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ITRS Roadmap

I More than Moore: Diversification
Analog/RF )(” Passives Sensors ™ pL hips
Actuators P

>

Interacting with people
and environment

130nm

90nm Non-digital content
System-in-package
65nm
Information
45nm Processing

32nm Digital cnnter:r_ t
System-on-chip
(SoC)

22nm

Baseline CMOS: CPU, Memory, Logic




Emerging Research Materials

LLow Dimensional Materials(Nano-mechanical memory, Nanotube, Nanowire, Graphene---)
Macromolecules(Molecular memory, Molecular devices, Resists, Imprint polymers---)
Self-Assembled Materials(Sub-lithographic patterns, selective etch--+)

Spin Materials (MRAM by spin injection, Semiconductor spin transport, FM semiconductors-*)

Complex Metal Oxides (Multiferroics)

Interfaces and Heterointerfaces(Electrical and spin contacts)

dimensional control

Deterministic doping

Table ERM?  Applications of Emerging Research Materials
MATERLALS ERD MEMoORY ERD Locic LiTHoGRAPHT FEP INTERCONNECTS ‘isf,?g‘_?;;\p
Nanotube Elec?m.“]
applications
Low Dimensional ~ [Nano-mechanical  |Nanowire High-index Nanotubes Thermal apolications
Materials Memory Graphene and immersion liquids Metal nanawires _‘ P
- Mechanical
graphitic structures S
applications
Resi Novel cleans Polymer electrical
A g /
Macromolecules Molecular memory  (Molecular devices i Selective etches Low-x ILD and “‘er.“”l B
Imprint polymers ) N mechanical property
Selective depositions control
Sub- lithographic Selective etch .
Self Assembled pattems , . . Selective etch High performance
\aterials Selective deposition ] . =
Aareria Enhanced Selective deposition |Capacitors

Semiconductor spin
transport

Ferromagnetic (FM)

Novel phase change

N MRAM by spin semiconductors
~pin fateria Imjection FM metals
Tunnel dielectrics
Passivation
dielectrics
Multiferroies (Spin
Complex Metal ITFe FET materials) F High performance
Orxides Fuse-anti-fise capacitors

Interfaces and
Heterointerfaces

Electrical and spin
contacts and
interfaces

Electrical and spin
contacts and
interfaces

Contacts and
interfaces




| ow Dimensional Materials

Table ERM3

Potential Applications and Challenges for Low Dimensional Materials

APPLICATION

PoTENTIAL MATERIAL VAILE

EEY CHALLENGES

Devices: 1D Memory and Logic
Devices

Nanotubes:Ballistic Transport

Nanotubes exhibit ballistic transport and potential
high performance

Control of bandgap and metallic versus semiconducting
Control of carrier type and concentration

Electrical properties mmst not degrade when embedded
n a dielectnic

Control of location and onentation

Control of contact resistance

Nanowires:SRT

Nanowires could enable surround gate stuctures and
novel heterostructures

Control of location and onentation
Performance excesding patterned materials

Catalyst and processing temperatures compatible with
CMOS

Devices: Planar CMOS

Graphene: high mobility

Graphene and related graphitic structures have high
mobility without CINTs alignment challenges

Compatibility with CMOS
Edge passivation

Control of dielectnc interfaces

Interconnects and Fias: Nanotube

Nanotubes:robustness

Nanotubes have ballistic transport, high current
carrying ability, and resistance to electromigration

(EM)

Ability to place CWNTs in precise locations and with
controlled direction

Ability to grow with high density
Conductivity mmst not degrade when embedded in 2
dielectric

Low contact resistance

Interconnects: Nanowire

Single crystal smooth metal nanowires could reduce
gram-boundary and sidewall scattering

Ability to grow long single-crystal high-conduetivity
nANOWIres

Ability to place the nanowires in precise locations and
with controlled direction
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Spin current and heat flow

e Saito et al. observed the spin voltage generated from
a temperature gradient in a metallic magnet and
name the phenomenon as spin-Seebek effect using
a recently developed spin-detection technigue that
iInvolves the SHE.

— K. Uchida, S. Takahashi, K. Harii, J. leda, W. Koshibae, K.
Ando, S. Maekawa and E. Saitoh: Nature 455 (2008) 778.



Observation of spin-Seebeck effect @

Magnetic field dependence of V
Spin voltage

Spin-Seebeck effect (@) Lower T (b) Higher T (¢) NisiFew film

metallic magnet - H
= ga I
Js T> Ilo.o vr Im:)

“—@j, 21K|21K
— |

L"j‘“\tm
IEINRE
T

18K | 18K
4 )
using the inverse spin-Hall effect (ISHE) _ i ————
= — T_Q
electromotlve force of opposﬁe signs = i »
a—_——qﬂL 9K QKI"" 9K
' ) ey 6K| 6K o 6K
" 3K| 3K . 3K
AT=0K|AT=0K AT=0K
-lCIlO I (ll I l(l}(] -lC:O I CII I 1(;0 -](l)O I (ll I ][l}O
H (Oe) H(Oe)
ISHE voltage induced by
the spin-Seebeck effect
\ Spln voltage of opposite sign Y,

K. Uchida, E. Saitoh et al. Nature (2008).




A magnetic insulator transmits electrical C
signals via spin waves

» Saito succeeded In viFesou! ' 1 b
transmitting electric signals F‘t;,.;;;n.::.--f?;‘?‘“‘“; A —
through YIG using spin waves < > 7
(pure spin current) in the =, e

SpIN=-Wale spin current

Insulator.

* The spin Hall effect, which
converts the charge current to
a spin current, and its inverse

EHI1RREAL Moo E®

Y. Kajiwara, K. Harii, S.

forms the basis for a proof of Takahashi, J. Ohe, K. Uchida,
T _ _ M. Mizuguchi, H. Umezawa, H.
principle. (cited in Physic Today) Kawai. K. Ando. K. Takanashi.

S. Maekawa & E. Saitoh,
Nature 464 262 (2010)



Graphene Spintronics (1)

§ B Nonocar Pure Spin Current !!
: —I-\ + T -
o _ i Au1|_|_‘—'<f/ﬁcm Coz;:\}i/'—,_l| AU2  oobhene
o~ | Sio, Thin Film
= i
oo B e _l

Graphene Au1|—| Co1 E&:;% Co2 ,—|Au2 - _(Er:?npr;ﬁrr;e
Gate-induced Modulation of Spin Signals
in single-layer graphene

4e-6

. g [ = L s w]
‘_CB 3e-6 | g
| ] .« ®
Q i 553- 2e-6 - . - o |
1. Generation of a § [l e e e e
pure spin current § SR
2. Injection of spins in Sé 2e-4 | 1~ Co2-Co3
grz?EhRegg ’ 5 = . Au2-Co3
| O led | ]
: c AUl'COZ
TEMPERATURE ; - s 1
i . Mitoma, = Aul-Au?2

!\/I.Shiraishi_. et al., O c0 40 20 0 20 a0 60
in preparation. Gate Voltage (V)



Graphene Spintronics (2)

H Au ,—|—| = hcm C°2i+ai£’: i Au2 E ; L ® |
[ ] . GTF | = P
X g - . —
' (Al
— : < 0 | v 4 1
! = L ® 4
. ! 1
18 mQ , : o . ® |
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3] N ] ! 2p? R L
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5 0.04f U l | oon 004 L/ | e
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0.05} 1 0.04! ] i % 0.8 [
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- \ ! = - o ]
-40 0 40 -40 0 40 : > 04F 3
. . . . ! : F MgO-b d TMR ]
Magnetic Field (mT) Magnetic Field (mT) ' 8 0.2 L (Yuasa et al, Nature Mater. 2004) E
.‘_é L 1 10 | | | | I T | | 3
2

| IO 02 D I ICI}.IGI DB 10 1.2 14
Bias voltage (V)
Better robustness than that in MgO-TMR

M. Ohishi, M.S. et al., JJAP 46, L605 (2007).
M. Shiraishi et al., Adv. Func. Mat., in press.
K. Muramoto, M.S. et al., in preparation.




@ Theory of spin current and heat current

1) Bismuth ultrathin films as quantum spin Hall phases
2) Universal Phase Diagrams for 2D and 3D guantum spin Hall phases

gS) Quantum spin Hall systems as candidates for efficient thermoelectrics

Expectation : QSH systems can be good thermoelectric.

2D Spin current

- f—> * suppress phonon conduction, keeping electron conduction
/ * Low-dimensional states (edge states, surface states)
*  Similar materials involved (Bi,_Sb,, Bi,Se, etc.)

Result

» Lower temp.
—> longer inelastic scattering length
25 for edge states

1o —> edge states become dominant

1.0
0.50

« Ultrathin & narrow ribbon (of QSH system)
- crossover occurs at around 10K

1.0

0.7

o. =* phonon/bulk ” Quantum spin Hall systems can be
04 y good thermoelectrics at low temp.

0.2

Shuichi Murakami
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» Thermoelectric figure of merit

Theoretical Approach

- =
e
Quantum Spin Hall Effect in Bismuth ‘—/IV\/p

— Bulk Bi show no gap, while edge is gapless.

— Bi ultra thin film

(111) 1-bilayer = quantum spin Hall phase

ol B RS A »}n_:'
28 3| I
Nl B 2| AN
95, o . .
Y4 (Side view)
(Top view)

S26T

K
Idealized model (perfect conductor on the edge)

LT =

{012} 2-monolayer= insulating phase

- o w( w e %o "", ?-o .}E
—_——— W ® ol e
75?T@o I totets:
o | o o o6 &6 o4 04 ©
el
rbf"/o4.75A

: (Side view)
(Top view)

* In the quantum spin Hall phase, figure of merit ZT of thermoelectric conversion is
determined by the balance between the edge and the bulk.

« ZT is large if the chemical potential is close to the band edge.

» ZT is large if the length of system is long. < edge states dominantly determine ZT.
» ZT increases with temperature. < Higher energy carriers contribute to ZT.
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Tunable Spin Sources

Spin injection from Fe;O0, into GaAs quantum well

ny n4
g 1 OF — 0- | Z Spin filtering %\
£ 08 N - 30( _
— 10K,
=z 06 AF S J\“‘—
. M P ~ 20
o 04 N —__60K] -3/2  +1/2  -1/2  +3/2 e’
k= 02 N sk
= U. __)/\—__4)/%\1 . e Optical Selection Rules -
'800 82 840 860 : . , . , ,
wavelength (nm) | Large spin polarization ® iﬂ 100 150 200 250 300
30% Temperature (K)
] O e e Gt el hetier E. Wada, T. Taniyama et al., submitted.
(a)T>T, (b)T<T, N "
Metal-Insulator transition at Tv=120 K (Verway transition)
e
==

54

Au

n-AlGaAs

i

>

1y Au |Fe O

Switching of spin injection mechanism at T,

n-AlGaAs Magnetic insulator barrier is effective for

efficient spin injection

Tanlyama



Current-induced antiferromagnet-ferromagnet

transition in FeRh |
AR

0°Qcm)

Tanilyama succeeded in observation of
current induced phase change due to sl
spin-transfer torque phenomenon.

80
]

70

Resistivity (1

60— '
300 400 500

Temperature (K)

Voltage (V)

Co/FeRhAE > FAMEE

Current (1 OGA!cm2)

Q0
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Alloy search for RT half-metal

™\

A2 XorYorZ

B2

Co based Heusler alloy. X,YZ

X(Y or Z)

L2, X,YZ

High Tc
Theoretical P=1

However,

Experimental P is low Y

How to search?

Control of E;

LT Y E
EF

Full order =i

disorderh’&H S5 E

Control of DOS(E;)

1;'_: llllllll .P.;.O.:;é-
P=0.5 y E
1 /— \



Search of high spin-polarization half
metals using PCARS

 Aiming at high
performance GMR devices
Takahashi has investigated
as many as 32 full Heusler
alloys and found 74% sipn
polarization in CoMnGeGa

alloy.

Metals and P Ref.
binary

Fe 46

Co 45

FeCo 50
Co75Fe25 58
B2-FeCo 60
[Co/Pd], 60

@ Japan Science and Technology Agency

Quaternary alloys P Ref.
Co,Mn(Ge,, ,.-Ga, ,5) 74
Co,Mn(Ga,Sn,:) 72
Co,Fe(Si, ,:Ge, ,c) 70
Ternary P |Ref| [©0FeGa,sGeys 68
alloys Co,(Cry n,F€445)Ga 67
Co,MnSi 56 Co,MnGeSn 67
Co,MnGe 58 Co,(Mng gsFe; 45)SN 65
Co,MnSn 60 (CoFe),MnGe 65
Co,MnAl 60 Co,(Mn, .Fe, . )Ga 65
Co,MnGa 60 C0,(Cr, 5,Fe( ¢5)SI 65
Co,CrAl 62 Co,MnTiSn 64
Co,FeAl 59 Co,MnAl,.Sn, . 63
Co,FeSi 60 Co,MnGaSi, 63
Co,FeGa 58 Co,FeAlGa 63
Co,CrGa 61 Co,MnSiGe 63
Co,TiSn 57 Co,(Mn, .Fe,:)Si 61
Co,VAI 48 Co,Mn(Al, :Si; <) 60
Fe,VAI 56 Co,FeGa,.Si, . 60
Co,Fe(Al, ;Si; ) 60
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Lock-in Amp. |
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Point contact Andreev reflection (PCAR)

Digital
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Co,MnGeo. 75Gao. 25 shows highest P
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Light-Induced ultrafast
magnetization reversal

 The response time of magnetization reversal is usually
limited by the spin dynamics which follow Landau-
Lifshitz-Gilbert equation.

* By a collaboration of Nihon Univ. group and Radbout
Univ. group, ultrafast magnetization switching (less
than ps) was accomplished in the vicinity of the
compensation point of MO-recording media.

0]
@r ) Japan Science and Technology Agency .—_,T__'r'fij-
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Demonstration of direct magneto-optcal
recording by circular polarization modulation

Equivalent magnetic field produced by photon

Up spin, Down spin

Complete magnetization by
40 fs irradiation of CP.

Reversal without ext. field

PRL 99, 047601 (2007) 7 A26 Hi8 4

Smence F’hysms todayﬂt
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Direct optical spin control

ns ps fs
GHz THz PHz
_ 4+ FMR limit
Previous - | —‘
technology
I : Direct optical control

Angular momentum
Compensation heat-assist

Dynamic behavior f a J :
— j S 1t
(L % )
Short time thermal

Irradiation 40-100 fs

Demagnetization

B = ¥ IR RETE

;I::. nal H :_E'I | r_'-.:l_'an M=sAf, —'-p-_-_— /,_,——--“—"_' s fr:- ..... "7

E-l_.ln:- LTon - * 4 3 ’ ._m - Lol ,___5-:"“- e st .

i Sl % R i ) S, TR
z E 'L—';IIEI::;::Ll:I-:H = M__:M:: i 1 i J ¥ = 4 L:': i -f:l : om +'I"‘ M
PRB(R)2006 ety e ) Tsukamoto (Nihon U.)



C@ Finding new magnetic
phenomena for meta-materials

e Yamaguchi discovered
microwave-induced DC
voltage generation in
ferromagnetic nanowire and
explained the phenomenon
In terms of coupling between
spin-precession and electric
transport.

Volt meter

Bias-tee

| |
[

30 nm-thick NiglFe19

Current Signal

Source . generat

&

or

MgO

ﬁH

- Dynamic motion of magnetic vortices in feromagnetic Fe19Ni81
disk via was discovered the rectification effect. The self-bistability
state was detected experimentally, which is consistent with the

physical model.
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Observation of new spin-latchet effect

 The quantum interference effect in th
FM/NM/FM structure was successfully
modulated through modulation of boundary
conditions. The periodic potential can be
measured as a force by detecting thw wall
motion. The wall motion was found one-way!



Domain wall motion in spatially modulated GMR

nanowire
[ V Vo
. omm
: S——— ———2> « lum
2.0¢ Wall motion in pinned layer
- (a)Left to right > abrupt inversion
: (b)Right to left =) step-like
1.0
—~ Pinning by potential
X -
& O 1o
= : d =1--10nm T
o 2.0+ (b) ’ : /4 \ S
= Y
_ 5
1.0+ ¢ o
: Dw >
N >} /4 :I:I(
N e
100 50 0 50 100  -100  -50 0 50 100
External field (Oe) External field (Oe)

APEX 3, 093004 (2010). Variation of potential dips due to change in inclination

LIl
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Stochastic Resonance =

{ !

Novel semiconductor nanodevices utilizing "stochastic
resonance”[i] and their integration are now under investigation
to realize state-of-the-art electronics hardware for noise-
robust information processing. The stochastic resonance is a
phenomenon that noise enhances response of a system,
which plays an important role in nature and living things.
Kasal designed, fabricated and characterized artificially
controllable nanodevices in which the stochastic resonance
takes place electrically. He integrated on semiconductor
nanowire network structure to realize functionality for noise-
robust information processing.]ii]

[I] A. Bulsara and L. Gammaitoni: Physics Today 49 (1996) 39.
[ii] S. Kasai and T. Asai: Appl. Phys. Express 1 (2008) 083001.
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Stochastic Resonance in Nanowire FET Network

Noise

GaAs etched
nanowire

[

Input

~
N

W t
ap 9ate Output

S.Kasai et al., Appl. Phys. Express 1, 083001 (2008)

O
o

Input-output correlation, C1
©

N=1

Linear averaging
8 x

2 X
1x

NW FET network

=W ——

_ipput
input + noise

'Dl._ltput Y M

0 10 20 30
Time (ms)

0.15 0.2

Noise voltage (V)

Stochastic resonance (SR) is a phenomenon that many bio-systems
use to enhance their response in noisy environment.

The SR was realized in GaAs nanowire FET networks and enhanced
weak-signal detection was successfully demonstrated.
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Si and Ge Nanowire for Surrounding
Gate Transistors

e Advances in performance and integration through
conventional scaling of device geometries are now reaching
their practical limits in planar MOSFETs. To overcome the
limiting factors in planar MOSFETS, vertical structural
arrangements called surrounding gate transistors (SGT) have
been suggested as the basis for next-generation
semiconductor devices. Fukada studies one dimensional Si
and Ge semiconductor nanowires which are expected for the
components in SGT.[I]

il N. Fukata, M. Mitome, Y. Bando, M. Seoka, S. Matsushita,
K. Murakami, J. Chen, and T. Sekiguchi: Appl. Phys. Lett. 93
(2008) 203106.



@ Graphene nanoribbons and
strong nanoscale effect
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K. Nakada, M. Fuijita, et. al. Phys. Rev. B (1996).

K. Wakabayashi, M. Fuiita, et. al., Phys. Rev. B (1999). WakabayaShi



Perfectly Conducting Channel @

disordered region K. Wakabayashi et. al., PRL(2007), Carbon(2009),
. PRB(2009) |
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Electronic transport through
graphene junction

NL=20, Nr=14
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Internal circular current is induced at the
in the vicinity of zero conductance d|

(1) Multiple zero conductance dips appear
in ZZZ junction, which serve as the charge current

switching.

(2) Visible condition at T=300K : W< 12.5nm
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Organic transistors K

* Flexible electronics made with organic transistors may enable
technologies such as low-cost sensors on product packaging
and electronic paper displays. Thanks to recent development
In organic LED, organic electronics has become the matter of
Interest for practical use.

« However, organic materials show electrical performances far
below inorganic semiconductors. Therefore it is necessary to
Improve electronic transport properties represented by the low
carrier mobility. Yasuda of our team aims to fabricate high-
performance organic field-effect transistors using enhanced
Intrachain carrier transport along uniaxially aligned 7-
conjugated polymers.[i]

e [IJ T. Yasuda, M. Saito, H. Nakamura, and T. Tsutsui: Chem. Phys. Lett.
452 (2008) 110.

Yasuda



Increase of Conductivity in Stretch-Oriented
n-Conjugated Polymers

\ L}

— Yasuda
Stretch
Increasing carrier mobility along =-
conjugated main chain
feide Stretching to —
.~ Stimes Sample Conductivity (S/cm)
_ x 1100
Stretching to :
10 times No stretching 6.5 %102
/ Stretching to 5 times 2.0
i Stretching to 10 times 12.3
No stretching Stretching to 15 times 71.5

The conductivity in the stretched polymer is larger by a factor of
1100 compared to that in the no stretched polymer.




Organic Field-Effect Transistors Based on

Stretch-Oriented n-Conjugated Polymer

We fabricated OFETSs based on a stretch-oriented polymer film from a relatively modern n-conjugated
polymer, regioregular poly(3-hexylthiophene), and investigated the anisotropic carrier transport

properties in the OFETSs.
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Regioregular poly(3-
hexylthiophene) (rr-3HT)

0

Absorption spectra of aligned polymer layer when light
is polarized parallel and perpendicular to the stretching
direction. This figure provides clear evidence that -
conjugated chains are highly oriented parallel to the
stretching direction.
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Schematic cross section of OFET based on stretch-oriented
n-conjugated polymer

This result indicates that charge
transport via the n-conjugated rr-P3HT

Sample

Hole mobility (cm?/Vs) | chains is advantageous in the stretch-

Current flow parallel to the stretching
direction

oriented rr-P3HT film.

-3
2.71%10 T. Yasuda et al, J. Photopolym. Sci. Technol.

Current flow perpendicular to the
stretching direction

5.0 x 10 (in press)

Yasuda
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