2 (PDMS) EIZERRT DEVD L7877 5 kL, AU-7-0diE
U720 CEEREZ IO L2 1N%ET) THIEMN AIHER T IR At ﬁ“é:kﬁif“%ék&b\ b ERA
(MBS 5, BT, 777 2 BOREARALFHIEZRTE T DO, 7T 7 = OB FROFEERF
ENBRSNDUER DD, 7T77 =) CMOS %%Tﬁxkbf%fﬁT E70T 7 /ay—\T7e 5=, £
ERDS8 (27732912, 2012 FELARTNIC KR EA B FIREZR BN DS DN D LB B B,

B iR a fF DT 7 DK (FORMATION OF HIGH CRYSTALLINE

QUALITY GRAPHENE MATERIALS:)
757 = OBRIIFIEE L, vV BICEWEORE AT 52 LN TELMN L ECIE A O fHEVEIZBIL
Tl SRRSO IR AE L LR, SICODRIZED TEDIE, Va7 iR/ 77 -
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FTEERIE 11
VEIETEAEWI S TENIIED S D03, 1200°CHHTD 7 0 AR ENMLETHAITIN, HESH WD
FIEE | TS D EZ AW,

Ni%°, IP" 3 R OPE OB BICBIT 5757 =0 O EC LS IER N S T2, ZAUTRZE Eftire 5
ETHD, T, ZAETHONTEFDRC, /¥ —= 7 ST AEENIEY B C/NERED 7T 7 2 SERRS T,
EBIZTKIKIT, CuZ 41/V EIZCVDIZE > TRIFFED 7 77 = RS, OB ENEILRIE T 4000
em’V'sec B HZ T, TNH7TT 2RI AR BICARSIDM, Si0ySi_ EA~DER N T, £ZTT N
A AEREDESIVRED TS =, 2 2 BCVDE R 32551, SV A0 R FICERE F7 =
VERT Db D TIIRV N, SAEER DI E > TR AT L) TR, IR AN FE 25605 Lt/
WV ZOGEIIIEREICHESERL TODO T, ZETHRALIZL O L0EN TR RN TIZh 1D ATREMED &
Do

PO FEM FISBINNC T T 7 = BT AR O T 7 a—F 1L, S Var h— A0 ar O3 %
FHILDOTHD, PZOFETIL, YV ERANCRRESE D720, KR A TSiC%E: 12000C T7 =—/L
FTHMEING D, A=A X Tseveral B R DEAHIFEIA /RS AL, BEEEL 2500cm™/ VsE B TD,
RT3 o FICHEOSICREAHEREL . D%V ar KRS R AJ@NDIERD T TT =D
M VEA R BT RSN, PL b, LD T Fa—F ORED1OIE, LEESNDE
IB7 a2 A28, 300mm, F721% 450mm™ = NIKaEAEUSED AREMENRHHZETHD,

HOPG) SR HIBES N T= 27 T 7 =L IS ZAVE Tl i BN EE 2R LTS, MR FIBE b
DELEDIEE 2 RNTND— 7T, b T7 = ORI RN, 777 = DR B O FEE O SESe ., 1l
ST HERE A FTRBIC T 272 FFESCnD, Bk 77 =%, 777 7 ARy %C-OH ~COOH %L
T, ZLTUBMEZTRF L C-0-C, KR LI TEMi§ LI EVESND, *Wikik, 757 =13
TR CRZ bl ks, REICHERES L, BRIV T TR hvVKFT TRV T T7 2T
NDe BALT T 7 7 ARDBELNTZTT7 20F, FICHBOZ 7 2o bR BEIFEIT 10 72°5 1000
cm?/VsD M T D, I8lL, KIaNZ\NTT7 2 A FHENTZEVE DT 7 2 B O B DR e 7 s
RSN CODZERN DT, PAETHONITT7 20 7L — I DR RV ARIL, 10pum 5 100umFz
BT D, ERFU b T 7 2 B L 57 = ESIONCHE T AT DI b CXT-, 35, 7
T 2V BEER AN TN END _EICHERE S D720 O =2 HIRIEA RSN, TR EER 28T, R
7 BB ACIIAR AR S A=%D 28280, KGRI T7 2 fHIlRE DT 28 ThD, 777«
ANTHE W2 ZLIZLD | P CHOPG D HIBECE DY TR BN XIS BED F i =L — D
FORDGIRESIL TS, B RZRFOEINE, M A~DTT7 = U HeFER IREH L, bl B oz d72
L& TTT7 U NEEEEL CLE), KICRETIEHERIZRINT 2281280, 797 2> D0 - AlREI /e D,

39

T 72 DBENE (MOBILITY OF GRAPHENE)
MU= T7 2 D imDBENEE(T x 10* em/V-s)iZ, 7T 7 = RO LK Em OV FIRBEAHITHIL . 2>tk
B 47 B R OVRBL L X D EIERE O TRLN, VBB G A NS T = Tl 2-3 %
10° e/ V-sFEDIEDFHIN TG, FARERICHEE LIZST7 2B\, BEE T EE 10— 10°
em/V-sDHEIFHI T3 575, FETIZIBUVTIE 8000 e/ V-sb DN G S TS, YEOBENEAGL7-DI21E,
PHRLOEEE AL DRSS, Y

DT 72 DN F 7 DIk (GENERATION OF A GRAPHENE BANDGAP)
7 T7 2 AZINURF vy TV, NURE vy T H BT D7D D2 OOHEANI1) /I 7 = %)/
VRALTHZE, KD2)2 BT TT7 2 N7 —NCIO AT AE T H2EThD, 72T V7 —RT, 2
DO = ENE UKL 7257 — MR A R OREIEIZ LD . BRANCELFTEER S R vy 7 DIERK
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BIRRIMEL 12

PTOITE T D, ZOLIRHEEDTR ML, SR Yo7 LRV TIRIER | RIRD Iy 77— R LS
—hDAAT ALY WNLITIEZ BNDEINTT H720D ThD, #EF /VRAT DN T, 15nmD YR IS
BWTAURF Yy 71T 100meVAAEZ | IEAVRSZRDITHENSHITHNINT 525, EIREBIT =y KRB LY
BURIT7RY | T DAIRRED /Sy L= g SB35 T B, /3247 — NEEDOFIIN, A58 LAl
ML ERRANEEL . 5-10 £20DA A T A RIREICT 5, PRIORIRE L U ClE, (EEHETOE [ E B D
FANCEY ., BSOS TAEIEZRRF T DL ThD, FERDS (IRSIVTWDINT, R vy il
SEBLRATREZR AN 23, 2014 A LARTIC DN IR D B3 8 D,

(B RO (HIGH K GATE DIELECTRIC DEPOSITION)
777 2 OFRMENL (RR) (LFINCARNEETH A0, misBREOHER L, By 0/ 772 DR
BB Z D, ZDZLE, 7 T7 = EAOHIORCALODHERIZ B\ CHERES T, “halt, Bk i
WTNRIED 7T 7 2 E~DALDIZE D ALOHEREOZIE R UE & L TEIK 2230730 SIRIZE VYT 6000
em?/V-sZHBZ DR\ BEEINE NGO, P2iud, TNLLENCY T7 = KR OB IO HEREE 1 T 725 3
EUETHLO Th-oT,

QRICD T AR DVERIL, TN E /NSRRI ST 2 BV VW, BT —L) I T57 008 5
BRREDIEE Al > T THOIV TETe, IBMOMIZERTNL, 7 —MR 150nmD TP AZ T 757 2% v
A TINETERED, JANEL 26GHz COBER LT, S Var B EDORERTT7 = T HFIH
TEUE, Va7 7 /ay— TR SNTZALDSSMOCVDIZ L2 i R kia e, a7/ R, &8
PefiZ2 E DRI CEDHIDNTRDTHAD, ZiUTEz, RIL~A7 vy MFIHL, BUEOMEIEOEHEZD A~
F~v— % AHEIZTHTHA), Table ERDS (IREITWDINNT, AN 575 B R e I HERE BT A3
2012 FELIRNZ BN 72 D BN 5D,

R = NAPDBAL)TESE (DOPANT INCORPORATION AND ACTIVATION;)

H L7 T7 2 MRRCMOSIS b o 23572 51F, T /Uil pBl, n B O EHE R —7"L, S/D
BEIBIC AR A, 0T, pTHOD SN2 D LA R — L 7 CE DU EN DD, ZMETDEZA, Fr b
ERICR—E 79D HELEL TIRESN CODLOELTUE, )W T 7% X VT 27772 BIZEAN
TEDLREHEFE TS, LN 2)7TT7 20T IR DT I IRBEICR — S U MNAL ISR A S, 78
5D, P2l —r NI, T TT7 =TI T T = RN CHERES MR B O EATEENZ XD,
B RN —E 7 A REAR T EAVRENTISY, F- < OERICE ST, Bl 7-AEHBIMO &R 2 HR 5
ZLIon R OPRD S TT = R AT D SRS TE T, JVBOR T, 297 =0 F JUR DTy
DIREEN, BR CTOBRULFERLT VE=T WERIZ L OB R — 7 SNb 2 EavRainiz, Y& nBlnsZ
72 W NHECH A S T- A IS KVIERS D2 &S p DT T 7 =0 S H,0PNO, DHEFEIC o TS
NAZEYN, ERANOREN T, EBIZ, 777 2 VR O T, =y PO B3 pI 20952
ENERIC LIRS, P

ZDEIRR = 7 B OB, B EF A SHIHEIC BN T, T TR = 7 2fE R 528, (2
L CTHAY, TOBHIL, LR Oas 27 NEKRO |7 ar THRIEND LT, S/D R—E713as#7ko
& JRPIWEIZ LA Z T HETRENLT2D ThHD, Table ERDS (IRSILTNDISNT, F—E 7| BEID
757 2 O VT B I AT REZR T ROETA, 2012 ELLRTC BN TOMED DD,

82D (CONTACT FORMATION)
V=R RbAvar B INL, 777 2 A UBIERIIOE R 27 M e 52 50D ThD— 7 nF v b, &
BT T ¥ I T NA ADAREL A T HAERF CE DL DO TR TUIRBR W, BRIBEIEZFHAL TR —r 2
EITOW A LU T, 54eVEBA DRI CH WA TR oas 2/ Mgz fli> T nilloa 27
T DZEM, P2l — v a ACKVRES NI, Sl D7 7 2 INH,OHERS I LW B RS AL, plD o5
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72V BH0, FZIENO,DHERRIZIVERS N DT EN, FEBRIZIV RSN, A—Iv 73 27 ORIL,
INSTRERD I —R T )T 2—T KBNS LIV DS, SISt HED D V30385, Table ERDS
IREINTNBIANC, 757 2 D B Y NERRIZ DU TOEARIENTH . 2012 FELLRTIZ EFES LA ML EHR
BHD,

7 /U4F (NANOWIRES)

& BT /DAY IIMOSFETOF ¥ /L LU TIERS IV TS, SiT /UAVIIGe AL E W F-ERDIR DT
FUAN =V ar ELTROBEAICTIRDN CND? D), /0¥ OB RN, DEFBEHIEICA
R7p =R A — V- T I RIEEE D BHWENR S D [FRETE 7 — FOEFNROBREDOZETH IV RS
—MEELLIES], 2)H S EHDWVITR LT v 7 7 7 0 —F (Lo T TEHAL— AR EF AN L > THE
JE 2 | PR3 DR AL SR 3% . 3) iy IMEE IS 310 23 BB R L ORI R L 1 2h 5, SBICE
ZIE MEF NG TIA YT D> THO RO N A~T AN E TR THHIE™ | £ I I
KR MAD~T oA DR EFTRETHHILEY, ZNBITHEAFH TV )T 1207257, )7, 2oLT-
BEAEZCMOSIZA L T 7L —a LIHET 58 FEFICHREHIZEE Y725, B2 13X, CMOSEDEEG DS
BUWRIBERT R T 2210 U7 bian 280, T/ UA Y ONER FHHIE, K —E 778 CTho,

ZNHOFERMI I Table ERM3 (2 _H0TUVND,

Fety B B 72 R I Bohr AR SEAKAT T 5708, ZAUTAMBHE TR ESELT 5, SidBohr 2213 4< ., I
TR (FIZ LS R vy 70 1T, BIEFEBRIELN CWDEREGK) 8nm)DSiT /U A¥ Tlddh
EVHIEFTERV, HOFEOLE W HEEIRFETD T /U A Y OBEEE L., 6T 5SiT /U A Y DLy 7
SEREL, T IIAYDOREMEIEL COMII DS D, ZIUTMZ T, GeDIH72iIZNTALE W - EIRIT KR
E7eBohe AL, T OFER, JE T MR NBLEMI2D 0B A XD T /T4 THEHIZIN TS

56)
o]

722 F /UAYDBFETDOT v RV EL TOWAERIBAI A Fi o TVl LTh | M RO IS Iz DN T
IFROBEZ 72T UG NT XL b 2, 2 DOBERRENC T /T A 2 L@ fliE 35 553k % A
NTWE, ZRSIXHSVREENS ., 525N BT H~OHIEE TEENS, HlZ1E. IEH—FERIC
% J7#(dielectrophoresis)™ ., FO/ERLL TRV = BIA FD IEY, flE Rk R 32 a0 & 16, #it
RIFETHEENC D0 D7 Y, F /U A Y I BRI E DS HEL N0 | 16ROV 7 T7 41285/ 38— DAL
ERDE 720 Fa72RE IE 7 0 2% 85 KLV HERNTEA), R—E 7B #ELL F— 30 NI
RETOVATALT I CTELNY | JOSEETRND, BIZIET /TA Y RIEETH mIEOIEH T 0 A A3
(2725, TN T VAR ICFE Eo T2 7TV, BTV R — ORI ia s 2 M Ell T 57 mt
ALF YL DU T IRREL S 2D,

=ik T/ Fz—7" (CARBON NANOTUBES)

T1—RF ) F 2—T7 (CNT)D EEE AL M X Z O Em O U T BENESCH 50, TnoEFE AR
HDIZT HDITITE THREE A IR T DM EN DD, 1—R T /T 2—7 N EEREFETICS A 7T HE
(2725720 DEEZFREIT, HERO N RF vy T RN E RS | T E IO CNTN L L8 DI
(ZRFED ST MR- TRLES L, a2 7 MEFIAFED | Mo AACMOS 7 et AT A 55577 vt
ADEHTHD, BEAMELFRBEIC OV T, Table ERM3 (2B W TEDFEHNI RS TS, BT /3
DFERIZBILTIE, 2009 ITRS ERD(ETHR T/ SA 2D EA S T2 &0,

T F 2 =T DN F o T DFNHE (NANOTUBE BANDGAP CONTROL)
CNTDFETIZBLE U720 L, & O @\ B Eh B & 58 (8 BT T B Tuvd, H“SWONT M3k oD
CMOSISHITAFE Z A XN BT D121, FNHE NS Ry 7 O TE T AEE D RSN A VLB
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2D, In situ TO/ N RE v 7 il Z 2@ T 5720120, iIEIRRICB W CTEREDIA TV T AHIES
PRTIIEZRBR, 25 2 FETIRZ DO AITIZEA L EA TV, FTX<CVDIZET 90%F-ERDCNT
DS TNDZESC SHEIKEN | BIRAILIRS, A4 e a~ o749 ERELIE OB el o
R 7 02 AT 99%DMEEFERKL T DL, DNAZFIHLIZFERIT 99%I2ir SRR TONDIE
2 NI NETOREEDRERTHD, ZOL LD Ry 7SR OHIENT ., RO ERAE (185D
150 BUME) IZIEZNT T2, +5310 S R vy 75D IS V2 CNT Din- situ B D72 8D O fidifie
LT B ARG AR 72D 5072 AR AT = A LD PR ETER T DT DX F D2V ORFZE LB TH
% Table ERDSIZ/RESAVTUNDEDNT, CNTO /X R v il Z ATREIC 92 T AREATAS, 2014 F-LARTIC
SN/ LE DD,

(LS T IRIDRI# (CONTROL OF POSITION AND DIRECTION)

CNTATF NSA RZHHE AT, CNTOEREZ AT G B2 F AR E T/ T UV T 720, A
B, HOWNIY T 7 AY RIS F—=0 TSI bl T B OB CONTZ BRI 3 £ 247
THEEN RO, 1327005720 10 AFEFEOEREE T, Bl L7=CNTO R E N AIREIC /o7, P OB FE T
FLEINDEEEITEEL TRV Bl Zfod HiEE Hlg U TIERIT B U, 2007 HEOITRSO B Cifiam
AT D FEZ CNTZFTEONALE, FFR TR T2 LICRLHEVEAL T, b3 E AL ATEE
IREATZ 72272 D121%, RERDS (RSHVTWDEDIT, CNTOALEE 5 IOl FTRE T | ITERIIZ Y
Y& 238 TR e 7 m e A8 2012 AELARTIC FERES A MR DD,

F VT IRIE DTN 7/ T2 — 7 DR —E22)(CONTROL OF CARRIER CONCENTRATION

(NANOTUBE “DOPING”’))
BHE2T NAAZAOFEE, pi, KO HRIZ72 > TOBCNTOF YU T IR E DI CTHo, BRIRIZIX,
HEARCNTIL A AL BRI 22 DR D38 D, pHEnf i E 28 2 D701, CNTIZ AU A (K) 2R —
BT HZEP IR FETOERMZ B8 TR — b A LT/ > TE TS, RERDS (RSN TV
DINT, Fr R — A RLA L FEID ¢ U 7 P BE D3 HIE /T REZRCMOS AL 7 re 273, 2012 4ELART
(ZFHRES DD DD,

L — MR SR ] (GATE DIELECTRIC INTERFACE)
1ZEAEDCNT —FETIE N 75— N A > THELILTE TS0, ALD CHERES U7ZHIO A (> Thy
T = MEEL RIS TETOD T, CNTORIBE I LB RE M Tih D720 | HERRIED B S DUGEDTZD |
FKEZACFINEM T 520555, CNTOIRDEENEBIEDZZENEIT . A0 TR RS D BB 0D
FPEIZ > TREINO D, SINZLRGERE L TR ACNT-FETIX, JEH I/ DNEWVI-VI — T ATV A% 7R
FTINCTRZ D, PHIZERC, Fadt /e DA Bl O FEEAS | ERP R i D2 b, L TR HEREE S5
IZEWSDICT 72D ThHh D, FRERDS [IRSIVTCWDEINT, RER E i ER T — ML HEfE 9
DRI, 2012 FELARTNCIASDNZ 2D ED DD,

T F 2 — T DEGHIZ 5P (NANOTUBE ELECTRICAL CONTACTS)

PAAMEh S DD 2 I MR CIHY | Z ORI & T LEHU I, ¥ E 72 Tl Sc-CNT=1
&7 N An-FETZ BRI A7 0 I8 HENTZ, ZD— T /INSWERED T ) F 22— 12OV TE, Al
FEFIEBNTHIENRESIINTECND, PAEEZREDN NS )T 2—T OFE DR T 2 v /L OFFAfE R
X, BENT ) F 2— T OEEISISITH a0 b — U T DO E RIRL T D, PRiTDSc-CNT=a 4
I (ScDHFREEIT~33 eV) DI al —Tar Tk, IATVTANEB0)DHE T /F2—7 122, Pd
DARYT EED 0.34eVTHHDIZHKTL ., ScTIE 0.08eVLAR S| A —Io /i#fila > L2 TRIL TS, L
ML DG, ZO TR/ NSO ELREDCNTZE > THREES VAL EED 3D, FRERDS [ZRSIVTWAHIIIT,
CMOSIZi# FH FTRE CHBLED E a2 7 MERETH3, 2012 FELARTNCBDDNI DB B D,
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FrRAACERT BRI T /L T XA NALTERNATE CHANNEL MATERIALS CRITICAL ASSESSMENT)
ERM & ERD Tid, WO DIRIUT /A ZADO AL FIFHi(critical assessment)% 52 L7z, FEAMIZIUNT,
ERD CIIERLEERT 222D & TOMBIT DOV TRAZRETL, ERM CTldbt gl 7t A LEREREEIC S
WTRRZESIL TRFTLTZ, 200 ERM OFFEL, R ERS CMOS KW RV G 45). CMOS A2 ).
CMOS LA T ) THINEINEHE L > THRD TS, ERM DIZUT IV T EAARNTIL, Table
ERM4 |3 I0IZ, &2 TOREBT v 2B Si CMOS L0t RWBENEA R L Bbid, AT 45
PR, EEFRIC BT DR D S0, ZRHETDA 7 a1t CMOS Q2 A)EDBIR k77, ik
H AU, Ge D3EHIT (KT 1.8), RIT -V EAL AW H-EIRE T /T A (I 1.6)DINAEZRD  h—ARF /T
2= TRV T 2 ATHARATT (K 1.4) 12o72, RINTRT IR 2.0 LL i, CMOS (T BT 4
HCTEDHHLDOT, ZOFEMETIIIEY T4 7 Va3, ) 1.7 LLRE, ERRETNMERERS, i)
FEZIE CMOS BRI TELH DT, Ge & IV LAY H-EIRE T /U AVIZZOHHEC ASTND, %
HHERI T SLE H—R T )T a—T LT T T 20 F WL OB ERIEREIZ B W CRBEME DB DA R
W=D LT (ENBITIR TAATARIINTND) |, Atk SO RNBUETHDHZEMNI3IND, T2E
Z Ge R HI-VALAY, T /94X DI NRIVA LRSI TN TH, ZNETUZE KRR FREA~ OB A5
ThD, Ge X° M-V AL BNl DL R, SV BICRMEDOIR OB R TEDNEINTHY,
NSO BHERIZ L~ TEEARRRL DO THD, T /UAFITH L Tieh DB s, ZOBERE RS TS
&L T ITARIAARIIDO T Z ISR TEDNENI THY | 515 E570 58 H EWFSEIC > TIFRL T
DAL B72, ZHHDMEHI BT AT YL o Iz oW L, R F vy 2Dt 7 ar T, LEEH
(ZRLIRENDTZA,

B ZOI)T ANV T EAA ML, ERM, ERD, FEP, PIDS O&-H4ii7 —F% 77— 7550 8 AD ITRS
DBINENZLAEEIZFESNTEY D ERM SGETHUCIE, L QUK Eizir 5,

B N—X D BEYOND CMOS 7NA" X D7E8 DESFF (MATERIALS FOR CHARGE BASED BEYOND CMOS)

Beyond CMOS 7 /3NAALL T, kA 2D FBRIZFEESY V=7 731 A (Chage-based devices) D3RSIV T
Do ZNHDT SAALLEDAIL TODMEHI DOWTIE, ZOHITRELERSILD, £ DT, ZZTIFEET A
A ADFHIET 7 SA AFEBUZ AT T FE=— RO T Do

PRV FET (TUNNEL FETS)

A RNNT D ABIN RN RNVBIG TEWET 57 A ATHD, /SRR R/ Ent/ptDO R — 758
WY LI A~T A TAELDY, R—7 AT AR, PVarb LIRS v ~=0 e O R BB E
BB 503, R—T7 8513 CRIBTHLNER DD, ZDTh, F—t' 7 ORlENIEFICEETHD,
ANTOELT SAAL, NURE T2y D CTRIETHLLENHDH 5T, N RADIb DR LR
BEMMENZEDROOIND, ZDT8, MEIOBISEE ThHD, KMz H LI m~7 oS OERLE
RN LIRS, T R ke O A Y ~T e G HE X O L7 MO W S0 & HIE 5
ZEZH IR ATREME B D(F /I A Y BB OEiE B ROZL),

AN AL MOS (IMOS) (IMPACT IONIZATION MOS (IMOS))

IMOSIZ5 = MilEIS AL p-i-nf§ 12t D7 A AT, pi-nfE & Cldn IR E IR 7 — M3 - TS
WS CTHLY 7 —MEE S nHitE S O FEMERLSRGIL, > I A Abzar br— 5, ZOH
ETIHBNEF D AERSNDTZ80, B NEFIZI o T — MERRIBERO LD JA Z il (SO E D5 45) 124
A—THEL, LEWVEBEEDT 7 MR ELD rIREMEN B D, ZOT-, Bl \?‘-é%béﬁm”é%w%néﬁﬁﬂﬁb%
EGETIZLIZY, BNNEAASR T DD E\ ORI BIIE LT 27 EDT V=TV 7 3L,
Do ZNBDT AT FER VA, F<=0 L W —VEMERCT /UAY 2 A TELID, 20
LM NI T v R B O I TR~ B T D,
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REC P22 XL (SPIN TRANSISTOR):

ALV NI VAR TRV FET &AL MOSFET Dl & &1, EHLOLDT NAAGRMEY —R /Rl A,
HEERT ¥ L, MOST — o iD, AL FETDOTF ¥ /UL, ALY — B & OIRVETEL, Bl IXHID
LM FERLZ O — V BLAEMTHY, —F7 TAE U MOSFETDOF  R/UF AL Y —BEFE S DT BN CH
%o EHLHDT RARITEBNTY, AL ATHRENEY — 2ANBIEASI, FY RNV EARELRL A ANZTEASND,
RUA L EREAE ST AD i 7o I3l L CEMICT 535, AL FETOR AT, Y —AEMmENL
A BRITAE S D FF 0> THY, 7 —NEBRAAL Y — b EA/EAZ 8L TAE L SREAL, A D
ik AT D, RUAVEMIIAL Y FHMi> TG EIZDO I, B 1EZITANDIZ0, BTN
FZID, AE LU MOSFETOH A2, RLAY OBLIZEESIVTNDD, V—ADWAUITERS D, €D
728, K= OERNIELS CHEIIIETSNDZLE72D, ZNHDT NARATIE, AL EANEETHY,
Tay e —REEEL LI R R VBREER I L CHEBISND, T ¥ RIS — NEEMEHIERMORET v
KV EiE AL g b B Cilsim s D, — i T/ — R/ R AL OMEA T L a A2 DWW TR E
MEIOHI CigimS LD, ZIVHDT NAZDIVFELWEFRIL ERD chapterlZB W TR AHZENAIEETH
Do

MEFRF2 2 2% (SINGLE ELECTRON TRANSISTORS)

HE N7 UAZ X, B ECLEVMEE LA LT DL A[EET, BT 1EEZEZ D100 TN/
BERTD, Y ZOFRTIL, T/ EORR TS EZFI AL CERSNDDS, ZOBRO mE R,
T A A DFFEIES D Z 257018, BRZEHBICHEIL e TUIRDRNIETHD, ZD70, H
£, FACIAOTIRO RS, BREERE DIXL XA 57 0 e AT 2D, RO FHMEN R )
VT a—TRF IUAY— 5 AR 270 O BT A 500, B OMLIADEZFEIL T D7D ~T 1
WS BT A LEETH D,

NEMS R1>F (NEMS SWITCH)

KT RAZDT=D DIEHZ OV TIE, ERM AEUR B Cilsaa S5,

FF AR (MOLECULAR DEVICES)

KT INAADT=D O EIO R, MEHH DAL 2 —7 2 — A2 T Beyond CMOS i Cifimsind,

Bt —P 58 FET (NEGATIVE GATE CAPACITANCE FET)

ZOar w7 INIELKEK ZEDFHUE, S Var OERNENT VA% TP(VDFE TrFE)/SiO7 — MkaED
HEIETEONTOBRLZ A0 BITIVEHI T, SHRDHFFE0 BT D, P(VDF TrFE)DER R i B
£ (oxide ferroelectric materials) (253 2F| ST — 7 EIAMENZ L TH D, B ORFEMEHE, ATV —
RO E X FDET (Memory Materials Electronics Effects Section) CagamiaA 1D,

BRf& /0720 ) BEYONDCMOS £7£F (MATERIALS FOR NON-FET, NON-CHARGE-BASED BEYOND CMOS)

PRk FEF ERD (EMERGING RESEARCH DEVICES)DE TIXZ D AT IV —IZ, “EFIALVRTF", “HMEER
BRI, “ThA-RA0TF " “GFRTFEHET TNE, AL UM BHIERAL BT, REEBEIR T2
DEERON, Brx V-9 R CMOS FFEL TDAE Y FET, A MOSFET, EIZIZAEVIZBIT
% STT RAM (SPIN TRANSFERT TORQUE-RANDOM ACCESS MEMORYIZXTL ThILBELL SN D, /3 FhEteZ
DAL BINISFAEYVREFIFIAENS, EiTOZNSEDOMEI DR RIZET BER S, Ao Ein
BN EINTREE DREL BRI 22827255

RECH#F (SPIN MATERIALS)
%L DA % AW - F ALK FEF ERD OFE TAEY Ly 7 ~DIGS IS UGS T, Zhh
DHFAIZBNT, H—AE U H LUIAE  OEMTHAWA D RSV ERE R T, ZNHDHRTFOEME
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IXTF /AT — )V TOMBIOMEEIEAF L, £ T OEBUISZRM B2 LB LT 57259, 1ZEAEDFZE T
XL THELINDNL OO HARIIEREE L T, 1) BRIGH DAL RIE~DZEHL, 2) AL IRRELRFE, 3)
AL G, 4) BAD LU DAE AR, 5) AL AREEDDERE 5 ~DEH, BNETFoND, =
IHDOMEREZRT- T BHE, ~400 K LA ETORFEMEZLRFEL 22T UL B0, 2D OMEREIT L —DR
Bl 5 b LUTEEOMBIOM A GOV RE T DT ENIIFRFSIL, T/ A — U EE T OB ES 24
LD ThA), AL B 60 B E R E L HARFIVEIL Table ERMS IZEEDHIVD,

Table ERMS5 Spin Material Properties

Application Requirements Ferromagnetic Metal Half Metals Compound Dilute Magnetic | Wide Bandgap
Ferromagnetic Metals | Semiconductor Magnetic
Semiconductors
Ferromagnetic Spin Injector High Remnant Magnetization |Co, Fe, Ni and alloys LSMO Tc=350 CuyMnAl CuyMnSi, etc. Ga(Mn(As) Te | Ti0;: Co,
(>400K) >50% RM 400K 195K $n02:Co, etc.
High injection efficiency Acceptable through Excellent below Tc Excellent below |Unknown: Low
Schottky Barrier and Tc Carrier Mobility
tunnel dielectric
Resistance Mismatch High Schottky Barrier TBD Low Low Low
Ability to modulate No direct ability High Coupling below Tc |High Coupling  |Unknown
magnetization with electric below Tc
potential
Oxide Dielectrics Other Dielectrics Complex Metal Oxides _
Spin tunnel barrier TMR% >1000% MgO ~ 70%@300°K[A] CaFa LSMO/LAO/LSMO
~150% @10°K[C]
ALO3 ~ 1-20% @300°  |AIN
K[B]
Dilute Magnetic Half Metals Complex Metal Oxides
Semiconductors (MagnetoElectric) _
Magnetoelectric Switch High Coupling of Electric (GaMn)N: 300°K; None Reported BiFeO3:CoFe: Saturation
Field to Magnetization Saturation magnetization
Magnetization=3pemu [D] >1000emu/cc[E] (300°K)
Operation >400K Candidates:
-Complex Metal Oxide
Heterostructures (e.g.STO-
LAO, etc.)
-Huesler Alloys (e.g.
Cu2MnAl, CuMnSi, etc.)
Spin Torque & Transport Spin coherence time or length |10microns; Graphene: 1.5-2
100microseconds (85° microns(300°K) [G]
K)[F] CNT >130nm (20°K)[H]

References for Table ERMS:

[A] Z. Diao, A. Panchula, Y. Ding, M. Pakala, S. Wang, Z. Li, D. Apalkov, H. Nagai, A. Driskill-Smith, L.-C. Wang, E. Chen, and Y. Huai. "Spin transfer switching in dual MgO magnetic
tunnel junctions." Appl. Phys. Lett., vol. 90, pp. 132508, 2007.

[B] Y. Huai, F. Albert, P. Nguyen, M. Pakala, and T. Valet. "Observation of spin-transfer switching in deep submicron-sized

and low-resistance magnetic tunnel junctions.” Appl. Phys. Lett., vol. 84, pp. 3118, 2004.

[C] Y. Ishii, H. Yamada, H. Sato, and H. Akoh, M. Kawasaki, Y. Tokura. "Perovskite manganite magnetic tunnel junctions with enhanced coercivity

contrast.”" Appl. Phys. Lett., vol. 87, pp. 022509, 2005.

[D] N. Nepal, M. Oliver Luen, J.M. Zavada, S.M. Bedair, P. Frajtag, and N. A. El-Masry. "Electric field control of room temperature ferromagnetism in III-N dilute magnetic semiconductor
films.", Appl. Phys. Lett., vol. 94, pp. 132505, 2009.

[E] L.W. Martin, Y.-H. Chu, M.B. Holcomb, M. Huijben, P. Yu, S.-J. Han, D. Lee, S.X. Wang, and R. Ramesh. "Nanoscale Control of Exchange Bias with BiFeO3 Thin Films." Nano Letters,
vol. 8, pp. 2050-2055, 2008.

[F] B. Huang, D.J. Monsma, 1. Appelbaum. "Experimental realization of a silicon spin field-effect transistor.” Appl. Phys. Lett., vol. 91, pp. 072501, 2007.

[G] N. Tombros, C. Jozsa, M. Popinciuc, H.T. Jonkman, and B.J. van Wees. "Electronic spin transport and spin precession in single graphene layers at room temperature.", Nature, vol. 448,
pp. 571-574, 2007.

[H] K. Tsukagoshi, B.W. Alphenaar, and H. Ago, "Coherent transport of electron spin in a ferromagnetically contacted carbon nanotube." Nature, vol. 401, pp. 572, 1999.

REHEIDOLE iR (SPIN MATERIAL CHALLENGES)
FAEBLOGEL DM EHIRT T AHEAGRREIX, (1) EF =2V —IRE T > 400 KX OVEFREB A2 R orak:
HESEROFFEINED BUMERL (2) BRAIRT VL v /L EBERRIECH S LI FAL VELSI E DRI IR s & & FF
O ERS LI, (3) CMOSHLE TAREOMEIDIEAME, (4) AL LREXPPLOFHN T, Tho, Mk
DOFARREDFERNIZ2Y AN L Table ERMS (Z5-2 531D, AL FHANT DWW TOFELY igaml IERM O G D #fi
\ZEEND,
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REHFEIDOLFPE  (SPIN MATERIAL PROPERTIES)

Table ERMS5 [Z5-2 HILHAE Y b =2 AR EHI 5T 2 B E /2Rl E, ERD OF CigmmaiLOLINT, EDID
RFFITSHESNENNAETTFT 5, FE AR EHIE SR T B LT TEBM RN D253 7 D(ERD IZ5E
RENTOBINOERFANT N D X FLLER L D oHAHE WK A A ZOFITIILL FOYES 54 &
IRT DMV ZEIZT5: (1) NAREQU YT THAE AGIREEH ., 2) vy ZITxtd DAt
NTF—hvH (3) ARVERV KT DAL ARRE 1 & NEFLOERIE, ThHD, 1E-> T, AHiT
IZLLF OB Z BRI R ELZ TR D,

1. AR AR

o TREMERBIREE (To)

o T DOV ARIKLENE — F 788}

o JRESHIFRENER — 7 WAk e VAL (Tc)
o [I-V & Y VI -8k

A AR NFR DT D DR

AE e b L fERE

R VNNV 3y

AL ARAE v =g 2R

WKV T A —h~Z a7 DM

S

T 7EREE 25K (DILUTE MAGNETIC SEMICONDUCTORS)

BRIGHME EARE U CH FND VD A R -5 {ADMS (Dilute Magnetic Semiconductor)D¥FFERE /I, A7 EH
DX VT IRELEZ DL LS T A AT TELZEIZHDH, MnR— 7 SNTZN O DIL-VIEIL A
YRR TR U TS Lo TS S DR EZ 7R Z E S ERRS AL, MnR — 7 ST IV 8 R Tk
PERTHDHZENRESN TS, Mnb LLITCoN R — 7 SHUT- RS HHER 4 B e L b < WO B AR
FTIEDNRESIVTOB, ZNOHDOREHIRIL T v U T (R N KB FEBLL TOD DO ERRIE
7REITNRN, ZIHDZL O EHIM L O'CoD X578 3diER A RN — 7 SN T-- VR -8R THY
BAEOCMOSHEAMTZ LAEFEIZHE L T D, BB ORI TSR EIINC L > THE T, AL ES %
TEAINCHIEIFTRE THDHZ LMD, AE U F - ~DOkk 2 72 IR SV TS, Lo L7ed3h, (Ga,Mn)AsiZ
RFENDIDRINEOMEIOIS KT Db K& 7efE L, v 7N O BAEMZFF>Zen
MRS CODIEHI R 5% 2V —IREE OB IR LD TR ZETHH(Te < 190 K)¥, -8 iAE,;
TS AL, 400 KEA EOF 2V —IREE, @ik, v U 7 W2 kH BAEZFF OB SOFRIE N LT L
ST,

R OEAMTFREIL 400 KE THR VT A2 HE HAEHZ R ODMSH B 723723281250 T, o
STERA-DZOIRDHERNE L, (&9 52 TCIOME 2 BIRIZIRFF CEXONE IR T HZENEE THD,
INETITHRBMZESNIALEIL. 0 < x < 8%DMnilAFi>Ga, MnAs TH D, FamlcLHE ., MnlE+
NGaAsT OIIRITTEN BE BT HILTT 727 2L Tix, EEL TERRTTHROpHED SR D AL
MU RTET 70 7 2N AR T 5, EARDT 787 ZHEN 3T OMnJRF-& H e o 7 BRI IREEME DN T B
T5%, OM-VIRIE AR T, K0@EE CMBittz2 R 28RS SN TODHEO O, BEERFT ¥ T
TEEE 2 X > THIBEHRTRED > EDDNIHERRS LTV VR, 940 KOF=U—iR DN (Ga,Mn)NIZx L T ST
HHDD(Te TableZ MR, [FRE T FGERTIRIT O T ZTe Table~DUL 71 THIERLIZ]). ZOREHT R
HET VTN, 7727 ZYEN D JFEEMEDMNRD THRNZ 0O KU 7 B LA TlEan o &2 R4
%o ZIUBDMBIOBMEIIAT Y, ARG 4, T/ A — VDI T2 HRR T D ATREME N S D120 . FHb
DIFEERINT D EMEETH D, 350 KUA EOF 2V —{REZFF OB/ E/2GaN~X—ADDMS D% F 21T
HIRDHFFEN MBS CUND,

The International Technology Roadmap for Semiconductors: 2009



B KL 19
EBA R Z1EM, Co)Zz R — 7 LIZIVIEN-EIA(SI M UNGe) | L RHEMERI THY . lESEIC ¥ ) —iE
FENREAL T HERIESTNE, MnGe DMSO SR IVIEM IO SRR DO EIFIZ L T, B RO
UWNESTERAE N ASITCODY, T ORFFEE, Ge X ONSiZ E# T HMnR —E" > 7 BEOE N L0 =) —ii
FEREINT 52 L0 FEL TS, B FEHTIMiR—E > 7 'O NN —t 7 fIHEMnR—t 7
RV TAsH LUTIPO LRI B an R — U A5 2 812 ko T FEHLTEX A2 A5%, shiar:
BRRIRRE 1L, TI-VIER & [RIRRITRS FEHA L IEMn & T D8 N EMaE DO LI BEE A2 2% Bis
FEROM ST 3R TD™ P, GeMnT /U AV IZERIBIRBNEE R ZENHIESH DS, £FV71320
DORERE ZFFT 20 DD | VT AT O AR A AFH O FEERAVZ2 R IR TS, T-VIEM B FERIC
SREGIERIME T B A4 T AT IV DI TAEINSEL TS ATHEMNR Y RCITNZ b D %
HAPEBRTHZENEETHD,

EBERENN — 7 SN BRI IR DL LTIt Ch oL OME N A IILTNDD, ENHIHEN
FRBEWAL B R, BEEDI XY U T IREEIZ L TR TELNEIMH LTI, U T BEIEL RV, 2
NSO BN B iR E(FM) R O BL{E DO BRI . (MLMn)VASEHI 6458 OIZIFEBIE K A TUVRUY,
RS L R SERDIRNAA I, AR R CRMBRFF 2 3 BISE D DI B LS A R
FHEAERDY, BIRE DR —/ S NET(~1-10%)ZEVAE L DN A I L > THI2bEN AT LA RIET %
%, FEBRARE RIL FMERFA S LI 3pBL O BRAIRHEIC B35 2 L /2L T D, MR —E > 7 1 3pfl -
RGN TIRREMEA R BLL (B TIEFEHIL 2V, CoR — ' 7 13n A BHT 38U CIRBEM A S BL4 5 (p
RICIIREHLL AU B B 265 2B D SRIRICH1THC0:Zn0, Mn:ZnO'™M L Cr:0,05'®DFM
TR IR IR T D2 eSS T0D, BT U7 13C0o:Zn0' M ECrin 05 P 125D i =
V—IRE%E 5, ¥V 7 - R—E U 720 OB D R DI/ RE CTH DO EN RISV TNDLDD
BEAEINZ LABMEDZEFTNZ DUV T O IR T2\, Fo, B OX vV T BB RS AL ki 2kt
L COICHZERIR T 52812725725,

FeDHE M(Mn)-VAEHT 200 KELF TO L+ U7 A O AZHAR AAERIZ LM% 7R3, IVIR(Ge)bf
BB A RN — 7 SN2 E X IR B O TRV (< 10%) &R0 BRI L D% 7t
I A HFE AR O TN IR I TN, 6o T MEHET O §o L UGEN LB LS TEY . DMSIZRT
T LB COBFL R+ Thd, M*M’E’%@ﬁfﬁ ik””*w@ﬂ%lhﬁﬂkﬂnﬁ%u ZOWTIR| EHeE 8
RREE72 %, HEREEIEE T U 7 1EIDMSILE I S EREEDOT A AT HND
MOFEEZE 52 TUIWDHL OO | il BRI @1"L%ﬂﬁi‘2x1b\f£b\ TRERATET AR D/ 3T A—H A fifEST
T DD DR F~—7 LU THERL - H C RS GWIT L 71 L@ B e 25— JFE AUV h=T 0 b
STEFIERET NV EIVEFHTELL DL T DD EEINDTEAD,

RECAAEARSEF (SPIN INJECTION MATERIALS)
A AL EID B BIET DT, FHERA~DEHAE ARMRLUIZEROTEATH D, ZIUTTT X mOAE R
WaFFOM B VD2 E T, B LUTARE Y - F o RV I Z B W TS A LD I T BT 2 -8 (R L<
IR RNVBEREL IG5 SRR EE WD Z L IZ o TS D,

AL AEANTL AT NIRTL THOOLIDPEHI K DD FEARRFER i 2 TRl T iuE7e b7z,

(a) TREEMERTHY, 400 K #2552V —iREE > &,

(b) REREGET OB AR Z & T b b PR TR DD/ &b 50%D B LA
Hozl,

(¢) TEAEIICEAL ARA AL | FEERPICEm AL AARiA R TEHT L,

(d) BERERE LD RN BN E THY  H1-HUE TREIZIV T FM FRERM bz e,

@LO)DERITT A — AR DT BT AT T R TLA B s LA, AEYD IS5 Bk

The International Technology Roadmap for Semiconductors: 2009



FTHRRAER 20
NDREIEIR) T 0 T~ T W R 5. 25, —RIZ, A UAAEAT A7 MPEH IR BRSO R R /L Rk
IZX L GRS CTERIESN A M3 B D,

KELFT T, ZODMELRDAE ARMIE WS ND, FBNESIE, /~N—7 « AL SRl -8R T

%, 2 TR/ DT E FF O,

1. PRREMESE(FMMs) — Fe, Co, NitZIHDEED I 72 HERDOFMMSs| IS GEEkEFEIC B W TR N
HINTWALO T, ER(a)&(b) &= 2 LiX B TH D, FMME-ERD D K E LR IRE RO A%
ADTD . RO BRWAE U EAE ATREIZT D7D IE b RV ERED IR AZ LB L5, T A
TADY Ay a2 7 NRALIED, BCE B EYRE (B2 1IXALO;, MgO%) AT HZ LTI
T&D, WL ODDOFMMIFHEER K O VBRI 6 L TSR (o) AT 72T 2DV REIN TS, Bz,
RO BVERIIAE L EATIRO RICH L TRENTZ: (Fe,FeGa)/GaAs (001) /= hEEE
(Fe,FeCo)/MgO/GaAs (001), (Fe,FeCo)/Al,05/GaAs (001), Fe/Al,04/Si (001), Fe/ZnSe (001)z h¢fRkE|C
LT ThHDH, BVZEMEER@)IFERFHETHY . FFHEOEROBWITTIRIZ I D L il 2 2
B HZLIIRDTHA), ERER T =72 AR (Bl 2 1XMnAs) e O VAR (FesSi, CoSi)DLH72FMM
AL AFENGAL BT REUTHWEGSITH AR RDMFHILTOD, B2 1T, MnAsiZGaAs (001)IZxL T
B A AAFE AR EE R, Ll TOF 2 —iBENMEW =0 E R @) &M= 2N TE3, FR
(DIENAOIC Tl T ZEDTEDLENVSTFRRE Th D, FesSildGaAs K NSl xf DAL JE AT 27K
ELTHWBIL, FesSikSiDZE R il D AR BEMIZ B W UIELWER1IH L, FiflZ/e~>7T, AIN
TR LT FeNIZH U CHUBR AT WO AR ARG 60%) 723 EERAVIZEIIS L TR0 | Fe;SikFe,N
XA TOER @A) &= T L2 D B L e D Z LIRSS, DT =7 ZAR RV AR AL
THAINN, B IR EIES TR,

2. =T RE — N R NTT = TR THID AL - T3 1S AR RED 72
100% A ARMRLUIZAEF Cdo BT , AL L AEAT A IR THEDBITH D, — RN, N—T « AZ )L
I3 ZER ()L (0) 2 2 T D, JREEAIIZ, 100% A AR 7o & J@IE, - EIREDERIRER NS DORE
Z[AlBES D720 DR RVRERRET L 2 7 N e BB LR, LINLZRIND, /N—"T « ZAH LD AL U ARFRHRIT K
Bal 20 2 0D T LRI B2 D A& TR A 7)S Al A AR RRER I DS/ N—T « AZ L EESNDHR
L SRIEAD 400 K OIREFFA CTlIfthod FM ERBED AL U ARE~ 50%LAVRS7Z2W, Fiz, HE8 Rkl D
SR T B K s BARRY S DO AL AR 2 K& RS DR E E7aoTD, R (GaAs)~
DMFFSN AR TRV ERINAL U AAEADNRESIVTNDD AT, /N7 « AR JUIARTZFR () i
L TRV, BER(AFRERBATREE R DTEA903, 2, 3 DIEEIRIERESIN TODRITAE A E AR
ELTHELIZH DI D050 FIZR L,

2. TEREMENSER(FMS) — FMS (Ferromagnetic Semiconductor)id -8Rt OMEE Z [RIRFZRF DR EFC
D, PHERTHHO T, BRILERAES ORI, 134T0 HERAUR 2 =TI 7D
FEEFBIINED, FAE DeBEITERD | FMS (It 8K FICE G ZEZ v UITRRER FTRETHY |
BHET e ~T S A AN DI ENTED, “FiTheE 8 OGRS =IO, FMS 13—
IR LORD TROF 2 —IREZFFD(< 200 K), 76T, FMS 1ZZ k(@) Zm 2 L7ew \, ZAUZBEL T,
TR ORI TGRS NTZ IO, BUENFEH TiIH 26 DDV O0 DI IS D,

REZ -« PR/ ERE (SPIN TUNNEL BARRIERS)
SR E(FM) B & BIR D ] DB XURE RO REREDV RO RWAE AR AL E T 5, HERIT R
TAE U L FHE AL O H BT ANDZENTE, T OAE Y T RV MR ERILE R E RO
7= Thh, FERELEL T, FM DAL ARMRERO K/ MG T JBER P DAL U ARERIZFZE P rlie b,
ZD“BRIRERE RS O RIEE R T 572012, Bz HET A EF RGO TR m T ke KIZe 5
WEERHY, I COAL U BIRMEZ M EE L35, R RV RERREDS [l 5 O WA B A /5,

FM & @75 B R A~DZE B LT A 1 N T Fe/GaAs RN S TS U= S A T AD Y 3 M ks T
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WO TEFESNIZNC, b RV BEBEZ TR T HT2010 . FHERO R I ERI T~ —ICnBlc R —F SN2 2 8
E RO TR A2 B IR EFS L TUD Y, GaMnAs T CREERLS V- B AL AitiRiL 60-70% TH D",

FEAERGZ2 N OV BERE I T M~ 1 nm) ALO; W7o BRI THY BB RDAE AKFR RS (]
Z 1 EFe/ALOy/FeCo) CH7-VHTIZHWDILTND, R FILBREEE TS | &5 A LHEISN - IREEFFH—HRIC
& B B LB % Sy S D IDITIE RSN DM E N B DN, Z DIGRRD N FF O A0 d D, T
VT 7 AL CTHERES V=T V2 b L [EEEI L AlGaAs/GaAs, InAs. Si. 777 = ~D & EIHDESH)
AL AENIHNDZEDNATRE T, FHER P TO WAL AR FZBLS L TUVD, SI0PHIO,D K578
high-k M4 Bt & W S 7o DR S Si~D AL U JE AR L THEHEIS N TV D, fidab L7=MgO I
Fe/MgO/GaAs, CoFeB/MgO/GaAs~7 HAfiE CO R R/ VEREL L TR Z D TWD,

N RBEREDN T BV T 7 AT e<FERE DS D THHIRD N RFRE, FrICFMA& R E o /L BRREH
(D/v% DENTERLSY(S, p, ADTIFPEDFEIRAD AL AL AR 5 B2 F % Rl 2 L% B

TS 9552, Si, Ge, M-V LAY 18RO SO 70 Bl S 2 B8R DAREE | FeDSERAL L« RUR |
MgOI\/Z/I/I?a’SSEEP@{z:TﬂxH(ﬁEi ETONVRTHD, 1E-T, B EFeD ZEAAL -1 3Fei D 8k
IR BEEARLS P HENARG AT 99%E X DAL UARIRRN T S S5, Felay bkl
Fe/MgOhy RIVEEBEN DD B AIIAE U 1EAIZEVGaAs (001)F CIERSIIZAE ARRRIL, EO S R%
MUEOFEZHIZLTNDLIZEIZEDbDEEZLND, KRERY XV PT(TMR: Tunnel
Magnetoresistance) 5 F-t,MgO% ho /U FREE L LIZ B2 A1V TERLIL TS, L LRas, Bl T
WATMRIGIFEERIEL DB HHE MT/NSVY, (1) AU R LRSI (2) BUEE) & E—EOERDO =1L
FEA, 3) &REFEARDO KBTS D ay M EEE, (4) FiE CTHEUD AL UARFNZED AL
HFEACET DMO BRI T D2 TH D,

2y F 7 I AT R U CEBERBE SN RV B OIS DRSS TV D, )8 -HE i iA-4 8
(MIM) > RV BEBITRL T, 500 psEA FOIEDS 200 psbh RO 4 fiEREAFF O XA — aE(XMCD)%
FANWTELN TV, BRAE L SV TICBITDZDOXRAA— U T IE, ZODAE L LT /8L T e A
AT L TN DD EE BN LT RILT V7 ADIE R A LED B AL« L7 B OiBFE Tih o ',
INSTRRRBHE. BUBHN TR T Y 7 AD B AMEIDIRNAE Y s ML s NT U AT 7« AT L 7 R ~FE
HHARROIRDILN TR Uz, BT VT VE, W5 OBREDBA L DAL T L T T HIEAHI T H R
2L TUWDY, M RAESIZBIT DA RROBIEN A v TF o R E A HIIRT 2D THIIE, ZOWFEN
AE b RIVERER I R OBWEREE 2RO HZ 872 D125,

ARG NS AKT e TORE ik

(SPIN TRANSPORT IN SEMICONDUCTORS AND THEIR NANOSTRUCTURES)
AR ZARE Y DEASIZ1L T WO D FE ISR TE, AB 03k, #8E, S aiicae—
LU RBRDIRNZENEETH D, FEE P OAE Gk BT D58 E, GaAsDLORI-VIED HHEER
FEERTITONC, A ARMRIAKAET 2T O3 HFHANEE S ) BT, v T DAE A fRfis
A F T AT HESECTERINRINAE G205 ThD, low-Z (99 VAL - BJLEF HAER ) &2 FF O IViE
HERI L TP HISNAAE L DREFHMIT, AL fE &4 VD a2 b DL LTV, FM4:
B2 N 21X Fe, CoFe)) HSi~DAE AR+ 7 DELIIAL U EA LRI LD AR ik h3 5
AESLR P 30%E LI E LA EO BT AL ARSI E S TD, MERESEL E COMAL i K&
ORI DAL B CO AL AR ER O R FH ROt — L U NS 2RIV REN TOB P2 B b i 5
AL THDE, AIZRAEL L CEAF IR A U & W T, IO B, AL, a;u%tﬂjbbffﬁ%f%é:&
ZRLTWAZ LIRS, LLARIND, I Lo TSN A BES 13N H7-8 ik dft Bid4~T
IRIRICBWNTIRONIZH D T D, SiH D222 @R HilfEd 228 T, SRR 2 LRABS TN
;;)134O

The International Technology Roadmap for Semiconductors: 2009



HHRRATEL 22

757 2% BIRIZB W TSI R AR . 2N E CICHFZES It O -8 R LU 7= A i by
MEIRT5, InAsHHGaN, L TSiz & e fthod =8 AR LI I I BT, RIR TO AL ik
TIARTZEIIS LT,

IR TEMEF CHHCONTSIZAE s b L L TR I8 Th D, IR ITHEIE SR (> 70 K)y TOALE - #lEFE A

VEFRNZ L ABHAFEOBEASREEINHIL . 5L L CAE L FOE E<T 5, [KIRIZB W TTIH AN, filtd

B BT NPBCONT DAL AE AR ESIV WD, (BIEMEDH D 27 N BBIWEDHHFEREGHIE

DB & E D FHTFRIEL 25, W OMDEERT )V —T N8R DT )T AV D2 D TH 0|
BARE S CII AR AR AL E S T DA R T <700,

RECWERE pr=2 REF DI DD (MATERIALS FOR SPIN WAVE SPINTRONICS)
A APy VBT D7D O FEE LML, mREROAE A, i, B KR TOAE
WO ThD, T EEBRHERL DO LT D021, 2RO BNAE R AR, AL A THER AL
PR FICERRSIVRITIUTRS T ZOT DB O il Ol ks B L 70 D, BIRE AT, BERAE
BT DI R I AL SV T IR R ARG LU~V TF T =a Ay 7R DT T Tng
BB RECII~ VT T A IR e AT S0 BOAE B e AL A AR D VR Z L B
SHADM MR SOV TR 5,

B LS A U WEER B O VERU LB L S A FEARRIEE L, m W BFEi b(~ 10 kG), IKEREE (3t
T—LAT YR ARBEERF (D 72K 8 0.5 ns) ThHDH, AL SAIZRIL THOWDALDBURE R TR EIDAL
ToRPEHE A S 2 B2 X5 NiFe, CoFe, CoTaZr b\ \o72Y 7 MRl 4 BB T D, ZbD iRk
EBILE AR L 10 kG)E IR LD w2V — R EE(Ni 627 K, Fe 1043 K, Co 1388 K)&£FD, ZILHDH
B HODE)— 2O, S Var 7Ty h T —AEDIEEWETHD, AL R T OT e AT 13 A vk
U I e T — 2 NYIG)D K757 =T A M B AW THERIS QD o FER EICT /A= HE DY
— 27 =AM B BT DL S EIRRE TH D,

AU PEEP I B~ VT s a Ay JiEE R ISR T 20 R U BRI T U E T H5H 0D
BRI SZRE T &SR, VT 7 e v /RN 5 E B e SO FERDHS: () PHERER-ER
FEACEAL: Viem Oe), (i) WAL YT LT Thd, EEM BB EI O 23 AE %2 =5
HETICHOWSND, ZNSITE~ LT 7 a7 BB BiFeO; 7 mV em™ Oe')Th, B f1L i
BEMERBIS72 DHE A (T AR~ /L F 7 =t A7 (]: PZT/NiFe,04 (1,400 mV cm™ Oe), CoFe,Oy/BaTiO; (50
mV ecm’ Oe™), PZT/Terfenol-D (4,800 mV cm™ Oe™)) Th E\ >, “ARE ST AR IDDH) 3 HTRE i
R-BRMAREE TN, B~ VT 7 2u0A v RO T HBRNAA v F o TR EZ RO, FERICHE~
NFT i RTHI 100 ps (10 GHZ)DAA T L TR O Z EDVRENTWDN, BE~ L F 7 oA
VIREEIZBWTIL 1 ns (1 GH)REE TH D,

MERBRIICKTT 5 R0 7 Fa—F 3, AU ARG LT 2 O A R S5 am B E 74 1E
B4 27 DI BELENDHE D THH',

ST T o — P~ DD DESFF (MATERIALS FOR MAGNETIC CELLULAR AUTOMATA)
07 DI DK BN T < — b~ Z TV TN B E ST 7 A7 R WD O T, T
DIGER > O OB A HAE X > CRPTIEIE 2475, LLRTOBFIEIZIW T, 30-50 nm/EDT A7
RS AELE 100 nmDR Y’/ S —< 1A K IRZA— 2 aABESI TS, —SDOMCAD KRB LAt
MCANGAERRSNATUZ L > TEZHNHD T, HAFREIZZHMOMCAR TOEEMEH HEE Thd, —
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HHRRTE 23
B S R T ME A LEO A B2 WD Z 8 — D DRI CTh D, MIE DT 164 78 IR sl 7 1612 70
S THEALL T DIRE, BRI AY AT — T W IpiRiEE 5.2 ¥ A0y F 0 7 OIEHEMER 85T 5, 2OL
7R RSV EFOMBRRE L T, BAE R Cuti i LD T H3%L v /L Co', GaAs LD T H 3 /L Fe'™®
Si_ EDTE#F L Co/CulSHIHIL TS,

OB Tl 2@ T ZE THREREECT 28N, MCADIEREEL LT D720 D— 2D TFETHD, =
DNFIIMRAM THEFES L, B O HI N2 LI word/bithR oD 1 SR 2 B4~ 2 72312, BeET ki 7R
DIABZ IO KE 2B a2 T BRSOV DIZY, RSN ELRIZID 2 2D 30 1%, BRI
NF5, SHIZ, BEERL O A ZXDSBERHABIROV A XLLF THHO T, BV ORKIRREIC K& 70 B
B2 72V EBRRES LD,

BT T —FIXHNE L E R ORR T AT R Wb O THDH), ERALEFF >/ IV h-H4%
JEtEED SO/ fE @i iEE WA EL RIHE CTh D, ORI W T, BRAA B — AT L&z
Co-PtZ B 6 L T, RS A LT BERA LA R DB T AT RN EFES L TVD ',

- s (/T 7 21 2 F ) (MAGNETOELECTRIC COUPLING(MULIFERROICS))

BERAEWSESNE DFESIIAE L 2 W ARy ZIZ BT HHEERMEE THY | EER- WK~V TF7 -
BA Y I IEHIZ U DIERE N 2 BibtD TUD, BUIRH DM BHIMLR RS & 2 9 D50 B A LRk
PRERIEEAS LIS BORREHER) T 1Y, BRIVERT LIERIIRITICRE B3 D L R LD R
il B L DWALHEI LV ST AR ELHIE N AT BEIZ 72D, e ROBARRREI L 2y 78RS 58 EE
JEDIEIE 7257259,

BiFeOsl %, SOBBEMAR LA BIROMEZ D, 400 KiZmBEXR DA R 21— EEMoVLETh
%o HEEORE G TR THDD3, 7L TILZEHR RS TH D, (100) 7 I 7o 5835 55l £~50-60
uC/em’ ThHa'"™, ZOREREFIEACL > THRINDILDETL A ITHBZ O T, Ll BB O H
FEERHO0 DI ETEE T IC 60 pm/em® L\ 7= ML [FIFLE O EE 42", 3RF5 B s OE)3
BACHEURLFL2NZ LT, B FHEFHEIC LS TSN Q0D SOl 52 L
WS TODENS ZORIRAIRIFIXA S TlIe BB 5e 2 M BEE L CUVD, KT — AL RO HER
(2B T I R OMSBE DR EN 63 D HiRL M EEL SN TUVD,

B L 155 YR OIS S DO BiFeQ, Tl S E AORE X O BB I HEI N EAES TN D, BRRO J7 %
716 LLIE 109°AA T HZETRALE S 1m0 T MDA T 5, BT DRBEMEDOHIEIL, 2H AT A
LT, BRUCE D2 EMRAM ORGSR NG it H LA D)WW E O il ~DiE % 525, CoFeB™
574 1U< 1 CogoFeq, D 15 72 3R E (A & R BE MR BIFeOs D B D AZHiL A 7 AV ZBEI RSN TS, A8HaN
AT AFBEBENEROEAT VL R —T DT T b 25T, PRI HAZRFHEIROR AL DK ESITKLF
T2, 2 SAT A%F A LT 5858 (Co) DB LD TERMIAA v T I BT I e > THE S TR,
AL hR=I AT DBiFeO; DS HD FIREM A R LTe K& 72 7L — 7 2L —"Th b,

~VIVTF T =0y VRO BN THOD ORI THHEVIOMWEIIAL Y « T4 N E DT A AR TED,
Lay;SrsMnO; TG E AuTEARD [ ZBiIMnOsH L< 1X(Bi,La)MnO; D fE &4 A 952 L T, 452 ITHRL 22%E
36% DAL« T AN L TEPES IV TND, MR IERE DRI LiReF ML 2 0 528 T, hopr
EA BRI CO RSO BT 2SN FTREL 72D | ZOBIBIT 4 REATVHE R TEL'?, 22T
IRUIZZ 8, = VT 7 =n Ay I B O SHERENEI R DI ERE N 2R 7 L — 7 2L —Tih %,

HAH~ /L F 7 zuf o 76 aWNE, FRIEROESG U TRIEN A THY, X-ER~ VT 7 =i Ay
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BRI L 24
IMBV R T T DTeDITIZ MR E WA EOREZET 5, “HHREL T, MBI L LAY
EHAE DR LB, BTNy AT /e T — 2D - A& S HD' 1, FLEWITE D
BEREMEIC R L Tk T& %, MRS K- BRI BRI LB RAIA —F « RTA—Z LEKRA—4 - /)
TA—B DD EIER EUTFEAPDAETSELIEL AIRETH D, ik B IRBIFeO; RHA T IZHLD AL
72CoFe,0, 7 /&7 —IZHIL T, BRMNTFH RSN DAL RS TS,

SRt~ 725 g7 (INTERFACES AND HETEROINTERFACES)
ZNHOMERE WL TERIS = 3 R TOFE ORI E S E e 2 £ T EINITkFL, 2D
BRI B EHSNAREI TS HEN DK T D, A - F RV EREIZ VDA Sl XS HAE
VXX UT EBELL TERB7e, AR A WD, A AR I Z £ S R0EHITA
E U A BRI BT D BN DD,

PFTAS XS (MOLECULAR DEVICE MATERIALS)

SRR WAL 7 ha =7 2O RESIZLL FO4IE H Thd, OIERA T3 27 OAL. @
BE, @A NRIBICBITDE P, @0 TIRIER X TICHERE C& D My T3 X7 MEREA, 7 1-IRiE
DEALZEANWDT NAZRQE X, FERIEEN — EIERHESNART AT VIR EOF A7 Rt a2 9
D3, BUERFIES N QDL DIy F 5 FARE T 5T /A AD RIS 2 D45+ LB D= 2 7 N5 5
WIRT U U VRRRES | RGO LH72BFRIE XS CWOD I R 2D, T2 21, ERWIAA YT T DR
R, 5y F-&a B OREE AR BT R - L D BAERIC LD LR S5 1017 — 5 5T /3A
ADEEFIA M TH D, 72E 20X, VR ITHAL 51T 72 ZIEBPDN-DTO LH72 2nmiEED RS
DY TAE, [F7 PIRBETEGQ. T4 PRETH 100MQOIEH A 7T, BAR 1~2nmFEECTHLHD, =
DEHUTIGW / m*E ) ETOHAR EEEIINT/25 (£ 2) . ZAUSKT T DR RIT oy f 2 i E L 7 ha
=JAD—FEL THEIZETH D, ZOIHTT L, H&RL TV ST DNARE CHEEENFHES
NDTEAHYD, D B+ _EFNIGA:C82 D BN Ty T &Iz 20mD T/ T VP ThD, ITHENRIC
I Z B OEEENFESN., BEFOEEIICAAA L DAL AREICHURI 725, TS AE b
=7 ZADO—HITHDY, HAFHNH BERACH £ ARSI LD, 2OV STV AT AL T S AD
FrEIZD X EWOL ., BEEEREKAE EBLT5ThA),

DIREED 252 | & EDEH

(MOLECULAR STATE CONTACTS AND CONTACT MATERIAL)
BRMED BN F AT — DT NARZART DI, M ERBR = 27 MRS, 3 FLIERD
AZTRE Ny T A T MR F B WIHE T DB S (T 3) . MG BHRF-2555 FBLA ETD
P2 IRRNTA=ZN TN | BAHRIE ST A—Z A T2 VBRI END, 3 LR b N by T a
57 O IEL BRI EEZ DN T DRI LE THY | THUCIDERNE D@ = 27 b e F28LTE
Do

ZIETOHIEIL, 431D HOMO Lo B I NARND T 2 LI~V 2412 DT O N AR B O H B 3
T HZLITENIENTET, 2DV AT NI H TNV THRLT D 1 E LIV EFED, 4y Fiik,
Oy B E D FCED G SV TEIZD, ATk 63 DR B filfH 3 D FE T ETE A B
%, ZIVETDIAE OWIFRIT A M IZTF A — VI (B R 1) 2857 /A — /L ORI LT B2
(ZHEDUTETS, 2T S E A2 RO ST E W, St OWFETII S F DA 2N BEZ 5D
ElE RO U DM E TN N B BT ALK EREENHH L) TN 7373 TETZ, isocyanide,
cyanide, dithiocarbomate, dithiol, alcohol 72 EHT L V-2 27 MABIOBAFEIZLD 480 B8R ~D L E
THBWED BURAYT a3 2N FEBLITED,

VL~ B T TR A BT 5 T T LB RSB IUE T, RO B L
T BTN RIET BRSBTS TETA . Ak, FRDSBETHD,

SRR T EI# (Atomic Switch Materials)
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JRA-AA T IR, Eotiafe CENET 223, @RJRF73 2 D Fiffie R E R A B TG 35, Sild X
IR BRI LR - DT A | nanoionic AR — & [RIRER AT = X LT LA 05, BIEA 71 = X 4
LB DD DL TR LB T D,

(GRIE)

(1 1) 43+ 73 A A2, molecular state device, molecular device, 72E il & DL FREFHT TOVBN, DO EXIE
AR, BiEII 0 OFEIREEfED

(E 2) IGW,/ mM*DFES]: 37T N AADHEDN NSNWZ LA B2 Dl | [Al—HERED PR AT KL AR
B VEEICRY, BIARE L CERMEZ /NSTEDLIEND, VAT LY T=01HEE L FEUHERED
RO ML, BB B rTREE FFED D, Fio, MEEE Fdat— L AR HIZRAHLN TE g
EZBNDHDT, Froy 7L 12nmAHE &4 TRV THEEEI T TER Y,

(7 3) oK ZOEH I 17 A ADFEE 2 Vi - C, — NI L 7= REEL E (22> TERY, 701
%R BICTREICERYI% B O Z I NETERR T DI EESERICE TS, AKEF AN FRLE 3R
AT R D,

HFrRZEAEY FA4 B Emerging Memory Materials)

R ATV LU TG & RIGUE, T30 H o RZE(ERIAEY(FE FET, FeRAM)EIRHTZALRIAEYIZ Sy
SN D, LT ZBERAEY ELTUE, T/ EXERAAEY (nanoelectromechanical), AL ik ML
A%EV(spin transfer torque MRAM), 157775 AEY (macromolecular) X571 A€ (molecular memories).,
T 1-%hHe(electronic effects), 7~/ —-~/L(nanothermal), /A4 =2 AFY(nanoionic memories)H T Hi1
5o ARVICHWOLIWTODMENT, I —RF I/ F2—7 /U4 EEERBERILY. EB&RRILY.
WA ELD DD . DO BB DA ST S S R L L ThITHiD, ATV RBHERREHT
BIFDFREMEERELT K 6 ITELD T, TOHTDOELBEE S BRI EER SRR EZ IV THDLTED
o, B L EHZ BRI TRl iz T 7=,

Table ERM6 ERM Memory Material Challenges
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Pinning Layer: Complex

Low leakage passivation of tunnel barrier: stable through

Application Material Potential Advantage Key Challenges Goal/Target Status
Complex Metal Oxides Interface with silicon - defects at interfaces - compatibility
with silicon Dit<IEl lcm-2
Depolarisation field - control of charge trapping data retention 10 years
at 55°C
Ferroelectric FET Memory retention time and fatigue - choice of metallic Cyfling endurance 1E5
electrode write
choice of gate first/gate|
last for processing with
regarding thermal
Carbon Nanotubes or High on/off ratio Stiction required for a stable state requires high voltage for
patterned thin film structures switching. Operation below 1V
Nanoelectromechanical Contact reliability due to frictional wear in switching Cycling endurance 1E5
Memory write >1E9 cycles
Scalability
Reliable operation Nonhermetic packaging]
Ferromagnetic Metal: Co-Fe |High remnant Scaling the etch process to small dimensions without
magnetization shorting the tunnel barrier TBD
STT MRAM Tunnel Barrier: MgO High spin selectivity Identifying a tunnel barrier with higher spin selectivity TMR>1000% MgO~70%

<10% increase in

Contacts that don't migrate in the applied fields

Metal Oxide 1E5 Write Cycles 1EScycles 1E12 cycles
Macromolecular Memory Polymer Low Cost Reliable switching mechanism 1E5 Cycles >1E6 cycles
Metallic Nanoparticles Determine the scalability of charge storage with nanoparticle size
Molecules High Density Reliable switching mechanism 1E5 Cycles ~2E3 cycles
Molecular Memories Contact metal Deposition of the top electrode without changing the
molecule TBD

No metal migration

Electronic Effects Memory

Charge Injection and Storage

Transition Metal Oxides: e.g.
Cu20

Complex Metal Oxides: e.g.
Pro.7Ca0.3MnO3

Scalability

Nonvolatile

Determining the charge storage mechanism, its scalability
and long term reliability

Determining the charge storage mechanism and its
scalability

Understanding the role of vacancies and reproducibly
controling their concentration

Complex Metal Oxides and
Transition Metal Oxides: e.g.

Scalability and
nonvolatility

Determining whether the electronic transition can
reversibly occur with or without the first order structural

Mott Effect Memory Ndi xSrxMnO3 and VO2 phase transition.
Determining the thermal control required for reverisible
operation
Complex Metal Oxides: e.g. | Scalability and Developing reliable reproducible interfaces between the
FE Barvier BaTiO3 nonvolatility tunnel barrier and the FE.

Determining whether this transition can reproducibly occur
in polycrystalline material

End of Electronic Effects Memory

Chalcogenides (GeSbT e, etc.)

Lower switching energy
than thin films
Higher thermal

Mechanism to decrease power for thermal switch

Growth of the nanowires with controlled diameter

Nano Ionic Memory

Mechanism to decrease required power for the
electrochemical reaction

resistance
Nanothermal Memory Transition metal oxides Scalability and Determine the relationship between the material-related Cycling endurance 1ES |>1E9 cycles [A]

nonvolatility process (e.g. deposition, etching processes) and the write Retention >10 yrs at
reliablity of the memory performance (e.g. endurance, 85°C
retention)
Determine scalability and reliability of the technology

Complex Metal Oxides Scalablllt)./.and Improve the stability of the eletrochemical reaction
nonvolatility

Reference for Table ERM6

[A] Z. Wei, Y. Kanzawa, K. Arita, Y. Katoh, K. Kawai, S. Muraoka, S. Mitani, S. Fujii, K. Katayama, M. lijima, T. Mikawa, T. Ninomiya, R. Mivanaga, Y. Kawashima, K. Tsuji, A. Himeno, T.

Okada, R. Azuma, K. Shimakawa, H. Sugaya, and T. Takagi, R. Yasuhara, K. Horiba, H. Kumigashira, and M. Oshima.

Mechanism."Tech. Dig. Int. Electron Devices Meet., 2008, pp.293-296, 2008.

B/ FET (FE FET)
JRa%s B RFET (FeFET)iX, 7 —N#{b#E L TRV -7 ﬁa%?-éﬁx”ﬁﬂj%@ RN EETENT 2 HELAHTEEFIHL T

7‘_%%) T&b, FeFETIZ
BB EM

BRI
ANTHZ&

WERTIFRAMD F 1T R0 5, 7Y

BITAHREERMEAEYEL TOFERFR

“Highly Reliable TaOx ReRAM and Direct Evidence of Redox Reaction

ORIEREFRF R AN e U a L L
Ry 7 TH5H, HIO, X° Hf-Al- owotor‘oc%@{z!:ﬁ%w:/}:%ﬁ%@ﬁ:):'@ﬁ (ZHF
(Z&o T IR ER R R AR 2SI 1) B9 B2 23 DI TS, FeFET~DF AR 3R 1T,
B RPN NSWNZEDRO AL, 9 THHNHIZTYMnO; (P, ~5.5

nC/em)NZDIGEHICHEL TWDHEEZ LN TS, — 7, L DOWEIZIAUZE, PYSBi, Ta,0/Hf-AI-O/Sif&
JEtE S A O C BRI RS TS,

7B EATY (Nanoelectromechanical Memory)
ERD DFETHIRANIZIND, B—R T/ Fa—T7 LT OMOT /GRS ZOF /B AATY ik
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ZINF TR D 0t R oo TD, ZOAENL, B, HDWITH HssOMEIEM AR BEI 52 L,
TROBIGEHIINT D2 LI Lo THEEW D X | RSN vy 72 EBRNIERE LD, EDHix
Ulol20 42282 E>TEWET 2, ZOATRVRFEZEMLT HEEHIT, ARFBENE L) — OB
FELT- EFHEN NI T D70 E | B DFRIR R EFREEN DD, AT FRERIE 10~100 T/ FTH D3,
R LI E > THICZ DO EmE LT LB X DT LT L,

RE Rk L2 AEY (Spin Torque Transfer MRAM)

ZDOAEVZ, WAL D M EZ AL F TELERBESIEG B ORI E O R B3> Tng, FRETE:
Giant Mangetoresistive Cl372<, Tunnel Magnetoresistive LRCa T ~&, ) 0 EARAYIZIE, BORIEIERE DAZ
BE S I RO LD M EDRFEE S CODIREEMERIE L | A B BERE A R ORI E | 2L T b
AT D2 LD HPRDFREEHARIE D DR S IV T D, 2D DM EIOFF D AIREMEIZ- DUV T, beyond CMOS
T A ADEI TSI D, ZAIHDAEY T/ SA AL, TRIEMER SR RGP ER S B ORI S DT L), KKk
WM AE BN~ VT 7 = v MBI Oib B RO 2 L), Z L Ther A (b 1V IEREfE O iz 2 1]
DZEMOAERRLS IV TND, IEFBRE ST AN AL AR 2 5 LT BRI bR e S, BEEEJT A
M ECERA T ZEIZ Lo TRALD ME A ILIEVIZ /8D, ZOHINZ#EH T 5128 72> COMREIL, BiRFA
(ZBITHEHAL VOB Tl b IREE 2 3 7o DI B A RIE ML BN 8T Hh
2o

FHE 57 THEATY (Macromolecular Memories)

B E I FIEAEVIL, BEMEN D ZEH LR~ —03 2 DOEMUENTAGED D72, FHERRT A
A ERD DOAEVOHITrREd LI, HEMERNEL L, R, SER7, C60, ARSI ST
DD T /MBS T D, BELVEIT, B RRrah ERIEOMH L £ OfFEMECH L rTRErEC
DNWTHONZTHZETHD,

DFAEY (Molecular Memories)

Beyond CMOS 777 A ADHE SO L,

B FRIRAEY (Electronic Effects Memory)
ZOAT) OB EHIEL LTI, B, T Me, b EARREEE RN DT 6D, Z LT, TDOED
SEIZEBWTH, BESRRIMHDWITER SRR ATIIE VBTN,

BRF>>7° (Charge Trapping)

ERD D E THAMRDIEY , Fowler Nordheim b /LRI o> THEASNIZERAS, FFEARD K fad D0 %
HEMET RSO L, ZORRELTHERE H O R VEHI LT D, ZOFHDAENIZET
LHEBERAEIL, Ay T IEOEFENMETH D, B ESILOBRIC, R K MpZ R FHRL CLE
INBTHDL, BRAHNNZEY NSRRI EINAKIEL T, A A B DZEFLN RS, £ L TE
FEIMZEDENLABE#T 5,

ExMiEEE (Mott Transition)

HHRR T A AREICRBIT DAY OEINCBW TR IZIN, #EL OB &R LYH DO ITES SRR
BB N TEY MEBRDHE SN TS, 22 TEIEIADEYMEBLIL, 7 —MNEEICL> TEHRED
ZAbL, ZDOZLIZL > THIERISINLH B B- RIS 2 BT 500 ThdH, ZORhRIXTRERIE T+
ICTIRESNTIZLOTHY, %0 DKL HlZ 1TV, PNSMO P IZ B Tl | AR S BLHIS L D,
HL, 2D 1 WIS NAA YT 2RO THH20IE, SaBIRE LU T IZLR T UL T b O EH IR
REBIZEIRLV, F7o, BT OIREEZE | ARSI O CRERF X O 5 2 &3] &7 D,

BESCHIBEIFTREZR 2 RoTEA T ARBEAEV T Eive, BEBIBIR )OI 2 8D DO~T B HIZ B
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T, B B-AEFREEE N RESN T, —F 2O SIS 1T HBEHR KO EENZ SV TIEKIRE
LT R %< BAHE TIN5 KRN E SO I ERHEZ MR b DL LTS, IR K
ROBEZ BRSHAEL . B<HHHTELIDITMRDZLNUALIR->TUND,

HEFELKLHE (Ferroelectric polarization®)

ERDDFE T HZ L7 LI, TRah AR L, M S U7 b R VRSO e 2 8RB 1 36
5y ay MR ZE B B 2 05, ZOFEREL T, T A RICBIT LR 2VEGE AR ST 5
ZENHKD, ZoXo b xR A A W AT ENEN, NdGaO3 HEAk EicER s
BaTi03/La0.67Sr0.33Mn03 Bl db i Z 3\ T, 7 e —7 Hiflia W CEIESH T, Zoddiic ki)
LT, B EARE N VB BRI, £ U CEER ARG D T O L E 2 A I RO b &2
AlZBD, Fr RIVETD K Moz AR UUSEREN LT D, HDOWTZE DKM F il T 572808
MEZHND, BITODREEHIAIT, ZDIH72 AT T A APRKE RN S B2 LB ST 500 H5
WNIFERE SRS HE A BN CH RO O W ZETH D,

T/ =~ AEIETEF (Nanothermal Memory Materials)
F == ABEHZIL, Va2 T AR EING725F /DU A EBINZ A LT DA LR BN B E D, L
L5, ZNHOEEFEITIRE > T,

2T AR R T —~ /L (Chalcogenide Nanothermal)

TN FARZREEE FHWZ ATV X, PIDSICCHASI TS, ZOHICHITH T/ —~ AV FE T /T
AXNBRDE DO ThH > T, X AA—REOEMIEOT Va7 T AR O SiEi b2 Mo Th o, /7
AVIZIBW T RO LIRIEL SO RS ERIEDS . BITHE DB S > THEHSND, ZDE
FHEERS I, DG A &L T, JIDHIENLCT WEB 2 LTS, ZOEBEL T, T /7A4FPIZEITS
T4 ) IRIEDRONDZ LB Z B TND'T,

BEBF T /Y —~/LET#F (Oxide Thermal)

A2 —~ L AR TCU, AREM T 7 4T A RNEREINC I > TSI, RERPTIRREN
FHIND, FL T, EBITEWVERPIHENDZEIC LIS TIATAMIBNRAEL , ERFURBICR S Z &1
7250 AT BBAT AREZIITD | O OBEEFBELSRIES LT D, Tz EOEMERIED 5
HHENSLN DO E AT DI LN T L /2> TN A4 LR KA AT VEEIZ I CHE 2 A E
ERIELCWBERDONAZEND, ZNODIRDEENE TN T HZENVETHD,

F /AT =2 AFY (Nanoionic Memory)

T AT A MEEDORIZEBN T, SR EREINDEBITEIRIEIH D NIF IR — TS, SHICE
ABEIIENAHZ LS T, H—DHLWFTEBOR BN ZFF o727 4T A MNEMREICER S LD, 2D
(RIEMET AT AN, W ST ADHINC Lo TS EHILDM, 71 T LEEEZBERNT 5281285
THAESNAZ LIS, B b Z RIEZR L TYERIL TR<ZEN, A7 REDOE AL CLEIFRE L0 D
REt72 T 4T A NERSA A DT DIZEHE R Th S, BRHINCE > TR DILH T 281805, ZOAEY
DASTENEICIERSE T 270D, o8 72b1E, BRI EBIE E L > T T DR FRILHS, Bk D
P2 LI Z TLEIDNDLTH D™, &I, R— U BIRE DM A B Rt T 520N E
FCThHD, AU L S THA A OYEBDNES AU, ATV T A AOEWEEHE 2 EXE52 8
MPHRDDHThD, SHRDMEFFII LHRICE ST, B A AU BAETRADNSILHL TLEDRNID 22 E)E
WEZ BB HZEH HERE THDH, L TEDIHRG ATV TS, R KB L b EimrfEak O
N EERRE ChH D,
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LB IBIRIEHT FHE F517 57888 (Complex Metal Oxide Material Challenges)

BE @RI E AR R R T EVOMEEIL, ZhODOM D R8T E R0
TLOZEAL, TERE RN, HiME, BL BRI GNERE) DB EFE DN TND, IS T, 3B+
DENMERS JOMEHENEIS R KB (2240) S E D X728 G- 2 D0, L TOK LN EET, fif
WHZAED TOTZDITIE, SHRDIITERLEEESND, SHIT, A S BI LY THERS DR Emo~T 1 5t
M Tl ISR T DB HIREEREREOVENEDLLE DY . ZOIH72 R EIZ DU T O IR 72 B
FEDSREAUL, BTV VERECMED I IRIZERD D, ATV LB AR~ DS I T, 400° K
VT S CHE AU B DS TR PR TC VDM B R DS LSRN S L B 70 D,

WIOFREI ., KEGLELNNE S-S BIB L OMEIZE DIH7REEE 52 200 %L, vk, #1
DEMEL COD I EFICHEIL QUK ZETH D, BEE KM, A EMEOHLCHE T DL b5 &L,
F7o, LA, EEEMEESBIRE O T A A 1D DY, 0I5B b0l & % NaITTH 254,
T OEMEGR NI LD BN 272 DI HE T O G EATHIZ LI E DN AIREIL /2> T B, T, 2D
FORRREDRRS 2T U, EE SRR OME 2 E TS QORI e,

FAERBHC R 2T 52 Lk > T EOINTHEENEAL T D00, T2, KGO ERSCHEIOHE
13, MBHZ &> TOARERIZZIAE R DD ENEbUEET HTENFIRER DD, L TWOKZENRLEEND,
MEFO ARG HNEE DT IZ IR BT DENENEHELWGEE | B ER T mERCBIT5 T RICE->THLIh
AR CETHD FIERNLEEIZADIEID | DN TOHEROHE b MEC 05, i CEBEE
B IBRART- DM ERRE T AL L QUK IER, BFOMETHD, ZNHOFENZRBIT S, A7
KRB DA, AT T OWREER AR 2 T T 5ZEbHETHD, AT LT DEAFTIVAR,
MR L EMEZ TR~ CO<Tod i, BV 3 LU ) a0 NSO RN I T, £, ED
FREOREZOE DI 708, (BrCmsy) 23, IRERNIM B LS E D K IEE SLDIZL TWDO0, ZfiFf
HTLZEHEETHD, [FIRFIZ, NRMEDOS; (Bm0Es) 0 R—v 7 BA5%, 2R AL T, Kiax, &
FOEMEIC EE TRV EBICBEIS B A LN ATRENNE 7, F2, Rfaa B XA P AL TLEIZEMT]
BEDEID, & RO HZ LB THD,

BRI Z N D FZA~DISHICHTZD ., FIRLL EIZhl-> THROE RS A 2R OMERREZ W42
E, ETITRETH D, FrEOIRE TR ERB AR A& R FF CE OB T OEEAZE T €, BB DR
EREEZRENE DI T DO EfRITHZELEETH D, Fil 21X, IRASHEFETE AR CTHHPOTIO;,
BILOHEFHBIRTHASITIO DN DL S A R LB RS 715, S i3I DEHEDEAITLY, Hr
LV M (RIS T DR E 225 ME 600 (22T D5 ER) g™ 100 418 R o22fLIZ = kR
FHASELDT, ZIHKERLZE LA HI DA, )—C, a1 R097<, 4007 KfHEETENERRET, £
Ty T A AN LATRBR R E S A FFo 7o . MBIOIEREAT A 72T UL, ZHODOMEHZNES IV TW DB A
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Challenges for Lithography Materials

Material/ Process Potential Value Key Challenges Status
Positive Chemically Amplified Resist Evolutionary Solution Ability to simultaneously achieve resolution, No ERM
sensitivity, line edge roughness and pattern collapse
margin
Positive Non Chemically Amplified Resist Potential decoupling of resolution & LER Requires a high intinsity image and need to improve E0<50mJ/cmz[a]

etch resistance and pattern collapse margin

Negative Tone Resist

Reduce LER with high resoution

Poor performance with phase shift mask,
microbridging, and pattern collapse margin

50nm LS process margin close to positive resist[b]

Spacer Patterning Use Conventional Materials Multiple process steps and lithography steps required. [No ERM
Pattern collapse margin
Double Pattern Use Conventional Resist Pattern collapse margin No ERM

Single Expose Two Tone Develop

Single Exposure and single track operation

"Achicving symmetric feature spacings with postive
and negative tone developers and pattern collapse
margin

38nm L/S demonstrated with low LER and improved CD uniformity
with 1.07NA 193nm Immersion[c]

Double Exposure Resist

Single Track Double Exposure

Identifying a two exposure molecule (D2) that reverts
to the initial state without the second exposure and
integrating in a resist in the required timeframe and
pattern collapse margin*

Modified tethered bromo-anthracene system showed evidence of D2
behavior in solution, and apparent reversibility without acid
release[d]: Need to demonstrate in resist

Positive Chemically Amplified Resist

Evolutionary Solution

“Ability to simultaneously achieve (resolution,
sensitivity, line edge roughness and pattern collapse
margin*

No ERM

Negative Tone Cationic Resist

Reduced Sensitivity to Flare

Microbridging and pattern collapse margin*

Molecular Glass(MG) Fullerene achieved 20nm hp with LER 2.5-
4.5nm with e-beam (11uC/em?)[e], MG-Epoxide achieved 25nm hp
with low LER e-beam (38 to 22 pClem?)[f]

Negative Tone Non Chemically Amplified Resist

Reduced outgassing

Achieving resolution, senstivity, LER, etch resistance
without microbridging, and pattern collapse margin*

Resolved 60nm isolated lines with EUV exposure of 5-6 mJ/cm”
with lower outgassing than SELETE Std.[g]

Inorganic and Inorganic-Organic Hybrid Resist

High contrast and resistance to pattern collapse

Achieving resolution, senstivity, LER,, and potential
defectivity issues with inorganic materials

HSQ printed 20nm hp and LER<2nm with EUV interference [h]
Zr and HF based resist printed 36nm hp LER <2nm and RIE etch
resistance 7X higher than thermal SiO2 [i]

Non Chemically Amplified Resist

Reduced outgassing

"Achicving required sensitivity, resolution, etch
resistance, and pattern collapse margin*

Resolution of 35nm L/S[j]

Best Reported

1. Neutral Surface Layer

2. Assembly Control
-Graphoepitaxy

-Surface Chemical Pattern
~Hybrid Resist

3. Supramolecular Options
-Di or Tri Block Co-polymers
-Di or Tri Block-co-polymer/monomer mixtures
4. Fast Annealing Options
-Above Tg

-Solvent Annealing

>Higher density features than lithography
>Reduced line edge roughness

>Ability to generate required features at a minimum of|

2% higher density than achievable by best direct
lithographic methods

>Ability to achieve low defect density
>Annealing times of a few minutes for all patterns
>Reducing process complexity

>Ability to align features to previous structures
>Etch selectivity

Minimum Feature Size: 7 nm (lamellar pattern)[k]

LER: 2.2 nm (on 24 nm linewidth lamellar pattern)[1]

Defect Density: 1 part in 10000 (sparse chemical patterning of
hexagonal array of cylinders) [m]

Minimum Annealing Time: 1 minute (dense chemical patterning of|
lamellar structure [n]

Patterns Demonstrated (Y/N)

Double Density Lines Y [o]

Double Density Square Contacts N

Isolated Lines Y [o]

Isolated Contacts Y [p]
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L A48 (RESIST MATERIALS)
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Figure 1 Thermal and Mechanical Properties of Thin Polymer Films (left) and the Resist Film Thickness

Effect on Lithographic Performance (right)
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Figure 2 Ideal Acid Response of A 2-Stage PAG, after 2 Exposures, at the Pitch Limit of the Tool.
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U AMBRRD T D M AT IINRE O BN BT D, AT VR R L O AN K a3 E S0
LER/LWRD T F o T HR 5| Jﬁ T ELLLIZ, TU M RS 1OFEAC EO AT E =& LI CREM
BRERMETHD,

EUV FELFBEIERL T AMAEH EUV NON-CAR MATERIALS)

AR R L VAN EEHUIWHERE I C L OBERE T2, (LR R LV AMERE CRIZES A LRV T TN
T ABINEIINNEIRTZ D> Ty, PMMAIZEUVEE T 20 nmE TDTA L/ ANR—ANE — L i3 1T
WD, BT EETH/INSZRLER S EIE T B2 IR A 7R L2, PMMA O XA R ISR e 52
MR U ARD 5 {5 RKESMIBK: IPAIFIRIZ LV BUES 11D, PMMAIZBEIL T T A=V HT-OD T
"I 24 F R 1EI4 FRELBIZ2S -, a-TrifluoromethanelZ{EHLL 72 PMMA ***| TEUVIIN A3 [A] 45—
FCT IR ABIME L7, EUVEESGITHRL =LA, 50 nm 1:1 TA L A— 25— %4 L. PMMAAH
BOFTNLD A5 EREE R U, VY ANSE | TR = F o Vit m Bictel T RYALT
U H S R OISR B — 7R % —Npolycarbonates| &7l L 7=, ZDT AT A% 35 7°5 50 nmfEEDTA
L AN— AD RGN EZ TR JELER, £ L TPMMAIC L CTEE 2R LT-2, EUV T Y —= 7 S
poly(1-butenesulfone)i 50 nm/~—7 &y F /34— EfGEATRETH D™, FLFHEERL VAN T FEH
TH720I2, BAFREUVL VANEEAHERFL DD BT 7 TR~ 2oy Fita R 3 2 &N B B EoR I H &
125, T TR~ Ty F it BT 50 THEIE7 25 23— TR L . R IR S Liau,

U757 Lk ~D i DAL (DIRECTED SELF ASSEMBLY FOR LITHOGRAPHY
EXTENSION)

P A CARRAL (DSA) &%, TRIRTREZR IR, HES 7 ~HE, VY 7T 7 4 TR LT= "2 — T | T
DIGFTCRIT D H ML S F—> OBFIZAET, 7 nm ETOYA RFHRO A SF— L ~DFSI LYV 7
T AN B TR BEE 72 UL D SEHE I DWW TR 215D CU0VD, B8 E Ok bIcEa 45
A% Tuble ERM7 \ZFLD 25,

HEZEEE (CRITICAL CHALLENGES)
2 DSA NEHARETHVFLA e/ — =0 T FETHHETHeBIE, D7ait Z40—FK0/hEn
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BRI EE 37
SHESS, WH VYT TT NI D HIETERT DI “(EOBERH T HIrLOMEERE B CEa QIR
720, ZAUE, i#EE, LER, LWR @ HEEAS, 224 12nm LAF, 1.3 nm LT, 1.7 nm LA RIS 95, 2
DOREERIZTTOREERICBL TP ED LI HATIC AR MEE E TSR TUIRDRN, /37—
DR EFE TN DD IEBRRENS, — A2 A T4 7t ZAELRAESCHERF 120 200 300 mm 7 = —/ ~LPR
DAN—TyMNIAE LR TIRBR, £, _E— U FiH, BRASZ— P A X B RIGEE, =T
MitPE, 7 o AR O BLEMR Y | A L7 — R OR T LN DD,

BHTHAN (STATE-OF-THE-ART)

AR OB L0 AT CHEBA 1S QBN EOMEIE 7 mE 20/ EhEd B T TOERIE
AN T ZEIXHR QO N eV 2 Th D, 7y 7 AR~ —OFFE A Ok LI X IR E Sz Ext
PRED G — 2 IR T ED, B2 BDIRL DT AU [ ASR— AN AR E O FEIE L, b
TR EROEIAE A ThHAD, BERIGIRO Ty M OHET 2 ATRErE A ARG #iPE 2 AT 5 Th
%9, ZHEODSAIEIX, U x—/ ETO H CHMkL 57— OB | R iR A R o7 2 — 0 0
NEfEEDE, ZLUTHIOVY 7 T AL RV DORZ—AZEHREDE L FRADIZHT, FEEREU LI
AT LSS BN B LT R R C ORI TRAT 2708, TEAIBES e T UALBR O BRI L0 E H [
SER R U TS U, FTREME DD 7 0 ARSI B T BLERZ R A R L, B
FARA AT 10 nmED/ NS HEFE TRIBRE IV, RFEDOILIEIEDFEAZ R L CD, KGR
IR REE S AL, BIRER CRLND R B ORI 0.01/em’ L FOERALIZ AL CHAMTE .
TODHIFELY DSA ERNAIRFESIVTCND, OEDDIES TT7 XX —ThY, Lo FflidY
— 7RI H CHERZ PATIAD DDIZHENL D, STo oI, (LSRR EA ST DL TR Y — %
EHE H O LT 2 D ThHD, B EID HICRE RIS EE R S LT 572D T FiEE D
CHNRRfE A EEE T D,

G5 ML (DSA) 257 4+ B4+ — (DSA GRAPHOEPITAXY)

ZOT7u—F T, VI I7NTIVIRS NI BEEIREEE R D B kb ic 7 vy 7 B AR~
—BEOFRMMEICERET 5, H O 32— 13, BBV T T7 4RSSy F ST F— A5 T
VT Z7 4 LA T OFRBIEToyEIS D, NSO R PR F — EESZHET5, B 20X, IR
=a— VL THVRIEA MBS D7 1y r FEEARY~—) TGS, TATEEI XIS TATIOR
T 0 IZT R TOREN=2— TV THDHRD, TATHEE XIS L CREIINL D, T b E-
RSN T T 7 ATERESNTRED K a2 i B0ET 5, LT=3> T Fcfkil7e B Ok b S 2 — 2 D BEIZ AR
IRE—=2 TR T DV T T 7 47w AD RN AR5, EEAREITY Y J T 7 4/ % — 2 DINSTg
BACNC R I2 Y AT e BRI D2 Ll2dH D,

b0 e Ty HEER) v — U AT AET T LMDy VT T FARLRY v — R AL DI
PRI E T AR T, BOERE B BB, R, RV~ — R A S D™, 16 nmos
— 7y FICBET D 1.4 nmBLEREE O BEEERIX, RV~ — 1 —2 (L,LT5) OREHEHID 0.04 %DZEfH]
KRS D, ZAUL, BRIRDDWIT T 37— BT 2 BIRR A1 D 3 6 ~0.09 0.3 L DOVA X/
FIBRDIZH D& XA YT/ NS, SRR 2T A0 B S EORRE A — B ISR C& 5 TIEBA%
DIFGERLIETHD,

JT7FTEHX L —I28 D B ORIk (DSA) IZBET 2 R EL T, /A — VAR AR (F0) | 34 s 1
DT 7L —MNZE) “IRGEITES LT ERIR~ A7 a R A % T 7L — Nl RS DT EN RS, TARTA
M. B E OVEV T I3 DERI R AL DFED 2 &L TR A S AL, B ATk Z 4072 DARK b8 FE IR RE
[ZOW TSI A 7254, 20

FFE L CRIRE L (DSA) FifrF/LF —(DSA SURFACE ENERGY)
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BPRRA EL 38

UV T FT7 A EOERRS I AT T /R = 2 G2 BIZRBIT 25587 vy 7L E SR ~—Ofl
A, 7oy REARI =D~ A 7R AL E— OFFICBLEIZ B 257 KA 325, Zo
T E—FIZBW T, FlAE A SRR SN BB DU ONIR Y~ — T T O A B AN EAR B HER
S VT TT7 80— kS F, U TR b Pt o R = /L — OfEIZ X 50T 5729
IZ(BIZIEIETFR T T A~ Ty TIZED) AHEE ~RESND, R E SIS EED 7 vy 7 LHARY
< —CHVBAA SN BV S -35 A RIRIEEIXEhEho 7 ay s (EEERY~—) 2LECE S
MDHHRMEMEICBEISE, VAT A0 H BT X —2 /M5, RIZRT SF —2 Da b AR
BRUNE | B RS AU K7 B DM AR S D LRI FIFRL S LoD I B K2 Rl B 3 a2 HILCLEH, RV
~—-RE DR ANERICEY, FECHNLO i #2952, BEA, T4 #&d, THRIEES %5 Tl v i
I LD < DERRIRELED HATR DT, 7oy 7 HEARI~—DR AL NEDSNLPP, M
SV SHERIEMESS T/ A — VIR ST COLERITFH S H CAR L FIEDOEERFN Th D, ZNHDRIE,
(LA E P DT AARESDEEEIETHIENTE, 0.5 L EREOIEAR)~— & — 1k
DERFFTHZENTED, TR~ —3 KB H CAEEREREL R THLUY,

BHTOMETIE, 7 ay 7 EAR)~—DSAZE AL UL FRIE AZ— BV T T7 BT 52T,
Fir TR~ 0D 22 A 7240 3 LR OB RSB S L TG, FIFTE P00 T 4T3 D~ A 7 a R A DVERL
FIDFEZITND, ZIE I, ALE S DR RRZE, Kot —1E[dimensional uniformity], LEROHIEEN S, =
A TR AL D EAAEED BN FER TS F — VBN b D725 TnD, ZRDD A S —=
7R E0 SRS 7T T4 e TV T T L DB TEDL S HEA T — NV EDEEEIEL T 5 FE,
RSN F2CIEE AR b KA AR E R,

ZOT7 7 r—FE, PALEOLFRIMR DOE S U H AR D L BPE 7 m e KT TD, FKiEIDL:
HIMEE PR REME I B W T RERIRZR A 2 BRI Y 7T 7 4 THET L — B DO FIECHMEHI DWW THE
IRBM TR LELL 2D,

B TFENALTI a7 FD HCMBEE~ D HAPPLYING SUPRAMOLECULAR AND
HYBRID CONCEPTS TO SELF-ASSEMBLY)

ANRD I, < OEER FTREMEME B SEER C/REINTED, —FDOEBR RSN O TIEL, T
TR T MBI LT L2 D, FOT 7 vy 7N 7 ay 73 EARY ~— el B SRR b eI
BHT AR IFFRIL, SERME IR HEREME 2 LUGE T 5 ThA), iz 1Torganisilicated ) =~ —238%¢, >
Ty JEERNY —DNAT VR T VU REN Ty 7R < —29%4 ORER~— T L RE LT
I OWFZETIL, IETERIIEIRIEDFEEE T D 10 nmPL FOIFE CREEA e~ A 7 a R AL A SEFEL TUD, il
DOWFFEERE Tl —RINCBIERSNA ST RIFIRDY 20 nm LT OFUAEED mRIE T ELEZ1EY B2
7212, filfis ey 7 my 7 WEAER) ~ — D g L K FRE AT LD T ORAL DS HAH B
72240, IR DFERRITIANT T, ™2 — R CTH i b CEDOL VAN BB 7 ny 7 LEHE
N~ —a B ALIAAT VYR D AMBRZ LEET D58 LV L, BEIZE D37 MEFEF T T
WD, LSRG, ZIVHD T AT LD 22 nmbPA N O AIREMEDH DIRE~OFEE 255 EXTRELDITIT, Y
DI COLRIPFFDESND,

T EXDEEREHPROCESS SIMPLIFICATION)

HEGREIX, 7oy WEAR) v —BlFE RO D7 — BT v AE g LT D, 7T 7+
EHE— %, =k, Ty T EUTHERE R L — I G RO T e AR A ST 5, H
CAARRAE 957 4 PV AMERE2L OB L7 2 B AR LIZ T T T ERRRIR 27 Rn b O Th D)3, Bl
IREIET DIDITH BRI FEL 2D,
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Ja b RFutR, PR T I —ay  TAALABLOREE IR 55

% R ## £} (EMERGING FRONT END PROCESSES’ AND PROCESS

INTEGRATION, DEVICES, AND STRUCTURES’ MATERIAL CHALLENGES
AND OPTIONS)

FrkD7a h= R 722 A (FEP:Front End Process) °7 HEAA T/ L —Tal T 3 A AL O
(PIDS : Process Integration, Devices, and Structures’ Material) DB & A 2545 BB/ HATR R
F S AMERED BB N Z -, LV NS72 T 4 AP ar~ CMOS LR 52 L (Extending CMOS) Thd, &
DI=DIZIE, F—/ U a4 ETLL RIZIEREIZ T A AOTEMESEIRICELE 5228 et /s e a s A
CAfk b T 228, LT, B EAHEDTER A TRERERERESC Ty F 7 2T —=0 T TED
IR ED FPRDOT SARIRDHID, FEP X2 PIDS |2 ERM % 2595720 D B0 B EREA K-8 |F
L,

Table ERM8 FEP/PIDS Challenges for Self Assembly

Application Potential Value Key Challenges Target/Goal Status
Ability to pattern dopant array with periodicity
required for device operation TBD
Reduced variation in transistor performance Abrupt S/D interface doping with controlled gradient Table FEP12
Highest focus will be on S/D dopant latteral Understanding a mechanism to reproducibly
Deterministic Doping abruptness (Maintain high introduce dopant from self assembled material into | TBD
concentration of active dopants with an abrupt | Demonstrate potential to satisfy throughput
transition) requirements TBD
Demonstrating potential to satisfy integration and
manufacturing requirements TBD
TBD
Selective Etch Ability to selectively protect materials during Ability to design polymer brushes to selectively coat
etch or cleaning op erations and protect new materials against chemical etches TBD
Low defect density
Clean and Surface Prep Compatility with existing cleans
Easy removal
Contacts Lower contact resistivity Uniformity
compatibility with silicon CM OS M aterials TBD

F—e 7 LHERE (DOPING AND DEPOSITION)
B R E e (R D 22 (CRITICAL CHALLENGES: THE IMPORTANCE OF DETERMINISTIC
FABRICATION)

([FRAE& 1 #mnY 7 (deterministic) : HOIRAENR FIUL, EIDFAET DIRODIRAENS —FANTIR ED IS
72) 10nmEL TR T SAZAD A =V 7B DEEREIL, V— ARV A G A~ D i L~
NR—=EU T DFEBLTHY, ZiUuL, V—A/RL AL FRENOLT v RV W TEB O/ NSRRI N —
INUNABLZE R TRY, ZAUTTF vy VN TR E A HIEIS V2R — S Mz b7 w5112 (X, MOSFET®
EAHEHIA R T2 813, A7 —U o 7B W TIN5, FAEBSHHO KERoIE,
—R/RUAFIRIZ 3BT DB S A DR — /XU My AiRoHE A O RIBYEI AR T 5, Bl Cld, 2B
PUINT o P RE DA EitE 30%L BB LS TND, Y —A/ R AV RIER—E 7 OEEL, 0B L
7oA BHRD (VNN TO) B2 Z U E L ESETODDIT TR, ZOI7RED T2
ey (REFAVSBAT =V TS tEA TV E) | KO/ —RRICKL T, AU b s—kr 7 —T 0
EENEHEFF T DOIIREETHAD, V—ARL AL DR—E LT FIEDOT a7 7 AL, V—A/RLA bk e
T 2D ([REFFEAIR— U NBEED) BB FHIRO RS2 5, BRI EBREIT, B 17 7 A
IV (FEBAER) THY, EERIC, ZOBEBMEIEITT v RNV RICHARTH/ NS TR ER DD, R—/U b
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a7 7 ANVEFIETHO0E DD FIEEL T IRERINR T BB AR —E U 70355, ([FRE TR ERIIR
(deterministic) : HOIRAENTRFILUR, ZIBIEAET DRDIRIEN —FPNR EDIO R BIGE BN T 5, &
720H | ZZ TR PIDIRIEZ RO UL E DOBITREBIZ2HIE 230 T, A KA — DI FEDH L7
TRBEARINE U EEWT D) IbIC, (FAESIEGIEFERRCEER) NV AZ DALy a—/LRE
JE (BIEFEE) - Vi, Ty Lo~k 7 —MERESE, ZIUTZEZBNOR —/ U NREEB Oy N2 Z5H)
([ZRTL TR T D, VEEENE EHHIHIT DM LD, 7L 7 7L —F—CMOST /A A ([FREFEA LS
BDOAT =V 7R LC) ENETHEIE TEDD (BREFEA]T 2206 fkiThiz o Tilkee L TR e T
HIEWTEDPDNBREDL™, 51450 6-13 FHITIL MPUDIFLS — MR Lyl T, 170m2>5 InmiZ7RFHS
N5, o, FY VB IO U RIL, 2014 FEETIC, F /L HEE TOREER — S0 MEAS 100 HLL IS
BRBEETHIENTNE™, Fr RV —TFENTZT A RZBNOTUL, 202N F v RIL R — S NI, %
DD EELRERECHE VD FIREK LR EMBLNT 5 TLATHA), (FrRIVOR— MR
B9 DESICREMIZ R R I I FORF 2 A RS IOZ L) 2928, AN, T /A AD~HERIEIMEC B,
FERRBIOEE L THITL B, FAEIITIE, (V—2R) — (Frb) — (RLAY) OF R TR FL LT
ARSI, F— U RO BSOS L 7L~ TR IS LA R X Th D, FDT-DITiE, F—
B T ENT R0 D AELOFA RSO 1S PR E FmEY (deterministic : BT H) (S CE DI 70Fi RSB
ZOVERIT 152 RS DI DR MBS TNV,

FEP<CPIDS~DJE IR LT, e a7 fESRL ([FR3E 71 1deterministic fabrication: H5ARFEN R AL, £
ZINBFEAET HIROIRAED —FANTRED LA ERIFIE) 13, ZRoeD T /35— = 7 R HANL T AUT
H R ATEY, ZBIER — 7 S RO SCHEED Hy 72 fENEL | T3 AR O MEREZS Eh & $t T K
IXTHETELIL R — R MRS 22, FAL UL CONECRERIEE Lo — v 7 T at A
1%, F2—=U T AR T SA APERERFE ST A A BB B H I KD X272 5, T/ SAA /AR D3R
EZviu, R RTee7eakd bk, B~V OB 23U AT AOVERED LIRS ILD, EMERR —
INUNONLERIBIRES T, BHLWT ASAAEE, B2, =~ — U VR B Ea—4 T A AD LD
12 VAT LLIIF AT R N VAP R ST R — U R Db — L o M EIC IS
WEBESA BT 2050 LW, AR DR — 8 7 Hflr OB X IROFREZ R LR T U767
V1) R U NOEEANLE O IEREZRFE 2) 7 S ARFFHEIZ BT DR — /S MROFERHIO72F2 5 X (statistical
fluctuation) 3) BIEDTLE T~ b7 4 — AT O A (compatibility) C2EFE(L (integration)  ZAUIZ, 4) B
e ORLEE DO AR, R FVF U AN —T S NAEIET AIREME D45 ThHD,

R E Y72 (deterministic) ZRICOR— S ML E SRS FIEIEIRIL, /—R) — (Fr30) — (RLA2) D
BRI T, JL LV TRIE, 22 DBBME RAFRTELZENROLITWDA, BRI T, F72,
W OPREAIET = — KD, Z0 ITRS2009 FEERR Tl JAFEFRR T ¥ /LR —E U 7 HAI LT, /]
REMED E 3D DB A i 35 R FEAEAN, 707327 B OBRER — /U MERRIC LD
—E T HEA, EAUER N RVBIEEIC LD R — S ML E E AT O 3O DR TH D,

BIRE R COLENTAKHE (STATE-OF-THE-ART)
A BE—AFUHEA2 . - ZOHEME, TN AOTEEEIRN O IEREIAMIEND, MEE L SILD G
EINDHD R— 3 b EHERESH 50 E BT HHIFCTH 2, EER AL, RO & Eo7-A 4
VHEANEMEFEBTHZETHD
« 100%DH— R— 30 bORHIZH B A A, flix O R—/30 MIxt LT, @V ZEfitne & B B E %
FoA AU AR CHD Z &
TWRITCETHADESIEY DF=H VY T E@ LT, B F U B O e AL B T
ET 0 —T OREREEEAFF> 7-A AT T D = & ZAUTHE—EFOM BRI LTh
Y —ILThHobHZ L,

HEELMEREICIE, R— 2 MO E F— 32 FOEER D D, BH—A A7 EANT, IKRE T
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BrisRAEE 41
WA, BF—EFR, P T VRETF v RVEROZES L IFREARDERER A A=Y DRI
FoTHETE D, H—A AL FEAHNZRELT H70I12IE, F—"0 MLE T2 7 —DFRER &2 5
R, B2, FEARR Y hORE S, [ 62 DOMRS, 2T =— VOB B, 78y 7e
Rl —U 7T R=TEINTT A ARENLBIGHATE 20812, 0 Y ToRRTIuIz b0,
H—Jfl 7 3 ADHRE, = 2 TIHEEEOH 1T N— 7 DIbOHENREREND,
WL 72T SA AT T MAR—L0MM (B2, ) areHd A TESR) TO, R—/ MED
EREBEF AL Ea—FDOT—FXT 7 Fv— (BT batAH L (FREE] qubit : &=
Vo — X\ D/ NEAD . SIS ) 7)) OT A ORI,

B. HOFERLE Km0 - - - JHEEA[REZ2 7 7 7 (tunable blank) &iEMER2 7Y A —H—ER5LIZ LD
RS NTZIRA ORI LD R—ANEMICTHEIND Z L0, ZoFaX—2 L LT 7r
—TFnbbnd, EHIT, BHOERINIZ S FHR—E TRl St ) A0 — LV OHEERTIX, AN A
7T == /MZ XV ENT-Y T SnmDIES OFEHEG N EBR TE | ZAULUIXLIEA A UEATHD
D X O IBBHRILE R X 720 o T e DIZIE CE TV D, T/ A Y —L T L—F—F /31 Z&
DO ODEERBEIL, ~— =7 L7z THCEE] HERETH D,

C. STM TOALERIH251 « - - [T LYV TIEREICHIE S 7o 73 AT, BB Y v — 7R & 701
XX —2HNDHZ LT, VU aUNZBWTEEESNTE 2, STMIZL 57 7' 1 —F OETEN72

W2, UTFOEREFBNS « ZIRITETORF L~V DIEM S R 7238 — U JERGRE T ; Midii7e
L R LoV TTONM, ZRCA R—v' 77 a7 7 AV 37 10nmOMOSFET 7 —%
TIF X —% XA == T TCEXDEET  FitRT A AT —X%7 7 F ¥ —O#E ; THuho K—_
kY — R BRI A~ FTHEME, Z 0L, Av—TF v b, STMEFOZZENE, F AU BN
Ko, JeliT A ARUEICKRH DIHERfR e L COBRERRET D 2 L3 H Y 220, Ln
LR G, —H Tk, ZOENONRE == T OEHS T2 =—7 27 A ADOYREZATREICT 5 TH
A9,

HEpAt—2 (KEY MESSAGES)

FlZIE, STM D X572 Inm LA FO IEMESZFF-7-R—E2 7 5IED X, Ml 2\ L E R A R 7= 5l
X, L& ATREMER EAR T2 2 700, 208720 RSN 2L DWAT/R T 7 a—F 1%, EEeT — X UL
EVORMEIZIE T 55 THD, LINLRNE, ZIHD LR, AT SAADRACRI R R 1
BhED IH72BT LN MERE DR A FTBEIC T 5 THA), 10nm L~L D O E 2R~ 7= —e 7
FiE(F7bh | BAA AN (X, T AAAARIBOISICKT TR T v VR L CD, fHEIS L
BOEEMECIE, LW —E U T HEERRENEL 70D, BFSEIE, MW AL—T Y AR —E U 7 O BRI 2
T BOVELERE AR D, T — VU T EMOR—E U I, 758 B AR bofER S HES R
— /NN DT D FHIEL T4y H— g ORI 7 A+ — D AZ D,

Hisre T ) ~T U7 VOFE R O V7 TT7 40— s ar DT 4 Ay a5 iR)
(DIRECTED SELF ASSEMBLY OF USEFUL NANOMATERIALS (SEE THE LITHOGRAPHY
SECTION DISCUSSION).)

H—R T /T 2= T B2BO L7 ) IAREWEIHE B U EOM AL, AL TETOH03, kD
H “*X®7A4xuﬁ?5%§%ﬁﬂﬁémL«uﬁmﬁﬁ&%K%ag@ﬁmmmmmmﬁgﬁ*
DHID,

R T 7 LY/ FITAUE (SELECTIVE ETCH AND CLEAN/SURFACE PREPARATION)
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FEREAI I E AN R LS N D I 22 ELOIR AR Tl IR THARZ v A XS Te =TT
IV —=2 TG LI E DOHEFEN FIREL 72 DMVEI TR C, BRI RO LD, HEREME S TH LT H
SIERkIE, =T 7 LM BRI 720 S (CMP) D X978 IO LF 7 0 ANTFET HH
THERIE D2 —T 4 7 IR AR TH LN, ZOREREME S FH LT B CIBAUICED, 7 e RO @R
R EONSGEEHRDDE LR, FIRRIZ, (T30 20) R -HEDN NS e B2, 2V —=2 7T ak
I, TSN ORREZE T Z LR —T 7V ERETH TRET, JOEWEIRIER SIS NHZ &
725, ZOEINZ, REMES -0 B CIBRS VW E IR PRORGE T m B A TOBIRMEA R ESE 5 AT RE
PEZt > TS,

ERTF 7 (SELECTIVE ETCH)

T F U NIERD N T RN LD RE— R E T av A BT HEERAT Y T Thbh, VT TT 4—=°
TyF T TaRAR, B&STE SHEOEE), 21U F— U IERS IV IIROBEREIZ ST L TRES A 53
Do T F 71X, Bt LI &S VA ZAUTEL DY — RGO ENC BE L 7ot s 7 e A A
WA 20, ZOTFIAERRFTT HIDIIXFFD D EIL W, ERWNIA S22 EOFE H AR b
T — VU T EREROE— v bR L TEY, 2O 7 ot 20 B2 — = 71 BEE L2
BRI LT, WD D IR A RL TVD, FE H CAR LI OT 7 a—F 1%, LY ANSH
THY, TIUTBAFLFHESIN CNDY YT T7 4Ry T o 7 Ffi O T AN TOIGH THD, HOE
FiS AT AORERIZIE, ERPNCH WM B2 AT 27125k E S, ZOMEHIW DDy F 7
TAREEHIRT D817 DTH A,

7V —=>7 R mEHLEE (CLEAN/SURFACE PREPARATION)

B EHEIS N =R m AT ) — =0 7DD ERIL, EDOIFEAE N, 37 22nm #HDT-HITIRINS
1o T AR BE S 57259, i AiLEL ORI BhE U7 i Frk 7o iR sk BH X A7 IR
STUWRWY, — 5T, Sl L, Bl HBL 7= R mpiLEE~O Bk —fi 27~k L CRZ OHkEkIT
FERRN A —D o 7 SH, BERERIC AR L LTS AT AT U CEREMN L QO ZENBIFS L TUVVD,

P —=RNIRERNC BT D7) —=0 7 FEOREDETT VL, ZION RO T/ESNI-RE D/ 3T —< A
ERTAT T HFEA W T /ALy 7R B ZE) Y THONRN VB DD, (TWET L THDH, Bl
BES, ik, ZLUCET ADRREEEI I, EAUTREREAM IR THeery7e 7 — =07 o F U4 2 Tl &
HSNT /) — =0 B ERE T D, WD D ) —=0 %i‘%ﬁﬁukfﬁﬁifm@?}i‘ X DRV DOBFFERCFE
JROYR— N2 Tt D, ZIUHIZiE, b—3, Bl B0 T O SIVHERE, T70b b ik
xatani=7 v RU~— (dendrimers) . 73 FH T AR E 3G FiLD, ’r?l% Vid e e N s G ¥ A/ L 7
WHENHKD, Ty T L TR0 — = ViR FF-720, Z L TCEDICRETET0T B4R KOOI
Do IRD2, SFLINIC, BB 7 v R L ENEL @B E O AL CMOS (beyond CMOS) 773 AD FEEH
D7 ® PIDS X° FEP (ZBHEL /2 ERRfif e L C 2O D=~ — U 7Bl D2, 3D L, EERT
BAANEARGET DL DTHAD,

T<—7 7 FEP & PIDS M Bt UAf R e L1283 R . (EMERGING FEP AND PIDS MATERIAL
AND STRUCTURAL CHALLENGES AND OPTIONS)

=247 (CONTACTS)
AL SN Da 2 NOBRET =T VTN LIV DT N AR L TEETHD, ZNHDY
AT MU T, F /Ay 772 B K] FilZIE, fEETERERLEIL, I XTI DORT v LN T\ CHEHE A
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PN bz 22 BT @R F OMAAEZ L HERE COZEENL, T/ AT — /T A ZADOEWEA 3L
THTHAH), @R FEEA— =TT OMWEIL, HAIRRLEE rJREL S ADRE & LI E S
BT BN, ARV T 2 2y LT B R 57280 D BRI L IXFESR A= 27 ML
T, o EEMEOEERPUEA — =Ty T ORI RO BD, HikE SR A AR OB,
LELTHBMEDEMERVRT 2 LU T Do 27 e BE HH LNy - BB R O EH0A R
DI=ODAFFED RO HILTND,
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A&k (INTERCONNECTS)

P D EFE ML OBCRROMEREM_EAAEE D720 DX — L 55 I, 15 5L B A EURET DD
\ZHE5  RCEFM Ea A Uit T A28 Tdhd, Table ERMOIVZHED 721912, SRBCHR A 20244 LA 5 CHE
T ATDITIE, MIBEDF YT EDJE A% 2nm L FICHEB LT DM BN D0, ZAUE, FEF IR EET)
SEAF PR T D, RO DOBAKLEL T, I —Rr T/ F a—T D IHEiEhi> L 7 ko
<AL= a D& D E TR BRI R SN TV, ZHHDOEMI 6 5558% Table ERM 101258
%o DT, BoARME, ERHERIEOEFEER LM ETHD, ZNHO—REOFHMENL, Bk~ 23
RSN AT=DITIE, AR FED SEIRENART TSN, =7 —F vy PR EAS NI A I
I3, ANUTIES, BrarBcdi o~ FillR ZER N ZAUE> TRDDZEIT2D,

Cu FCARIERESE (COPPER EXTENSION MATERIALS)

BN 7 (ULTRATHIN BARRIERS)

ANYTREDJE A 2nm L FICAr =V 74 57=0121%, %O OFEBEICE R LT e by, ZOFREE
LCiE, 7atR o —or s EIEICR T, SAOERERL I TEH L, SCIH B RIEE OB A
MEWZE Hi~DK, FEROIEHAEBLS 28, 512X, CMP, BRRIED =T 70, LU ANK R E DO
B TRRICHE G 3 A2 ENHE TH D, Bl E Cilgmail CVODRuCCuMnZe E OFTEL ST F LD B
P THY, BIRIZHOT2 o TNUTIED B DA —) o 7 ISHERF CE A EHIFFSIL TS, L LR,
TAHICIE, 20154 C2nmbL T 202 4RI ZIEInmEL T O SV T J& DJE A D FIAEIL TND, ZOIH 72 BEET
1%, BRFEHF DT S TONUT I EHIFEREL 72720 . FTHMERC, ZRENVEE L2 HTHAD, ZL T, bL,
ERNTT =X v T OERRNCENNTZGE . 2O TG THERITSOICREE R L D272 5 TH A,
BT, BT IEOMFIE, TN TSmEEEDESIZH EoTNAIETHD, LNLRNG, FFk
AL, InmPEFEDESECTHIE LT 205038 5 (Table ERMOD K #7231 -HE )

Table ERM9 Interconnect Material Challenges

Application Potential Value Key Challenges Target/Goal |Status
New Transition Metal Thickness Scaling & Barrier
Nitrides Performance at <2nm ~ 5nm ZrN
PVD Direct Plate Barriers Adl:es.loln toc:ocw-kBILI? orar gap
(Ir, Os, Rh, ..) materials and Cu, Barrier
Performance at <2 nm Snm + 5nm TaN
Barrier Layers (Via/Trench) for Ex.te.nd. Coppe.r IlnFerconnects fmd Adhesion to low-k ILD and Cu, <2nm
Copper Interconnects Minimize Resistivity Degradation .
. Barrier Performance over
Self Assembled Monolayers
(S,;IM) i topography / rough surfaces,
Susceptibility to Thermal/Plasma
Damage
SAM + Electroplate Adhesion to low-k ILD and Cu,
Boride/Phosphide Barrier Performance at <2 nm 6nm NiB
c ine Barrier L c Adhesion to low-k ILD and Cu,
apping Barrier Layers for Copper a-C:H, BCN, Reduce interconnect capacitance Barrier Performance and Leakage |k <4
Interconnects
Currents at <2 nm
Mechanical Strength, Adhesion,
Nanoporous ILD L.cakagc Cur{'cnt, Com;_)atll.)lhty
with patterning, metallization, and
packaging processes
Mechanical Strength, Adhesion,
Mesoporous ILD - k < 2.0 Leakage Current, Compatibility k<2
(Zeolite, Aerogel, ...) with patterning, metallization, and
Low k ILD Reduce interconnect capacitance packaging processes
Mechanical strength, Adhesion,
Novel Polymers Thermal Stress (CTE) & Stability,
Swelling, Leakage Current
Air Gap Pinch Off/Formation
. . Control, Air Gap Stability, Barrier
Air Gap Materials . . k<2
Integrity, Conformality/Step eff
Coverage
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BLROTalB KO TaN AU TR ELO BLIZ )2~ T2 3B X, RO BER A 2 3510 EL7ANUTHEREE B 35
FHlOEB SR EEEIT, — R E(MEE 32 ThA A, R0 ER &R E LIRS L T
1%, ZrN, ZrGeN, Mo/WN, HfN, FBXL O HfGeN72E 232528 5~70nmD/EX|ZRW T, BURRFISH TV,

ZNEDOMEIO RO FE R LRI D7D, SAPEE U T PEREDS, Snm~ InmPL FOESTHEPE
MRTHUTRB20, BRET & ORI L L TR Z NN OB R EORREZF LD, FH A
DM EFOPEREZ HEIR S B 5 2 J@ i S O R IO FR DS RFT SN T D, BURREEIZRLS L QA E9IZ,

30nmIs L V32nm 77 /0y ) —ROPVDAYT DA Tho, RuDIH7REHECuAYF & AIREL T 5/ U T K
IR R FREIZE I L TD, L3> T, OsRIr72 EDRIREL THIBEMED B EEE A Y /3 TR Bk
FEHIFZE AL BELE SN D, 2 Bl D5 R Tl Snm I/Snm TaNAE S AL AU 7 LU TE ChHAHTEN
IREITUND, 20 B~ onm D FEFA L E100nmEL T OO AT LR LINHI D B AT REM: A FFH 45
72012, 2SO SU TR FriEskAE (Pt, Pd, Rh) (2B DRFZERN LB THD, 27

H CARRR L HL 1155 (SAMS) IXITRS2009( ZH LI EME 7= CuNU T MO — iR FE L TD, SAME
I, FEET = MZEDCu N T IERR SR R A F 2L DCu D IAZ A A REL . HDUNE, Cu XU T REEL T
FERET 5, SAMIBAPATEME(LITAE # DONift-A4 (NIiB, NiP, NiReP) DEE R A F A ATREL T HZ LS
TS, ZNHEONUEA T, CusU T IREL THEEET DL 0122 2 Z b0 iz, B R TOCuAy
XN AIHETH D, NIBIEDCuF v 77 /L XU T PEREIX, 6nm DAL E CREESIL TV DS, Sh7e 5
AL DIFFEINLEETHD, 22T =y M T IO IEE FCutyF O—HO 7 v RAEB DO T= D DM OFREE
LTI, 100nmELFIDHEEE T ~D /)T Ay LCullbiAZx , Low-kE BIEA~DE/NDZ A— (Ak < 1%)
ELow-kEHIE, Culd BAF/REEEMEDIRGED 5, Bkl CuNUT HAfrE L TOSAMIED AIREMEZHRK
THIENVETHD,

CU CAPPING LAYERS: Cu#+>7J& (CU CAPPING LAYERS:)

FFkDCuF vy 7 /Ty F ANy 7 HANICH L CUESELLFH B RO RIREA — U 7L REER RS LTS
TWD, ZLT, BEEL YT N XN —R A7 ORFRIZHY | I TH @ TS D 720 1S w5
fEF5L, LFEBERSEML CLEIZLIT/25, Low-kJE IR Cu~DE BTN BAF T, CudDS LR
EH202/020 N HEg & A IEL . =L 7o~ A7 L —al MifESAR) — 7R a2 AL TR0, Cufidfi 7 A
(RO =y F 7 L O ANRIEIR E) BB YEDO B DM B R E 9D LN EE 2R E T D, BUIR
DIRFEHRSICNB LUSIOCHK ¥ T T HIF O A —V 71X, A% bl T oS Tns, Ll
35, BUKROSIN/SICN/SIOCH B DM fE 3 A LTRSS, oy TR A DRI, A ES)34.0L0L
TOX vy 7 @O FBLTREMIZ R T DML ML ETH D, D AJREMED SO IR OB OIS IT, &)
Yo 78 (72 215 Co) DB R F721%. H CRKCUSINSY 7 DA L0HEFIES v 7 8, =y F Ay
TERRNEAROBZE Th D, Cu ki dF v 7 TEEL TOSAMIEOYIEADOIFFE TId, Feimfa{ LD HH]
25T NOCuliiink L) — 7 BRI N WTRETH LN, T 7 == /L H TGS NLIZSAMIED S - L1, 10
F R THSINF v 7 B DS0%FEE DIHETLAVR, * SBITMTINZ 5L, SAMIEE Cu L OF v 7
LLT, BEMRETHEZ R T H7-01201%, O OFEICEMET e Z N TH D, TIHLDOFREEIL.
Low-k/& eI BUEL OFEAME (BVZENE, 7T X~H A—T708) ECu/ Low-kJ@ ML DB A5,
Low-k/&@ Ml Ll D& AN, CulO2/H20DIEH NI 7 HEEES | Blff TR (VU =y MR A=y F CMP72
L) EDFEEEGMETH D,

LD 7 RO EHEARIZIL, SOITH B RBEDAIIEN LB TH LAY, Bl TARL DO AN

HY | Culliiiz b 1 TXA B E<ADa-C:H® , CNX*PR° BCN 72 Emidh 5, 271027

Frarficit (NOVEL INTERCONNECTS)
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NI CuZ & Z R HZ LM TEDLMENT, CuidfRERIT L — BN T, KVIRWEFTEE K mn—oL 7
~a~ A7 L —a itz A L Ui AuE7en720, Table ERMIOICRfESALTWD LI, BT SRR
FRIREZ2 —R T/ F a—7 R0, Bl e/ B O OCuE R T /T A Y —72 80| Bk
X DATREMED B DM EID | SEAFTREMA IR T 5721 21T, B AR Z FOIR LRI L7 B0,

Table ERM10

Nanomaterial Interconnect Material Properties

Application Requirements Carbon Nanotubes Carbon Nanotubes Carbon Nanotubes Carbon Nanotubes
(Single Walled) (Single Walled) (Multiwalled) (Multiwalled)
Challenges Status Challenges Status
1E14 metallic tubes/cmz No data available on the density Need of 5-10E12 tubes/cmz, Ability to grow in-situ and integrate 1E12
inter-tube distance: 0.68 nm; tube diameter <5-3 nm vertically aligned tubcs/cm2 in 150 nm vias
High density in small vias tube diameter < 1.1 nm. with repeatable yield[A]
Need to develop new catalytic
systems.
Need reliable and reproducible [Pd to date is the best metal to contact [Need to produce direct Pdto date is the best metal to contact
ohmic contacts. nanotubes.[B] metallic contacts to all the nanotubes.[B]
Defect-free metal contacts Contacting SWCNTs with shells to minimize risks of
diameter <1.5 nm needs to be resistance, local heating, and
improved. electromigration.
Need to increase metallic No Data Availiable. Must achieve a high density of|Resistances down to 0.6 Ohm in 2 pm
content. MWNTSs and a low contact diameter vias filled with MWCNT's have
Need to understand how resistance between CNTs and |been reported; lowest documented resistance
Effective Resistivity defects, structure and metal contacts. for an array of MWCNTs in a 2.8 ym (60
Vias dielectric interface affect nm high) via is 0.05 Ohm.[C]
nanotube resistance.
Need a process and catalyst to |Only purification in liquid to date. [D] |Not an Issue: Al MWCNTs  |Not Applicable, all MW CNTs are metallic
grow dense arrays of metallic behavior is metallic.
SWCNTs with diameter < 1.1
Control of chirality nm.
Need to achieve accurate
control of chirality
distribution.
Needs experiments to No Data Availiable. Need to increase density of No Data Availiable
determine thermal Intrinsic CNT thermal resistance is MWNTs. Intrinsic CNT thermal resistance is low.
Thermal behavior conductivity of CNT vias. low. Need to decrease thermal Thermal interface resistance may limit
Reduce thermal interface Thermal interface resistance may resistance between CNTs and |performance
resistance. limit performance contacts
Need to achieve same CNTs can be grown in specific Need to achieve same CNTs can be grown in specific locations
densities of metallic SWCNTs |locations with patterned catalyst[E] |densities of MWCNTs as per |with patterned catalyst. [E]
as with vertical vias. CNTs have been grown horizontally in|vertical vias. The big issue is growing them in predefined
Ability to grow in controlled templating materials (e.g. zeolites, directions.
locations etc.)[F]
The big issue is growing them in
predefined directions.
Over long distances (> 20 um) [Growth in a zeolite template may be [Need to achieve same high Directional growth of a bundles of MWNTs
alignment <200 arcsec is most compatible with interconnects, |densities of MWCNTSs as per |is reported. Need higher growth rate. [I]
required. but has a very low maturity.[F] vertical vias to achieve a
Other options: bundle growth.
Ability to grow in controlled Growth in electrical field: Low Need to increase the growth
directions accuracy [G] speed of MWNTs at a low
Growth along quartz crystal steps: may [CVD growth temperature..
Interconnects be difficult to apply to interconnects.
[H]
Need faster CNT growth rate.
Same as for the vias, but more [No progress reported Same as for vias, but more No progress reported
Defect-free metal contacts difficult with horizontal difficult with horizontal
interconnects. interconnects.
Same as for vias Progress reported in liquid Not an Issue All MWCNTs are metallic
Control of chirality purification, but requires ex-situ
assembly [D]
Thermal behaviour Same as for vias No progress reported Same as for vias No progress reported
Need to achieve nanotube No progress reported Need to achieve same No progress reported
densities in same orders of densities of MWCNTs as with
i e magnitude as for vias. vertical vias.
Effective resistivity Need to improve the quality
of CNTs to achieve longer
ballistic length.

References for Table ERM10

[A] Y. Awano, Proc. of Selete Symposium (in Japanese) (2008)
[B] W. Kim, A. Javey, R. Tu, J. Cao, Q. Wang, and H. Dai. “Electrical contacts to carbon nanotubes down to 1 nm in diameter.” Appl. Phys. Lett., vol.

87, pp. 173101, 2005.

[C] D. Yokoyama, T. Iwasaki, T. Yoshida, H. Kawarada. “Low temperature grown carbon nanotube interconnects using inner shells by chemical
mechanical polishing.” Appl. Phys. Lett., vol. 91, pp. 263101, 2007.
[D] M.S. Arnold, A.A. Green, J.F. Hulvat, S.I. Stupp, and M.C. Hersam. “Sorting carbon nanotubes by electronic structure using density differentiation.”

Nature Nanotechnology, vol. 1, pp. 60-65, 2006.

[E] A. Javi and H. Dai. "Regular Arrays of 2 nm Metal Nanoparticles for Deterministic Synthesis of Nanomaterials.”" Journal of the American Chemical

Society, vol. 127, pp. 11942-11943, 2005.

[F] N. Wang, Z. K. Tang, G. D. Li and J. S. Chen. “Single-walled 4 A carbon nanotube arrays.” Nature, vol. 408, pp. 50, 2000.

[G] A. Ural, Y. Li, and H. Dai. “Electric-field-aligned growth of single-walled carbon nanotubes on surfaces.” Appl. Phys. Lett., vol. 81, pp. 3464, 2002.
[H] K. Ryu, A. Badmaev, C. Wang, A. Lin, N. Patil, L. Gomez, A. Kumar, S. Mitra, H. S. P. Wong, and C. Zhou. “CMOS-Analogous Wafer-Scale
Nanotube-on-Insulator Approach for Submicrometer Devices and Integrated Circuits Using Aligned Nanotubes.” Nano Letters, vol. 9, pp. 189, 2009.

[I] Y. Awano, “Carbon Nanotube Technologies for LSI via Interconnects ", IEICE Transactions on Electronics E89-C(11), pp.1499-1503, 2006 or M.
Nihei, D. Kondo, A. Kawabata, S. Sato, H. Shioya, M. Sakaue, T. Iwai, M. Ohfuti and Y. Awano, “Low-resistance multi-walled carbon nanotube vias with
parallel channel conduction of inner shells”, IEEE 2005 International Interconnect Technology Conference, pp.234-6, 2005.
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T/ Fz2—W#R (NANOTUBE INTERCONNECTS)
BRI B COHL M EI213 B — R T/ F 2— 7 DR EIIE T Tl fiES -k E o G mikE
BLD AP 27N CTHO s BHROBGFNZEWEEMEDOF /T2 —T NEHEE TR T, &
R B R Ol A DA R EICRE CEAZENMETHD, Bgh—Ro T/ F2—713, B
BEDNURT 4o 7 BEMEE L TNDEN? P S REE S EREEOT 2 —T ORGM THDH, — i %
J&H—RF ) F 2a—T I BEENTH D, H—R T ) F 2—T DFLEIFSIL, =L 7ha~ A7
—3al LIS, BWBEDBEREE T LN TEHEVIZLETHD, ZON—Re T ) F 2—T IMEHHTTH
HZEE, BIRUSHEL TE, NIRRT 4V BE AR T DREI0, REAESHES), =L 7ha~v A7 —
T AUt E S TR AR T 27259, Hgh—Ro T ) F a—T7 i B ka2 NEFbL A 55
DT, BURFEIZREEH SN TOD I, LELWE KU AL 7-D120, h—Rr T/ Fa—T DRES
DA TRFIURZRDN, BT, D—RF )T a—T7 OEEMEN, BEIRIETELDO DL EITRT- N
FUFRb iR, ESNI I — R T T a—7 ORERENE, BR . BERACESIEO 720120, MG
JFRERDOWFFELE AN NI THD,

WHo7(rE TDMR (GROWTH IN CONTROLLED LOCATIONS WITH ALIGNMENT)

=R ) F a—T % T NARENTERRE L TES72DIZ IEMEITHSTALES, BELWH AN ES
BT UERBR N, 7/ T a— T ZLRELWGFNC R RS AEANCHERIIH D0, RO H &Rz 5
ZEE, FREEE L TS QD BOEOIITETIE, FIatEOSH LB R T ORREIZB WU, h—RrF /5
2 — 7 IN—RRIR G IAINZRID ZEDVRIBS IV TEY, o, V77 AT RKMDFE AT TN\ F—AbS T
filfi b COREC I T RORI>Toh — R I ) F a—T PEENERT B ITRREE L TS T
Do B EHNTITE R 22 CUOVRNS DD | ALES DO IO FIELO BB TOD FIEDNTRES I
TW5, ZiUE, I—Ro T/ F a—7 OREREETTE FIE B4 TA Mgl U CHRIEIL LD EWH LT
HDHIT DI E N — R T ) F 2—T OEEM NN T ENFLFES AL E LD
Do BODDT T —FNZDAL BT MO FERAIRGE AN 1ELUTRRFE SN, BEELIZITE S TR,
R ITHIZ AW TSI TVA,

B 2N LR R V20 | B RIEOBIRL BRI B R ENDRETHD, 7 h—Ro T/ Fa—
T OGN, Fa—T NOXXVTEED NYAT (97 R\ ETHZENREIND, Tz, Eiinli7e
=R F ) F 2—T ORELWEDOFHENEE CTh s, BUREIZFEE I CODINNT, EEUNFER
PUEASDT-010E, —RoF ) F a—T OEID+ TR UE7eba0,

7/ F=2—7E7 (NANOTUBE VIAS)

TR 5 [ ORERR (B 7)1, R B ~D— R T ) F a— T EE L DE NS> TREA%Z 5, CMOS
DY TN T AMEEICE LT, VE—FNSTX~<CVDIZL D —R ) )T a—7 DOIREEE
(<400°C) ECMP TREC IR S N Bl &S AL €, 1 —R ) /T 2— 7 2 BIEOCMOS Hiffr i 2 5
LT 57 7 a—F 133 TICERESI TOD 8 22 2 ORI O R BT e R EFRBEDMEIREL T
SN WD, T70bh, FEEOCMOSEATIZIEAIEOH D BHROBE AL ERIE AT — 4 (hy 7 F T LR
LT T D IE D) ELSINOES A— VAR CE DB Y 2ok (<600°C) TOM TRAMETHD, 5
IZAHTINA T BRI EE L, S Y A — LOERILT v 7 DT EL Th—RF ) F2—T D
SISO EE R EE LRSI B0, BERRIRFZEM THhI CE QD I—R T/ Fa—T 134
VR —IT 4T a— N VEIRRL L DRCIRIE & BV A FEF I CUGE T 2 28N TE L (BT RN
RUWNEE | BIEL /NS D) , =R T ) F a—T BT % FEITH720120%, BRI Y8 AT S 2
AT RSN Byl QS e A VAN B W RAN YA Y Y A= Y SN AT VAN Y T C iR SV WA B gV E A SYANTAN

T =R F )T 2—T OWFERE 1% BBULT D012, HilfENEZ ML L7 U7 blan iy oF—7atk
AL FDOLEBYTHS:
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ATV T BBI TN Bys. BRI 5 DL DI (CONTROL OF CHIRALITY AND OF METALLIC VS.
SEMICONDUCTING FRACTION:)

CulicR O BEARA 72 H U L RICAEI C BIE T 572012, B56HIEE (~1.2nm) CA R EE D HE £/ 1328 1 —
Ry )F 2—T7 T @B EORS (~1E14F 22— fem?) T T HZENBETHD, W—R T/ Fa—T
ET DEGUED TV HIE, ATV T4 DA OBEBTHY, TRISITWHEREZ L TLE Th A,
DD, AATVT A DOHlfHNER FH D, SHRDMIN M EEESND, S —R T/ F2—7 TlE, ek
BEEFERTD, Fa—T ORI —R A7 OBRICHIN, LB I—R T Fa—T 138 Ema7%
HEETHIEND, DATATAHENIRERFRE L T2 D72N 259,

I E NGBS EED BB . (CONTROL OF CONTACT RESISTANCE AND ELECTRICAL
CONDUCTIVITY:)

SBEEMNOHEN—R T /T a—7 (FX, @R E 0 —R T ) F 2—7 Oik) OEGUEDENE
TRREIE, 6.5k Q (ZOfEIX, T2 —7RIKFLRD) THY, h—KRoF /) Fa—7- i@zy&ﬁbﬁﬁf‘
DI ET 7 AELDSRFUE OB H 5L TVD, F R, EiEiU TR B EOE T I
72 ABHENE, HEMEOHHIEISTA —I v/ X I RRMETH D, EDTayh— Eaﬁfﬁ(#w:rﬁw/%;
—7) N IVEERE (SR T /T 2 — 7)) OIFIEICEY, @ERED T VBT AR RBLT H729120F, B
L.5nmPL FETHMMEL 7=, g —AR T/ F 2—7 Otk z‘~:w:/§wm;@fﬁ7§@£&ﬁ%_ﬁkb
TS TNWD, =R F ) Fa—T DT O EEEEE ChOaL 27 MEFUZXY /pna#e L 7ha~ A2
L—2a DVRINEELT-0 ., T_XCOF ) F a—T %R O EBEEBE SR T 5285, &fhé’)foen%
BELTT, BB TESTWD, 2B —R T /T a—TIZL0HOIAATTE T IZB W T, BEA2um Tl
0.6 Q DHEHUES, EAE160nm T, 34 Q DEHUE S HESL TG, 22

AT I1T B —h T/ Tz — T DEEFY: (HIGH DENSITY CNT ARRAYS IN SMALL VIAS:)
PR L@ —R T ) F a—T OdsE a2 7ML, CuBiArD40%LL T DAL 2 —3 7*4i~H:& 07—
ZSVELRRORCIRIEZ FEBL T 5 AIREMEZ /R L CD, JRFTAIIZIX, CulZ lhER L TR BA IR 3579

BMEIRG L — R T/ F a—T T R EEER D, WM ETD, 2D —R ) ) Fa—T @EJZE
CER L, BEEDDITRIEV, BEIEI4T 2— 7 emREDO LB HE I —R T ) F 2— 7 DOFRAIRL
RAARET DA 0t 2B CTh D, Fio, #ble, FEME, HHMEOH L5 — LV EREHITFIED
LD TR D S e 7 Bl A Al GEME DA E AR 57 OB SR LT /R0, 23 285 29429
Zg—AR )T 2—T DY AmDERT, EHEETIIN\IT A G, 6BOZ @I —R T /T
— 7 H70nmBEDOE T IB I LA OEPUEDS, Cudt 7 OIRFUE L RIS I NN 22, RELDN
TWD, ZORFELVICEESE, @I —RoF /) F2—7 O BEBEE L, 5X10%em*E725, BUIR, 1X
10"%/em® D IR Hii -~ 7= BEAFIESN =2 B —R T ) F a—T OFIRERESN TS, 2 Zoibiix
BN, ZJ@H—ARF ) F 22— 12 LBT0nmEBEDE T D7V AR — 7T A~ CVDIZ L DI i S &
HTUB, 17927

I T T2l T 7 A MR (GRAPHENE AND GRAPHITIC CARBON INTERCONNECTS)

77 A%, BB L TR ERMER O — D Th D, 777 2 ATARE RN 2R ITTHIZRAEF T | 7K AL
WELTHARITH A, VT 7 2 N3 —R T ) F a—T 6k, KEWMBEIIMZADIENTES, V7977
ANPOHBELTEE DT 7 2273108 Alem®Lh LD BRI Z D2 EAFFERE L L TS TV,
BHAES R2L— 22N BET T T =T VR AL, Snmi, 7 A7 M TCulARE D/ NSO EFTEZ R L,
MST U727 2R DR T, CuitfRE0D2 )/ NSWRPUEZ 7R3 ATREMER D Z N TFllls g, *° 757
= ERRE BT A7 0121E, R ECORIEA A BT 52NN THD, L, CVDIZEDT T 7 =
OB ST, 5% LinLenss RIRE L TARKIEEEIZ1000°CHEE THY , BlARs A EL TidsE
T EDIE THDH, IHIZCVDIZED AL, — AR ¢V ARMELTHY | 777 = AR O% ., BrE
TOUENDHD, ELDK, I T77 2 il BT 57201 00E, IR S ARICIVIETHZENMTEEEIND,
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Cu &3 VHART /UA—HEdfrEE 7 (CU AND SILICIDE NANOWIRE INTERCONNECTS AND VIAS)

LT ) O A Y & @ DN IR R M AR TE ARG Bl O CulR iU ET v — M Tnd
Fo7a RIFUC LA IBUE EF-CMEED T 7 XA LD EELICEED 2L OBEMERESND THA), LLTFD
FEBLATREMEAFRGIE T DT EETH D, IR R e R BELZRI T2 B CAikb T /U A7, 285
T VA R COBRBUBED ERAKA T L YLHER m LR HEL AR 3 2 /K BB B VAL BE,

Low-k J& i1 (LOW K INTERLEVEL DIELECTRIC)

BORREEIZHFES L QD IS, VRV FE R ORI E BT 5 H51ELEL T, EIT, —oDT7 7 a—
FPRBSNTND, O —2E1E, 1) BRKHEFE~DZEFILOEAL2) =7 —X vy 7B TH D, ZLLE
IEFEE R BHT, ZnmPL FOZEHL YA XKL V2 3R E D LLFERA R T, BRSO 22L& H
REBINT HIET, kEZ2.00L FIZTDZENARETHLMN, BT E O, 7 o R A VLRI D =80
BEEHEMIZREON TS, ZHSDREEZ TR 572012, Bl FREDIIZEESN D _ETH D, 550D
T7a—F L, HBERENLOGHDL =T —X Yy TR Ch D, TT —F v VIR A TR T D #7225
DIFECHOWTLL FIZiR %, OED1E, B ALy P DIWCVDIEIZ LY, 4 BB £ 13584
(ZZERRZTERT 2715 THY oo HiEIE, SBEIAR IR A HD AT e T, F vy 7ML
HIRANBRET D HIETH D, MEHOZRBLS NSO 7 —F vy RO NEE R FRE O O o1k, HEs B
ZBFETHZETHD, Low-kifFIEOFR-D FL 1L, Table ERMIIZE FAL TS,

Je& AR L D LB B =R A IR T 2720121 E, BALHERES 720 O /iR A IR T D Z 8B TH D, 43
FRR ORI IE, BED T E 2RI 35 71k BRI &S WD FIERHY, 20 — SO I ED
FAA DL D FIEL | RS QD (IR B O J R B e L Cid, S U B TARBMEREL T
FoND, % ZOMEHNT. SV ERICHIET D2 UM EIC LD IEFHERLIRITOVI A T T —7|2
LDE IR E A 7R T, Si— OfE A L0/ NSV A FFOSi-CRE G2 T 2RV 1 — R T ROz
I3, ZEAOEARUIC, 23EORNGFEREY | EHEOBSTRER S TN CuliBU 33~ Al EZ 7R~
T ZOFEFIE, NI —R T ARG ERE I L0 )T 22V R EOBEIEN TE, U7 AX
JUINEENZ L2 | ARIEHICUBIRDTE N BB CEAHZEZRL TNVD, SHIZ, DT DREALZEANTHD
ET R =R T OKEIZ2.05 8152 LN TELNE LIV, I OEDDIRG BRI L FAEEE T 5
MEFEL T, CFsE UL 95 7 7 X~ CVD TSN 22 H L G A LW 7 LA — RS S C
W5, 3 ZOREO EFEERIE, 20500 /NS BIPERIT, 8GPak Y, S5IC, ZOT VA ul— R,
SICNNY T i~ D BN - B LB R-E A EIC B O T ERW — VBB E 2R3, CFlldd
CVDRURDIGAIZIL, RIS L DERIMEDCF TV VIR Gy DI LA I CE DTN D, ZORE, Bif7e
MEEZ AL TD,

BEHEMBHC LA =7 — X% o 7RI L ARV EDIKE OB A EH T 559 DL O DERM T, Hbb .
—EA7RRY ~—THDLIENZA, JEHITHTHRTHY  OBROFR IR~ DWELER A2 77 |
X, TERTHA), R~ —I1L, =7 —F vy T Z T B8, BEL/RDI7 e DL LI, i
BEIZ LRI 0T, =7 —F v 7 DS NA ETIL, CuftfR O TREEHE S D 72T U
T2, EHRF270°CTORSGFRIZIUNT, FV AV BRGACVDIZED IS TZARY (S 7maF s L A2 7L
—R) ROFHERY ~—DFRIEIL, 03%LL FTHD, Y B EIEL T, RY (A= F L AZ UL —h-co-
TFL T Va— T 7 — N EER)~— 2 LA 2B G 2290°CHNb350° CIZHR#EE ¢
X, ZOLEOBRERIL, 93%05H98% Thd, * ZnH0EEMEHE, Cuildi 7 B A ICEA OB S, K
P EOGESR (3.9-5.5GPa) & BV iRBHARIR 2o d, 7 e AOBMAL)S, =7 —F vy T H A FEE
T AHEOIIFTMETHY , OB EHI XU TR Bk 2T 52812725 Th A, CulEREENIT
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=1 = Sy N A Nl =/ A o = Ly VAN i A M e AN N I o s SUNGIN L Tt ) 4 1 R O BY 71 AL AN
FRE L 7 o~ A7 L —al itz 2 ORI U7 b7,

T T Vs hr—

ZIHITEZIIHDN

TR ATV 22— ar L CE LB LIV WS, FD 7281213 Table ERM11 (2R 26D

V7 (ASSEMBLY AND PACKAGE)

Ik DFEIEL o —HARO T DX —F L VT, IS AR 2 A —
TRV ER AT T H DO THY, Do FIET o AT B LG0T A7 2wl T, 7
SLEFHTELLDO TRITFIULZR DA, FREEOHEAR L, R —Roho sz

ey

VERHMTHZETHD,

ERINCaRI NT DM
=T THY, F-FNHETE (ARLR) WA MOBREEARN ZA72ENBEFORATIURRL T, 2> D3 AN
IZH AN TRTIEZ B0, ERMIZE DT M EFCE R+ BE Bt E1E, ZHLftskd

AREA D

Bz 227 UE e b7y, B IRIT ST =L AT e AV =D — =T L TEY) IEE
\ZH 7 N LN THERSNSREE ) 22— a Th D,

Table ERM11

Assembly and Packaging ERM Challenges

Low Temperature Assembly

reduction of solders

Demonstration of first or second level
interconnect solder joint at low temperatures
(<200°C)

Oxide free < 5nm NPs, FLI or
SLI solder joint demonstrated at
temperatures < 200°C

Application ERM Important Properties Key Challenges Target/Goal Status
Oxidation free solder nanoparticles < 5nm
with a tight distribution; Demonstration of
Nanosolder Melting point, latent heat melting point reduction in macro-scale;

Not achieved yet

Electrically conductive
adhesives with metallic
nano-fillers embedded in an
epoxy matrix

Cured at temperatures ~175°C,
but can withstand 260°C reflow.
Compatible with MSL2.

unstable contact resistance, poor impact
performance, lower electrical and thermal
conductivity, poor current carrying capability
and metal migration compared to Pb-free
solders

Not achieved yet

High Performance Chip Attach

Nanotubes

High current carrying capacity,
high electro-migration resistance

Low electromigration resistance of metals
[Copper and solder] at high current densities >

106 A/cmz, alternate materials like carbon
nanotubes have high current carrying capacity
but show high contact resistance and
integration of nanotubes into packages is
difficult

Show ease of integration of
nanotubes [low temperature
growth or efficient transfer];
lower nanotube contact
resistance

Not achieved yet

Stacked Chip Adhesives (Low power density)

Die attach materials/back
side films, materials for
thin packages

low CTE systems

Using nanoparticles, low BLTs can be
achieved and by increasing their loading, CTE
can be lowered, but the viscosity goes up upon
addition of nanoparticles and their dispersion
is difficult to control at high loadings

Control dispersion,
dispensability of nanoparticle
based composites at high
loading

Some progress for oxide based
nanoparticles but for limited set
of filler-matrix systems

Stacked Chip Adhesives (High power density)

Better cooling solutions
with low thickness

low BLT, low CTE, high K

Reducing thermal interface resistance

Not achieved yet

Lower viscosity polymers with

Using nanoparticles, low CTEs can be
achieved, but the viscosity goes up upon
addition of nanoparticles and their dispersion
is difficult to control at high loadings.

Some progress for oxide based

adhesion to IC materials. Flow
compatible with flip chip
underfill to enable one step (UF
and Mold).

order to achieve high toughness [to withstand
bending stress], filler-matrix adhesion needs
to be strong (Improved Moisture
Performance)

loading; tailor filler-matrix
interface to improve toughness
(Improved Moisture
Performance)

Underfill Next generation underfill [low CTE (10-14ppm), and have . . . | . A o
low shrinkage post cure F,ff.eclwe resin shrinkage maybe prevent.ed by C.ontml d.ls.persmn, ) nanf)parucles‘but for limited set
adding large enough amount of nanoparticles, |dispensability of nanoparticle |of filler-matrix systems; not
but the downside to that is viscosity increase |based composites at high seen specifically for UF or mold|
at high filler loadings loading compound
Need to avoid cracking in Using nanoparticles, low CTEs can be
bending stresses with thin silicon, |achieved, but the viscosity goes up upon Control dispersion,
CTE between silicon and the addition of nanoparticles and their dispersion |dispensability of nanoparticle
Mold Compound Next gencration MC flexible substrate and high is difficult to control at high loadings. In based composites at high Some progress seen for oxide

based nanoparticles but for
limited set of filler-matrix
systems; not seen specifically
for UF or mold compound

3D Interconnects (Thermal & thermal
Mechanical Stress need to be addressed
especially for k ~<2)

New polymer with nanofillq

High interfacial adhesion, high
fracture toughness, low CTE
(between Si and substrate CTE),
resistance to electromigration,
low process temperature, low
moisture sensitivity, stress
decoupling capacity

High current capacity with reliability in the
use case with low assembly cost.

No delamination of layers in
packaging structures in target
use cases

Decoupling Capacitors

Ultra high dielectric

constant materials

>1 micron=thick film

<1 micron=thin film

Moisture at particle-polymer interface and interfacial adhesion is a critical issue

RIEA B LR T >~ (MATERIALS FOR LOW TEMPERATURE AND
HIERARCHICAL ASSEMBLY)

CRT I A sl =D ESOEERE T ) T T e R = VU B AR — 9 572012, TR TR
NCHAREZR D TR UBETH D, VAT I A e /30— Tl el D~ MRS A OER Ao 7
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F720, &TOHYa U Mt 7 a2 TEEbL, FIEO @O Ya s Nt BT AR, 2o
BRI ZEN) 2 DI T DITIE, IVERLR OB NEN 2%, FAIOKIEEE Y a1 ME, Zh i
I BHRDOV 7 a— 7 a AR CHEM TR 2 (R T- 11272 D72\, BERE T V7« T 7 R — Tl
IR SEEDN B ARAN A% FIF A2 B THD, $h7V—DE T30 — ~OBATIE, JVEfiA
(>300Cm1/\)0) Sn-Ag-Cu (SAC)D I H 72877V —F-H O FHEWHFERIT/20 | Z S I M E SR Ei< |

WA BT ORI T DIBIUEIMENEWRHEE RO, oD @R & S BMESR D701, /X
= OB SN 5, ERM OF—F v L U1d, SAC A2 E 20D b DRI
D OFEEAABFOFE LLEAKIE KA ADE 10 r — U7 v A% T 528 ThH D, 7V —H4
—ADF ARG BRI G T 2, 3 @ﬂéﬁTﬁﬂh%\éﬁéh“@ B BFFRLSER DT ) — T DB
DRAAE, FHEIY72 X0 — D T DOBEGETIGNZ AT, ZIVLDMEND 7 4 — BT (BT RIHEME) & 3T
AET AT ENELRSNL TS,

TV T F o T OIS THERIBI LD AT L 2 AZIZIR D L7 D D385 - Sn-BieSn-InD A 582 WD IEk

DISOMIE A, e BRI E & CHECMCBIRZ 17V 7 F o7 o r—u 73N =R ) Fa
— 7O BEARE ThHhD, 2O AEEDSH AT Va2 AZE, T2l LE KRR T v L U EE L T
WD, LR DY — T ORI AIZ, FHEIIYZ S r— 0 7 DEEEIIN 2 HT2DIT, ZIHOk
BT 40— VT (FATRIRENE) & NRIET D2 ENELR S TND,

TR FH (NANOPARTICLE BASED SOLDERS)

2L D4&JET /R (B 21X Cu, Sn, In, Bi, Ga, Au/2 L) Tl Al ERIUEE BRI 7D AR EELITIE T
FTHZENFDIN TG, ZOBGIT, BlfiFE D 5% —7 774 — T HFRHE DO BFRTE LI L ob DT
TG TR LR OB X5, KRS ok & R — A U7 AN, B3R BB A TR D2 8T
IRIRTE Ao — NS OTEAD,, LINLZENG, AT He/]. =L /b~ A7 L —Ta i, 27—
TEVT A7 ST FEERSI TR, B2 L, SEIRLF- A X 10nmEL F DSnAgZz~— R (T L7=F /¥ H
DELEIE, 7SV IO A 225°CTHADIZHL T 194CET FNDIENFEIESN TS, B9
% 10nm SACEEDRLIE 199°CE T 3%, Y-HT /b A RO —F v L U TR OBS I ThY, 3
[/ Ny _—a Thd, RITEHEANRIR TS S 72 WL fEEEZ L, g1 0" ~N—7 - HEEE"HMES
B, FLUTHEREDBESIT. (kb0 77— v A2 Lo T ThiLd, ZHuL, IZUOIRIR AT 2
FLC, 2B TEIRILT 5857, HOFEDIGH TIIANEN, LD/ 07—V Is L, CITRIR Y-
H7Z TRV ZIER CET R R, /MR EHOXF—F v LoD E, KR CEHEA N AT
AIREIZ D97 T MR- A XD Feii bR R E A DA L% & e Brar Bl D 56 LT B,

BEMEEES (ELECTRICALLY CONDUCTIVE ADHESIVES)

EEEMHEE A (ECAS) I UMRIRFZED T DD | — HOFHRTEAEF 7 74 % TERLL T D, ECAsld, =RF
ORI ZIZAGONIDO T L — 772 B D &8 /7 47— HRDIAEN TODMY, ZHDHbIAE
NTAERE, B OV 7a—iR IS 3> LR 175 CREE CHRA B B — DO i M Tk rTEE
THD, FHHONIERFIECAsE AL T VAT —2 a3 5720 DX —F ¥ L I LN FOLO0ZET
NS ETV—FHIC R T ORI /7L — s F il B RN ad S ARS8 R b
RS, AR ARELEILTHIE ARNA L T MFH:, ARWVESUSEE | (KBRS R VETTE
FEIMiE, 2L CaR~AT L —al /ol Thd, ZIUIMA T, drop strength, (RV~—%%EME) | L7t
~ AT —adittk, A —J8 VT BEEMED Sy — DL VR S DS TR S = a
DLETHD,

SFED N =22 7 D JE D DI ~—F# (POLYMER MATERIALS FOR FUTURE PACKAGING)
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R~ =13, BIEOVHIBITE R DHG A, T —T AN B— T 4 T aAL NN Y= b5 —
T =AY | B DFLE R — VI RTRE T D, T AVHDRY ~ — | FEERER OB A R, 2
B, BREEARL ANDSFOZa T AURe D720, 2L CRLFEMETOM, T o L ERMEREZ IR U T 22 U
72572, EHIZZNHDOMEM~OEREL T, AT, HDHEHOREZ D, 7oA, 50K
P, E U TR LU COMREZ RO BN DD, FE7aZ bl ZNHDZL ORHEITBITEOMEHI AN
LUl E e B2 N, — DR IS % BT 2 DB 2 28 . LIS LIS OB E NS b5 &
DL, ZUT 4 TINTF XL D, R~ —DOFRFEZ ISR B S AT EN TELINIF OFE RiIZH D,

N fr— 5 ~—4F 1 (PACKAGE POLYMER PROPERTIES)

o r— T R~ — 3, R EIR O BER A7 U570, ZLOIGHIES T, B
TR RERGE, PURMREL (CTE) MR SR, A2 & T oI ORENE . (ORI DS E 2 & A 4R
DRGSR LU TI , 51T, FAUTESH R O E 2R TEZT T b7, i120E, high-k <
low-k J& DT D LEFFERCESIESL, BVERLEERE ThD, b UREBMEIT 2 Ry MR ~—T
WEIRBIE | BRI B AR <~ — E R AT A0 OO R mBMEHU L, FEF IR U e
720N,

FEROT B —T 4 ETF > TR — VD INSNF vy FNNAIS T DI EMM BN /2D, T AT
H =T 4R AR VM CER & AR R~ OTRIVIED BE | L IZIRIHER O/ NS, il k%
(IR BMEZIRLRER (10-14ppm) SV T2 DR OHND, BIFEOT 7 0—F TIHK CTE %7 H12iE,
FEMEDSEEIILCLED, T /MBI LT 28, e 7 47— % MZ D2 ETHED I3 2 L7 CTE
DL T ZENTEDDH LR, T M B TR L O N RN A Fr |, A S 25 RE DK
HEbZ DT, CTE 2 CEOEIROMIEN IR0 D, T —TANDRIDOT 7 ra—F LT, Htk
LUV OEEETIL, (K CTE THHORY ~— OO B OREE M B LU LOBRIZITIHED 2w
IO ONRNETHD, ZZTHFEK CTE, —F v (thermoset) AN~ —DIRIHENE, HEES B E
THUIRW e B2 RTRRIC T 5T MBI O G L OWFSED LB TH D,

BV T A TEEMIL, @Ry T @ DAY — NI —RDIH 7T L X T NN = AE T, g
IRV ZE R Z DB DE L TR DT250, 7V 7 F o7 FEENREZ HIZoh, T 7 mdiAte I,
T T ERMRDDOX v T H D BT X —T7 )V ELTOME BTN I/20 DT DA ORNEESTD
TR T DEFNVENEENR2DT25), FTLORHEEFFOMEIBIRICH A/ _R— a2l SETH D, BilZ
X, RS DT T (HTO ) AR AL SEIN AT 57 LR BT 0, SYar kT
X7 NVHME O CET AHatk, IC M B ~D IR RS MR SN T B,

FERL- SNV B DN NENT AL~V DWNXT T Rl g o r— 0 T OTDIZ BEEANTIL, T Var L
DL ADMEHED AN AZWGINL | /NSTRHER LR CTE, [KHPEAREL, KB E R 7R, FHCE BT
BB R ST LNESREND, 22 ThE2, BV a— /L OB . BRI S 3RS P —
Eryh R —~DF BB IAI DN T ORI TH D,

F T Y=k, ZRERER T A BIRE I RO AT Y T T 7 I a BRI R TGEL
BHONIHFRRHEE AL -5 ORI AR CE D, ZOIREEMIT, fik, T—LREAEM .
TUHE =T 4V SDONIF AT Z T Mo SN OB DIETERZ2 FTREMEDN D D, BT A RPN ISR
DCTEZ FIF2DIZE BT 2725510, Fi=5I0F B EMED B, GIFHREE (decoupling stiffness) <P
(toughness)IZDOUWNT O RIREMEDSHIFF CE D, LINL2D3D, ERNLD T 'R (A2 — L —arvk
JEMFIBEN BT 2T v Lo UM, FIEEMEE T WER T DI EL LTRSS TND, 747 — DK HE
B2, T VIR T 4T — EOTRFY R, T, vax el M7 47— DA X —T—

TalRBRIFBEO FZBD T | fred CTHRE/LZEZ R, OLTmT 47— HTE, BMIZEL
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ZLiAEND(intercalated) (R RAEE) IO/ D L, ZNHITETE I — 7272 o I — L LT, B
(toughness) 502 7> 7B 18 DU NEEREICE LD, HL, IRV RSN 747 —I1%, BRHICRY~
—F 2 ZHOTBEITHZENATRETH S, fEREL COT EEMENT., — ThO TR RO 8N
NRHNDH, KW CTEE BEE /R MDA R TVD, BLT7 4T —DBEINTEEM OF H =R/ X —
DOEINEL =B, ZAUCIDBEEER W ET D, LIRS, BEETEOUEND 72O 10D FERE R BN 2 B
it HDRFFEILMLEETHD, 2007 FEDITRS ERME C/RENTZ T RF v PiE, IKCTE, (KNSR, &
REREINE, okl (BRIl | [ARHZEB T _REEFHETLH D,

Polymer Composite Mechanical Properties are Highly Coupled

Functional
Properties

Example: Adding silica fillers to reduce CTE
increases polymer modulus and reduces
fracture toughness. The effects on functional
properties, moisture resistance, and adhesion
are unknown.

Moisture
Resistance

Adhesion

Fracture
Toughness

Modulus

f

Figure 3 Polymer Composite Materials’ Coupling Example

Material additives that independently modify
properties are needed!!

=V R~ BTSRRI E O W G O EFEE | PR E R BMSER O L7 HRerrE
BRI O 7= ST U e b7e vy, BIED T 7 a—F CIdEE O R E BB BIRL &V, CTE &Ko7
DOT 4T —BINE, LIEUIEZDIEZD ORI E D TLUED, MO EZ 2 2 5 L7 N TF A B 2R
V—TIMABZENTEDNEIMMITE 2T THD,

kDR r— DT ORI T LOW DIMENSIONAL MATERIALS FOR FUTURE
PACKAGING)

T Fz— 7 LR (NANOTUBE INTERCONNECTS)

2007 4ERR ITRS ERM FTld, —R T/ F 2—T o E ORI e T~ 7RO =L Zha~ A7 L —
2 SEROBREATE L CTROBIT -, Ll ZREOMEHIIZE L O —F v Lo U0 WBhET-, B
21T 1) FEEF v AL WD D 0 lr— 0 7 D)W ER BRI R E DL ha~ A7 L — g
e TR, ) REEa AN L TH D,

F XL TN EITIED DD, = — 7 LA OSH5 2 FED T )T 2 — 7 FEEEO RIS
DETHCh %, FHSHIE 1) insitt IR CTF /F 2 — 7 2" 7% 5 1H(<3000C), 2)F /F2—7 T L A%
BIGRARLL ., ZD%., FDBT HIETHE!Y, 1 07 7r—F Ti& 350-500°C O RIRE RIS
TWES, 2 o7 Fu—F Tld, BTEFE T /Fa—7 T LADRNBEZ L0hIT e T 0
FCBGAS{ER AU EN AL D,

BOF L3 F /F a—TITRKT Lm0 a2 MR CTh 5, HFEEE DO~y T L 712k~ TH/F =
— KT AR H I MEFIRESNAEELL T, PACRIRERHIHIL TS, £F U7 OEE Il
X, BB /T a— T Tl A7 MERO BEEZER CELZENTRISH T, /-, K
SRRt H N T ) TF a—T TV ADEEEREZBR T A5 EDOE IR NETHD,
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W r—ZBiv e — A fDEWDDT F = —7 (NANOTUBES FOR PACKAGE THERMAL
MANAGEMENT)

2007 4ERR ITRS ERM E T, D/ 77— VIEHD T2 O RHEMED 8 2 By~ 32— A > Mgt &
LT, 7/ F a—T7 MR T BN S TWb, T/ F2—7 OEMOEERERE 3B o ¥
— 7 = —AMBIOF S E L TORYMEZ R L TWD, ZOMENEREESN DI Bz 5
EX—Fx LoVl LTUL: Dar s NIRRT, 22RE b — b v 7 ORIOBEHEOBYRE N
ALIRDEBES ) Fa—TNaEND, T/ Fa—TEELLY arHHWNNIT Y a UEREEE 0%
EMEN, RIS A E L COBRHEE Rt 3 57 DI ETH S,

PN =BT R — AP DTE D DIEBE T/ #1#F (ADVANCED THERMOELECTRIC
NANOMATERIALS FOR PACKAGE THERMAL MANAGEMENT)

BRSNS R S — D DB~ 3— D A D BLR A =T -0 DR L 725, BVEHRHIRE I
R TTOMEREFEEZT CHER CX | ZTIEFI O Y-8 AT /i TR E R (A A7) DIALNDET, ED
< 1 BLFOEICAE L T2, 1.3~1.6 DfEAPbSeTe/PbTe® 1R MBI T2 Lo Tl & =2, ZT
DEEAEHY 2.4)1%, 5 FTBi2Te3 &Sb2TeD /I T2\ THRLN TN T, ZhbHDMER-
AT DL DT NAANEAL RS, ZnbOFar T MEHE, A% SSIEE R S — D OE~ 3
— VA NDFRIBASDOEBRD FLIAENDH DD, N 2T v L P 7RSIV TND, ENBIZITar 270
TSI EENDD, TIULT ASAZRRNSEST-LL THHNDLD T, 30T AP RHEA DR HIRE %
ELLH S ELHLDOTHD,

B PEBEF V2% (HIGH PERFORMANCE CAPACITORS)

R VB e 21, EERER Yy 7 DEE 157 Bff(Power isolation) | Z LB Td D, R DE 157 Bl
¥/ 21 GHz [ E CEMEL M B A BRI 22 AU D720, ZER— N2 EHT, ELbik
R CIHERPTECRR, /NS EMFEEEE M ERL CEDM IR DD, b\ O BB, T/ 34 A
BtDY 7 ar TGS BIRIE THY . T LiEFE KM E OETNMEZAR FESE 5L ) RS
N5, Bt 7 ar THRY B2/ F 2—7 R0 /U I HMEIRPECRRO ATREME A EF O 23, Z 6D
PRI 7 AR AR LB A FE 5 | ST L IR AN CYED BRI D, RTBEMED S DA L a1 X A
(ZHIES I A SRR AR - B R B R v XU 2 ThHAD, BRI R K s FE S Bk S
Do
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BRiE - 224 - EHE(ENVIRONMENT, SAFETY, AND HEALTH)

W2 10 FOM., FHAEIOE NI NERERIC LD NT L DAL D AL S A — D 77 s S5
R FARTHEIC LT 2L IT, BORREEEA BT 5720 Cu/Low k BURROEARCE T E 42 O
DIT UV AAMREZYEIET DT DFT NN — NERRD (575 B 2R — MERIEOE AN T Hivd, S
FEA~OFHABIOE AT, BEERHE OB BT 562 Thd D, PEARPEREIT, KL EH
JE - R REEAT DR T D7D D ZL O EE/FREICE H L QO DICHIRDL T, AR E22 DI 5708 BHE
IR, BB~ A D N—R UL E DT, FiE BN 7 7 e —F BB T X0 &
L7z PERERIZ BN MEDN 22 T By, Ll TR COBIRBICEBE DO H D\ NIARE O B R 2 Eh 23 i
V25 AREMED B D, FRIRDIRRO LIS — T, BB R ThHLIG & S EEED ATRErES
T2 B DN T B2 DM EE L 705, ZHOMEHIHIR RIS b Lol
STETEY, ERPEE SRS B LD 7200 DMK ZAH D720 (BT, ESH 5, Z88h~D BiRZ 725
PR TS0, BRI E A D ATREM N E < 72> TRV, ESH TWG (X2 D XH7a BT E
72 FRREL T B AT 07230 DBEIG O FEB Al REMEA- AT 42 T 7 T D,

ESH #AiiV—x% 77 —7" (J& 3 work group) X OBTHIA B FEELD "TREMED TR 70 o 7o L ZITRFES I
DTS =T 4 D7D MMOFNTT —F 7 7 —7 (JF3C : work group) EDEHEZ LB AR T
ERDOFBIMEAAT), & ERM12 DJHIZ, FEBLATREMEDREIN L, 3~5 FELINICSEBLO rIREE 5
—IRRBIET /T =T Wb kA BRI . B SRR A B IS Ko TRESER D, B
— R R OEET /T 2—T OMDIART TV /r—a OZOHBNIZBITBISHEL TEREEL S r—
NEZHND, BT IRIAITV Y 7T 7 A DT + D ANRINFIRS , EIEL R lr = D8 r— 5y
F-IIFI~DIS DB 2 DD, FRWEREME > F1E, ALFLIREY Y 7T 7 BT D7 + P AR~DIEH
NEZHND, H OB, DA T S r =~ OIS ATRE T D, Wb FiERA B D72
THoEHE AR RN E TSI TOD, RRIDFEROFHRM BIn— R~ 7 TR D,

Table ERM12 ITWG Earliest Potential ERM Insertion Opportunity Matrix

Novel Macromolecules
Spin Materials (Fe, Co, Mn,

Nanowires

Carbon Nanotubes and
other Metal Nanotubes
Oxide Nanoparticles

Self Assembled Materials
Complex Metal Oxides

Graphene

Ge & llI-V

Application

Process Materials

llll.Metal Nanoparticles

Lithography

Device: Memory

Device: Logic

Interconnect

Packaging -

LEGEND
Earliest Potential Insertion

Current Apps [3-5 yrs [5-10 yrs RIS 15+ yrs RGN E i s

[FRF& 73] Table ERM12 @”Ge $ 1I-V” & “Interconnect” D42 R0, 5-10yrs DEAMFT HAL TS 23, Z 213X Not on the
Roadmap”(ZEIMEIET 5 Z ENHAZB RO T TITREIN TV D,

The International Technology Roadmap for Semiconductors: 2009



BrRREPEL 56
I (Metrology)

FrBEZA £ (ERM (Emerging Research Material) ) D7z OFHANZIL, Jii1-+F ) A—F —R/r— /)L TO3IK
TR, RN DUV T OFHIEAT S LB T D, IHIT, HOIAENT B, FimC K a5/

P72 T ) A — Az il D72 O DIEMIER72 kL | AT ) A — L O Rtk [RIRHIE T
DHAERINT T 8T 4 — LY BELE SV TND, FHERERA BN B L 72 FHAIEIMZ DUV T O B2 D55
2T, TMetrology | D HFHURRIM LB L OT SARI2OOFHI D'/ a2 SRR,

T I A =B — R — AR DR E A A—7 7 (Characterization and Imaging of Nano-Scale
Structures and Composition)

SRR RO ETEREIM B2 T ) A— S — 2 — ARSI ZEEFE LT 2720121, ENHDJR-FHEiESHE
%% AL CEDFHIIEAN DML EE SN COD, ZHOFHENTIE, M- VALEW -8R, —R T
JF 2= R T7 270 EOWETTH UNSIRF A FOTTR)MEL ~TuF VA Y —DIH707 /1,
B, @JRBCHR, AR RS RO LA B A @B ERN — TSN ER S BRI 5
FITND, ENODOM BT /11, AEACORL % ERFH TR T & D85 JIE CTE DI F AT
EPVEELIINTND, ZOIORFHMIEIL, MBI T /iE L~ 7ol ket OFEBIRR 2 fkIZ 35 £ C
WHTHD, FIZIX, V—AERL A DO RET v RFEIBIZ I T DREE N — e 7ot 45 =—
AT HND, ZZHEONITIE, BUEDR —/ S NEF-OALED AL D3, T/ A — VDRV AT L
DT NAARERRICRE IR NN T Y XA G SR L PRI, Zhuctbieo T fHMli A, L -3
FHASAL (R - directed self assembly) <07 (& il f#) 7] ReZe /ERNE(R S : deterministic fabrication)D 57251k 7-
E# (J53C - nanofabrication) 235U NT, BT/ 7 /S A AR EIE O IE LI REIEZ I A& FE UL
T eI, EREMNCTHE CE DL ERHD,

S EHDIA Fi T T G ISR S EHA| DO =— X (Metrology Needs for Interfaces and Embedded
Nano-Structures) **>*°

T A ZARLEHR AN T DS DIRE SV TODHTHIEREA LTI, oo Bte &b IR S22 LT, 22
(CHRADNERS VDD, £ DS I DM, MLk, S &, KGR K0T 20— ik
DWRAE BT 2281F, FTETEERLD LIRS TETND, HOIAFNTHEEEHOMO~T o
IEITHL T SR LOVERAVREE S O 2 E M2 IERE CRHICEA T8I, FERICHEETHY
MBI TWDDS, FEFRIZEBLT 201IREETH D, FilZsiT o5 imis JOVEFIRREZ T Tl /27
— VORI, AL -VEE R LTI 528 T, FRIRIEA OO BN EIZREEL T E 57 ) Biig
TEDHIDNTD, BURIZB T DR ME FARL NI H DA A= 7 LRIEEAN L, SmBiges BRI 5012
I+53 TR, Fio, ZNHDOBUROEIT DT, IERHC W Z B2 e 3572 | BRI /2> TL
FHEVOEA S 5D, ZHHOBREI U Fri 2 BfiE 32 ECoRBEE L Tl i 0)7e IRk SR
il — /L EFEOBREEAICH D, SHITINZ T, RAICE LT HIRAEZE GREE  Fil 2 1 TR AEVICES
FHAE L DEEIRE) ISR MACHTL T 731 A (beyond CMOSHZIH 572D ITRBSNDRRIL, /A7
— LOYRE RTINSO NAIE A R KL T 572012, 8B~ /LT —FBiS#E (5L correlated,
multimodal microscopies) 23 FEE72 5, ZOLIRMTS AT LIIE BEOBEEMTS, [FIRHZ, £7239E
[FHICEASNDZEEBIT, SHIZ, Tr—T7 LB O BEAEHZ 3 BEL /NS b A3 1T TV W S
ECWNEE R D20 DTV T UM THD,
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T A — )V OFEEIZEIBT B KB I L OVK A R (Characterization of Vacancies and Defects in
Nano-Scale Structures) >’

%L DT IREEMBIOWTEL, MBS E ENDIRIREE D ZE AL R MG L > TR EREELZ T 5, 207
W, 22 5L, Kb, F—/ S NSRS DAL E A EEI R TEDTEN, FEROFH T A AEHRINT 5
TeOIZBET D, CMOSEITEDRELIRDT Yo IV - 8T P AZ DAL, R—/ U My DR
AR BRI A OEEVE 5 | SR 23, MBI R mATERSILD L, fEA D OISR an &
L. ENDMEE T A~LE CED I D, 7 TT 2ol —R T ) F a—T DAL, H R C-HAzE
BOERRT— R A D RIBD, ZNOOMEIOE T, Btz RESESEID, HDHNT, HD
BREHAEAR T 5 L (RS : functionalization) (2> T, /N Ry 7 INIZHID (NKi) HER 28 A3 57
— R RA- D KRB RO (JF S  rehybridization) 2232 & 1272095, ZHUT-AP RO D 2 281 (R :
perturbations) 23, ZAVHDRELO R ZBININCE 2 HZ 005, BEERB O ESN), TRiFEMEIR
WEMEDREES | BAR RMaDFAELZ DALEIZ L > THESEEE T D, EWVIDG | O ENIC R
7R RN AR ST D T LT, FEERDORIFREDMALTZY HIFEH TR T E IRREE £ D0 b Th
%o AT DO~T O FH TlX, R OF v U T IREDIERZELOFTEICE > TEELIDZEND, T /A
— = A — VRIS 1T DARIREE D ZE FLE R 2R TEIRODDIRETS IV TOND, BRI 6351
6] _EA~DOIAfE R = — XN A, OB FLRIETFHEIZ OV TH RS IR OB RIE, E &, FifEc&5
Jolz, tERED M LKL NARETHD,

T AT = VHHRBRR B O DT = — L~ L TO~ B 7 (Wafer Level Mapping of
Properties of Nanoscale ERM) 6325331

L DARR T EL O EIE B L O~ e 7 CEHIEN, JRELIETER 7 RIS CE DM B B
T DBHFE SRS DITITMETHD, EDLI7eE AT EORIRIT, @B B BB ED Byl
&, EDH 7 VO, FEE LA TG I I CE D FEDFIEILED > TWD, BilxIE, 7T 7 =
ERESEDIZDDEOINDITIETIE, ¥k 72 @D T T7 2 JEP0k 2 72 RIE P a Fi> Qb7
ZAERR T DIEM D05, HFR L TIECBWTUX, 7772 OHJE, 280/ VI D57 7 A MEDE
AT HZENTELNT | IBIZ, T =V BECO R MDA E 2 I PRI CE DM E R H D, 1/ SANR
FLERIZB O T, HRNTA T4 T =— NENIZBIT A\ R vy P A~ o 752 812k
0. BEME AN R 2 R ORI AR EL C, TR ES T 7 = EOM AR 27352 &3 FlHE
(2T DTENEREND, T~ ik, w5 ETFED KO 72 S OFHIEAI L. RFTHIZ bRy
IRERBENZIUR ChH— 17T, ZNOOMELD JRFTHI72 E 17 Rt Rl 2 3 bg CEA LRI D Tk M3
ESIVTND, BIHEHITFEIZ OV T, TR i~ b LR CEHI0IT, HeatEREdm) |
DELRESAVTEY, R, PIEAE —R | fEELREE DR DT AW ET HLERHD,

AL B I OVELRHED RIRFAE D728 O FHI0O =— X (Metrology Needs for Simultaneous Spin

and Electrical Measurements)

LDINDOWRMAFTHLT /3IA AL - beyond CMOS) Tl 22 HIZEDDIRREEEE L CAL IRREN I H &
IWCWD, ZH BT NSARZE, AEUEANVIER T 2 BT 7B AAEY—(MRAM), 7/ A7 —/L
AE U NT DAL A AR T ISA A GRS ~NA T Mg SO AL R ADGHER T A A&
GEITNWER, ZNEDFAT DT ) A — VAL L TS AR BHE DU T ORI L, AT
k% BRI LT AERBICMOS 7/ S AD D L3 72 - T D, AE UAPEIOREERHTNZ 351 5 [ A DORE:
RAEL TR, X DA AT — A A= BEBEREEN DX AT 7 A ReHEARIND FEE R~ D h ) C ik
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BrRSREPEL 58
IRAE AR NIC L SNA S IR AEE AL Dk EFFMOPNE D DD, LA LD R D72 D
EEAA—=V L T HARZ DN TRATBIES N TOD DY ZBOHAIRITIE, #ELAF LBl (Pik7-, X
BR, BETE0) &L T m— T Al (74— ABER AR RS TM., &AL % <O ISR 735
FNTCND, DUVRITIZIE, B (ST - magnetic circular dichroism(XMCD))A3 ., 2% & s 1>
ihEZ A A= BOIME LI TNDY, BER A A A= 74 BT DB HEECIT, B E IO
—L YA A= TS AR RIS LD R EAENTIE (ST : polarization analysis in the scanning
electron microscope (SEMPA))3 8%, & ERLTHSCFIMERIL, T/ A—F—27— /L TH—[ERRE R
HE S D72 DITBRAFES IV TND, AEBIE DB N RN DWW TUIEE I E TRIESIL TV,

BEAELBRIEZ DT80 DFHEI=— X (Metrology Needs for Complex Metal Oxide Systems) **>%

~ VT T =AY AR multiferroics) D L7 AHBERR LR 1T, BEA AR EAE A AT, ALY BB EHK1-D
H 2R TERY, ENODHT- /e BRI DBER 7B E RS D, ZIVHDOR NI T 7 A A
RBEFRERD LD DBTERE 1 2 FF > TD, A - m)y&%f\“—xz:u:%ﬁ%ﬁ%%u—aj\ AR E LR A
EUBLEE Ty TV TS HTEINTED, WREZIL, B T-EENMEDII (2L, BEEEARERL T DR
(matrix)D ZFEREMER B REEI 1T WEREZ IS CED LN - TND, Z b BRI EE A
HI D500, HHICHIATEDINN725720121%, ZENODEDHRA LN EZ RO DR 12 ERfFEL | ﬁfﬁ
PERLSHHS 2T AU 00 Y, B T o — RBAMEE T ) A — A — )V Tl B R L R
MBI FEY, BIR 5 A S50 18 T 5, g 73179 A (JE 3L : coupled phases) Tl, Fﬁ/l) ﬂ‘
Y DOEINEZZ AU L TRUE THIEN T3> TN, FHANEDIEREL L T, ZROEDHLZ DFERE S (773
VI AL ENHLDE I, BRI, 2 L THLEIZ DWW T O SRRt LRI EE & OFE B BR 2 Rl - D 2 230
FThD,

53 F-F 73 ZD T8 DEHA| (Metrology for Molecular Devices) >+

FHAEAR OMERE RICRD |l & D5 F-R0 00 F- S COMEBR R Z B TCEHINTR>TETND, 2D

OFHAY — X, 5 TAREMRIEAWSE T DT DO FEIETE - b /L3 M S SHIEFTIR ™, #i5

BB AT ML(JE L s transition voltage spectra), STM, & MEAFME 7 /LE L 7 0 —7 AFMMY & F4LTND,

LINLZRIRG, 3 F- L ORI AAE RSP, BDIAF I R & 70+ %ﬁﬁ"]@%@%ﬁiﬁﬂ“(“%é#ﬁﬁ@?”%
DY ITE FIREZR3IRTCTFHED LIS DO FHZ BAE T 27201213, SHITHIFEAED H0 2D

2o

FEREVESY TP B 78 D FH| D =— X (Metrology Needs for Macromolecular Materials) **'>*°

RS IV BEREME S - (JR ST : macromolecules) - D BEEASEH I RIS U 72 872725 - FUEREDS FERICH R
HIRZRIHEN D E RIAEIL TN/ S — 0 = T B DO BLR 2 7o 3T DI I BLE S TS, BRI, T
IAL TV NI D5 — R GHAR (NIL) 13, 220mPABEDO NS — =0 7 Hflfe LTS o0 DL L TH.
SN TNDDS, ZOHMTTIL, #8578, V) —2JF, LI AR AL TV MEREM BHZ BR L 7= 28> D ERE
COMEIZE R L TWD, ZOTeDFT 5 Ml FEIR, A~ — R GREHEICRT T BB | Slihve
KM, MG S &3 — i, B TREE L RIBERE O O 20k T ARSIV L BB B R R B
Pl CEL MDD,
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A CAERH LT D78 D EHR 0D =— X (Metrology Needs for Directed Self-Assembly) >

UV T 57 15 DIEMR LT D | HDUNTRD BV E BN T EEM B F A A A TS TR H O
{bH4f7 (DSA : Directed Self Assembly) Tid, EEZLM B AN CEORGHFIENLELSND, L)L
M6 PERDFHATETIZ, B 7 100nm/EDFHAEL T O SRR T/ A= 2 —hi A il A A= 7
HZEITREETH S, HIEHL- B A b B e N — R U7 ay 7 ILEERY ~—03, VT T 7 15~
D LRI R LT DTN, B SANTIEE 2T/ A — VRIE FIED L EEL 725, FHZ, FRATHEL 72
WED3 R L% FIREIC T A7 OIF RN MBSV TRY | MR AEEL L T, IR, B —1, 71
IE 7 RAGERETE:LWR) | (L& B ARSI T A E SO BRESN T RII— /¥ — 7 =—/Lk
&R Ma7al A EFIL TS,

Ta—7 T VRO BEAEROET V2 L5381 (Modeling and Analysis of Probe-Sample
Interactions)

M ER T 0 — T N T T —T DL T S A= H— R — )L ORIEY— VT, Tr—T L
T RBED N R E 72 A AAER (R 3L : coupling) s RHIVADZEND, ZIVHOH BAER %43 B (R L :
decoupling)§~57= D ITHEABHZE L, T/ A — )L OREG R A IEREIZ /B LI E 4572012, BN
FENMBELINTND, T/ A — /UEEIC T2, KIBALIE, BRI, BERRIE L O P23
filig~H7=121%, BZesltl—7"n—7 RO A/EHOET VO RETHD, AT, mHEOHE/ERHEZS
TelE BN DL EDOREELYIEDIFRE M CTED IR T N IVR L BRI DVLEN DD,

D IVRT RIT— )L T 3 AD T2 DFHAD =— X (Metrology Needs for Ultra-Scaled Devices) ***¢

BT IR — VT S ADMERELGHINER R T 27201213, FratilEETT VR KEETHD, Hilie

F IR )VDRFED | TS ADVERERCE RN K F DT/ AN = A L E AT D25, Bl
(£, = b= —ETHRL TS HEOEBNL, m/ AN T SA AR5 b £, 73
ANENVERTREZR FRREAAR F &5 LT, KEAGRELE /2> QD FHZT a7 RIEIIS/NEEOK FIZkRL
THUE CTHD, BEENRET AR/ ARIZBNT, ZNHOREL T2 5281, /L 7ha=s A
[CHTBIM B BT A AT AR BT L TE AT T, M BB TH DY, ZOFEARR R ER A,
F IRV AT BRI DEENOFHRO BB L O A RO T ) A — VI AR &R E, FHl T 5760
DY —NVEBAFRT DO DJREN ) L7 TUD,

PRI DT DERER, el D720 D FHAI (Metrology for ERM Environmental Safety
and Health)

TEREBRBE OB T DT /R F DA EL B R CEORHINEDN LB TH D,
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ET VT2l —ar (MODELING AND SIMULATION)

T ISAADYTARD 22nmiEILL FIZ7e b8 MEFET V7 oo\ NI R ERE DS BN B T O B E /250
D EHODHINTT o TLD, 22T, HINBIR DWW DD (FET V7 DY EEIR 3 2 L7 TENIT 70,
ZNSRZIE, LT OHEA N E D,

1. ESMER A L I b — L&Ak, S0, S, 2 G il W8 ofEEITE D
PEZRET DD T, F /A — L OR G OERGEREL O BRE | BRI 2280 E
HCThHD,

2. TR RS I3 T AR, ZAUCITIRIE BRSO K DR E e & & Flalk 32 S BE, &6
(ARE BB O L7 ey 7 LU GRITN IS 2 itk -2 EL & 5

3. BT m—T O AN, ZAUTEE OIS, W), EERME A ERL T 52825

[ Performance of In}t;eq rated Structures ]
— Svnthesis J
—{ Structure )
> Pronerties )
Figure 4 Performance of Integrated Structures

MEOFT V713, EERENDIERE LR HN RSB~ Lo T2 D K HE T ékbéo
BATBRFEHT U THERE T U 7 MIEZ 1R D S EE ERBPENFET D ETHEIBHR OIS

D —BEEL TRELIR D13 WE O IE-CAL PRI E A B O E LBEAN T 528 TH D, ﬂ'@
BT, B0 G LIS BA R EMT 20T, ZOREAHTIIAMERE TV 7 O BERISH L7225, 5
TBBEE LT MBFE TV AR D ) FITE AL MBS KR, MEEA i b T D2 A EE
THIETHD, HEBPELLTET V72T MBOMELET A AERED B E T~ 2L ThHD,
DEFETOET Vo ZIXERICIDBIE GO T AR E SR b Z R b3 2720 IV B AL,

MRIOIRD IR ANIE OB TAHEEAS T OB R AR 2305, ZIHOFEBI, B X—ADT /AR
Fifi, HDNIIEEMN—ADT SAARF I~ H TED, ZIUL, ZDOT 4 AV al TOYERR LTI
R T ROE LB R A O D TH D, LT T MBLE T L E IR 2L — a3 EE T, &
Bl
BEN T BIG A TX
BV T ol NG
. FEBREETEE AR~ T~ LT & |

. AN ORI RS,
FHUTNZ, BTV T e ab—ra i, NFRRE A Iy AL TR MR OB BRRICRE 2
SRR B A B2 T,

W N =
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ERM (T DR EHE AL, FERA07RBIRL | AR e A i, AR ME ORI AT LB L TG, 2
UL, 7/ A ATHI, A2 57— T, HDVIREETHI, FRM R T~ — 0 7 720 AT b
LA ZTeTzb D, T THRLIREDOTNE N Do LD FIELSUSRAFORIUL, THERNISHE
BB ORI AR A B, MBS ED LM BB ELMERE DS IR IES VD, D RIFR LI,
EFMEHoLbBLWMREDL &I, SESFRUTTALIEESAERL T, 32— a bEES FR
— L TEATSNA T b2, BB Ral —ar ol s BEEI, R 177 A% —op BHE Lo R
T, FHERH LS T S A OIRD IR E LT DD YT RE T B2, T AT — b F /A
SV OAL T A2 B E L E BT 528 Th %,

Microscale

Thin Film or
Microstructure

Quantum and MesoscaV ’I

Nanostructure
Molecule

Circuit

Integrated Device

Figure 5 Multi-scale Perspective in Nanotechnology where Materials Form an Important Role at
Different Levels.

FIT0 aP—=IZBWTERSNOMENE TV 7 DEHESITH A D130 TH D, TIUTRDHEAZZ TS

ESFRERDIEHEL TOBZENFK TS,

1. A BT RITNIRF%— BORBDOD LB I TR T 2 BT M 2 el T D,

2. YA R —FhE DF ISAADY A ZH, BEEIOR AL LA A RBLROYA R | WSO ES)ZHHL TV,

3. MR T7 4 — —FH TRV S G I B OB OIRD B2 LS E D, T, SR B MR
fElD RN ALE S DT D,

4. MREY——F RS T OMNRaY—

A h% (SYNTHESIS)

A TRICEDIDNTET V7 THZ8L, T RGN KIE T BB EIR OIS A~ DR R
ERTET HIELE RAIREICT DI L, IRESITM B A [ ZEBL A HENE D) E BT D DICEE THD,
AR B R AR E ORI OIS SR R E T D0 MEHRFEZ T 27201018, EE i ORF
e TV T NNBN 72D, BTV 7 OIS BV, LR FR T RSSO FIBRAE 7255y
T OEEN L OSHEREDERRY | AR OFER CET-HA R ED KRR ER Ch s, T/ Aat’y s/
MERIOET 4 —% i3 2720123, HOREN:, R A7 —/VOBIG DX AFI7 AT D7
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WP ELTHD, R0 M SEPIZH AT, Z2OWITHZEAIRZRELIRNTHAI T /M EHZ BN T
I i ERAOZR B RS, BRI RETHIMEE L o2 b E0bH T, B Y T, 0%
FRAA XD DO BR A LS DI LT EENL LIV, 2L T, MHERBIRROX A FIT A Zn K
ET 85T AT — WA B OIS A OB ~ DR BEDO BRI AN CTHRETH D, B D EN D, M
BHEREET VT T 52N TF A — L OFEAMBMERSIL TS, 5B EEE R L & FamirI iz k)
W, BT HARGEOHEAN, HDWNIG T I F MBI O X AT IV ADET Vo TIZIERIET R,
FL T EHGAT I T a AL I 2l — 3 a0, YT EEIT ZE DR DA RIZIZBRY 2358
DHOTENG | I D RSORHH DA — KR LT R PR AR OB AL, MEIOREZ G NET V7 T5
DIZARA R THD, ZOFDOFEMIET V7 e 32l —ar OETRRLH TN,

HEi&EEMEE (STRUCTURE AND PROPERTIES)

F RS G A BIRDRRL, fd, 2L CRIE GO TEOMEEET I T L2 —hTEHIEN, £
DYE DOME RO HIEE N 12 BT D7D R A K ThD, MEIOMWEZOLOIX, BEROJF 14
LB HEEIC L TRESND, EBEO~ /0 RICEHENDLE DY 2T 42 I — XD D e D
t ., WITHRAD 2 SO EALENTZ T RDIBHO—DE RN HZ LI L0 AN TG e kD, 1) —
ERLE(BDDNT)2) BIpD AT — NN LT FET b b= AV TF A — L O Ch s, BIEREIZL T
WAREEDWRIEIE 45nm TN FRD T, ZORr— )L COMBIOMEIL SN Z I ETENSN L DD
L, AN REREROTNT R DL TASILD,

MEFET V7SI T DERO IR OO DIz, MY A X% KELTZBEORN RN A r— L
LIRWZENHD, 7 M EFimlIE D\ [ Tab-initio7R s =L —a DFAE A3, 1000 JH 20D e/ Ns7
FCHES ATRECTH D, ZOVARIIRFES 30nm’ DY A R|Z3%Y 5, ZOZEITT 2T 42 H— iAo
FEHHVRIE A T 2N TD, Ok R, 2 EEILBEEH R (Density Functional Theory - DFT)23M b Jix
FIPFHICAE ST D HT 22> TEY | JRFHINEL 632 SN ST D RIS 3 ot D B IR RED I T4
KISND (ZoFRi 3 FSCE BEICFIRR UL AMA O & O SIS —RETE) 77, W om i =4
DDFTZ AWz DL THRAESIVTEY, JREDYEIR A H—a R I MIEFCH D,

FO—J5T, IO MEEZFF OB Ty MR, AL HLERE A R LD, RANCMOSRY v 77 /3 A
ARLRARATY —F T B L CHEA SN TEZ, ZROOMEHIZ A REN K& E CDFTTIEET I
T CEIRN, ZOFRER, ZNHOMEHZ B TS RGN T BB 72 503738 | = b0t HLH
%, BEAEREE I AZ —HRI S XL T AL L AT U MR NRDS B O EEAE T
Do TMEMTED T FILF =B ORLVFD 2L T — fREMC) B SN TWAEEAICIE, FE o ME
W BRI S 2L T g T — TR AR 2 & | R A BB RO I el ) — B E o ¢
Wb, V=T HDHNIIEIV =T R AL BT V7§ 57DIE, T 47y 7 ORI o R4
G AT 2 DTFIENEIGSNGY, ZNHETOREMIFHEARIAKREL ZO7DIiHIG rl /2R
PARIZRA DR DD, BUEETOEZA, ZOLV SRS A OB Tl /A7 — VOB T
RE7RFHOMANERZ TRIT2ZEETE TR,

BE DR A% 5 AT LD RETRITH IS CED AR 72T T /WiE, FHAEEH =RV — 2 S ESER
(FRERANRT L ¥ L TREIR T DLW o To I L H /2 FIEIZ Lo TREEAT T DD, A — /L DRE A~
W CEOEPAIL, BRI AN T W)ERHOIUL 1 BRI ETIIETE D, WL<O0D
AR R TR DI 72T V7 FEE G A TND,

1. Efimi7ei 3ol —Tarm iDL R R T v L ab I LT, dr B )18 ),
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BrERsRAEE 63
2. Ab initioFERRBRIT) THE CTHEE SN I=NER = X — 2R H 28T T h v n FEIC LD, RORRR]
FERRODTI2L—h,
3. WA AU ZAMNAT YRR T B im0 R E ST A—2{b L, Z<OE T HEFTHEH DOV A
T LD % ATEEIZ 95,
INBOENIHHFEE OFBH OIS HFH CHI TH L ENEFESN TNDHL DD, ERRICNT 2T AT A
P AR (~100 F /A2 FEEEO LR~ A 7 aLINC E THRRS AL EE D DD,

IO TH 3OO T BERAN e filI L2 <, FERRZR B A7 3 & B2 EGEOVITE W,
BEE CTOIEROIS AL, SRR AED =18 — CIREEFBE, FOGIEEE, 1000 {EIZHEDFIE DK,
F )R = A XD R T & TR D BRI EE T A= L TD, BNz DA — /LT, BEE
TOEZA AW ATREZ LT T VIIBA DR DD, T Vo Tl > TCEHEARRBEIILL FOINVARNT 7 S
Do

1. PHRREED G2 LY K& 7 A — /WXL CRIBEIC L, WE OB L7 e A (s b s — iR
FE) DR BEARAF AT 228,

2. dffEE T 2H T 5:ER4E, fiLEE 14 9% inner transition metal (NHRER SR ? #4472 HAGE
RATHT —RET)E WA HTE,

3. NURF Yo FRORNEIRREDE E A BT DL K0 — %72 BERRAOIEIE,

4. IR T, ALV, BREL TR FDZ AT I/ A ZBIT A EAERZWM A HEOET L0, +
SBED K570 BEEHEFH AERZFR T& 5510 n L,

5. BFHEED THIRE KA | BRUSERE D IO EENRFELFE DT 528 — ZAUTFAE DT /S A ADH)
VEDSIEEERBE T2 5700,

6. WOLDOAGIHRIL TR A-0A A DINEZFLIR CEDME T — Z DN /I T 4 ) DFAFIT A
R AL TOT AL — kO MEIIEES N2 TEWT R0,

7. BT NFERT L T AR TIEET 2 ANPINL~ A 70 DT LD BRI A~EIEIRL  SEEEO A RS
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