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Table ERM1 Emerging Research Material Technologies Difficult Challenge (2011-

fp@&3ult Challenges 2011-2018
7

Summary of Issues

IAchieving desired properties in integrated
structures

IAchieving high hole mobility in 111-V materials

IAchieving high electron mobility in Ge with low contact resistivity

\Wafer scale growth of high quality graphene with desired process conditions (ex. Low temperature growth on metal or insulator)
lAchieving a bandgap in graphene

Synthesis of CNTs with controlled diameters, chirality and site-density

Multiferroic with Curie temperature >400K and high remnant magnetization to >400K

Ferromagnetic semiconductor with Curie temperature >400K

\Wafer scale growth of high quality graphene with desired process conditions (ex. Low temperature growth on metal or insulator)
Synthesis of CNTs with controlled diameters and site-density

Electric control of the electron correlation, ex. Mott transition, Spin dynamics

IChareacterize and control coupled properties of
lembedded materials and their interfaces

High hole mobility in 11I-V materials with unpinned Fermi level and ohmic contact

High electron mobility in Ge with unpinned Fermi level and ohmic contact
High mobility in nanowires with unpinned Fermi level
Graphene with a bandgap, high mobility, and unpinned Fermi level at dielectric interfaces

Complex metal oxides with unpinned Fermi levels

Electric control of oxygen vacancies, ex. the distribution and the charged state
Nanoscale observation of the magnetic domain structure, for example, the domain in STT-RAM under the magnetic field, i.e., the dynamic
operation

Characterization of electrical properties of molecule / metal contact interfaces (i.e. Pentacene/Au)
Characterization of electrical properties of embedded nano contact interfaces (i.e. CNT/Metal )

Characterization for density of dislocations and anti-phase boundary generating interface between Ge/lll-V channel materials and Si

Identifying manufacturable methodologies to
lenable deterministic fabrication with required
property control

Dopant placement and activation i.e. deterministic doping with desired number at precise location for Vth control and S/D formation in Si as
well as alternate materials
HVM compatible methods to place dopants in predetermined positions with minimal damage to the semiconductor

Controlled fabrication of nanostructured materials and devices (ex. Graphene nanoribbon, graphene nanomesh)

Controlling edge-termination / molecular absorption to graphene to achieve required bandgap
Methods to place carbon nanotubes in predetermined locations

IAssembly of CNTs or graphene into predetermined arrays and locations

HVM methods to deposit graphene on dielectric surfaces

Ability to control defects in material processing

Methods to reduce directed self assembly based defects to <0.01cm-2 for litho extension

Control defects in carbon nanotubes
Control defects in growth and processing of graphene
Control concentration and locations of cation and anion defects in complex metal oxides

Control precipitation in ferromagnetic semiconductors

Characterization for density of dislocations and anti-phase boundary generating interface between Ge/lll-V channel materials and Si

IControl of Self-assembly processes to achieve
desired properties reproducibly

Simultaneously achieve required feature sizes in predetermined arrays with low anneal time, low defect density

Registration of self-assembled patterning materials in desired locations with control of geometry, conformation, interface roughness, and
defects

DSA application to the realistic device pattern with reduced pattern roughness and defects
Decrease of DSA patterning process time
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Table ERM1 Emerging Research Material Technologies Difficult Challenge (2019-

y.

PALult Challenges 2019-2026

Summary of Issues

7

Electric field control of the electrochemcal
reaction in a nanoscaled device and at an
interface

Complex Oxides: Control of oxygen vacancy formation at metal interfaces and interactions of electrodes with oxygen and vacancies

ISwitching mechanism of atomic switch. Improvements in switching speed, cyclic endurance, uniformity of the switching bias voltage and
resistances both for the on-state and the off-state.

Nano-Carbon / metal functinal junction, such as new switch, by using electrochemical reactions

Molecular device fabrication with precise control using electrochemical reactions

Metrology to characterize structure and
properties of materials at the nanometer scale

I1I-V: Correlation between antiphase domains and electrical properties
Development of the method to evaluate the validity of the measurement result for each ERM

Electrical and thermal properties of each carbon nanotube
Nanowire characterization of mobility, carrier density, interface states, and dielectric fixed charge effects

Graphene mobility and carrier concentration
Complex metal oxide characterization of carrier density, dielectric and magnetic properties

Spin materials: characterization of spin, magnetic and electrical properties and correlation to nanostructure

Characterization of electrical properties of embedded nano contact interfaces (ex. CNT/Metal )

Evaluating material properties in realistic device structures

Nanoscale observation of the magnetic domain structure, for example, the domain in STT-RAM under the magnetic field, i.e., the dynamic
operation

Metrology to characterize defects at the
nanometer scale with atomic resoiution

IAntiphase domains within 111-V semiconductors and their interfaces with high « dielectrics

CNT vacancy and interstitial ordering around dopants
Nanowires: Characterization of vacancies, interstitials and dopants within the NW and at interrfaces to dielectrics

Graphene: Characterization of edge defects, vacancies and interstitials within the material and at interfaces
Metal nanoparticles: Native oxide interface and crystal defects in the nanoparticle
Complex Oxides: Location of oxygen vacancies and the valence of the metal ions

ISpin materials: characterization of vacancies in spin tunnel barriers, and defects within magnetic materials and at their interfaces

Evaluating material properties IN realistic nm scale devices

Characterization of edge structure and termination with atomic resolution (ex. Graphene nano ribbon )

IAccurate multiscale simulation for predictions of
unit processes the resulting structure,
properties and device performance.

Linkage between different scales in time, space, and energy bridging non-equilibrium phenomena to equilibrium phenomena
[Transferable simulation tools for many kinds of materials

Development of platform for different simulation tools, such as TCAD and ab-initio calculations
Nanowires: Simulation of growth and defect formation within and at interfaces

CNTSs: Simulation of growth and correlation to bandagap
Graphene: Simulation of synthesis, edge defects, vacancies, interstitials, interfacial bonding, and substrate interactions.

Nanoparticles: Simulation of growth and correlation to structure and defects

Complex Oxides: Multiscale simulation of vacancy fomation, effect on metal ion valence state and effect of the space charge layer

Spin: Improved models for multiscale simulation of spin properties within materials and at their interfaces.

Fundamental thermodynamic stability and
fluctuations of materials and structures

IGeometry, 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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http://www.wpi-aimr.tohoku.ac.jp/miyazaki_labo/ Y. Shiota et al., Nature Mater. 11, 39 (2012).

TMRkhI‘EjJ:ﬁ\‘E%E (IE:I*‘(~1 O% at RT) http://www.suzukiylab.mp.es.osaka-u.ac.jp/topics/press2011-11-11.pdf
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4.4. Complex Metal Oxide Materials, interfaces and Superlattices
A major challenge is to control the properties with an external field, for example, modulating and controlling
conductivity with an electric field.
2011, Electric field control of the temperature for the Mott (metal-insulator) transition.
Tuning of the Mott (orbital ordering) transition in an electrolyte-gated FET structure with NdNiO; as
a channel material

4.4.1. Complex oxides for spintronics:
4.4.1.1. Magnetic and magnetoresistive oxides
Conducting ferromagnets, La, ;Sr, ;MnO;, Sr,FeMoOq
a conducting electrode in various devices for heteroepitaxy with other perovskites.
for spintronics devices, such as magnetic tunnel junctions or spin filters.
2011, a heteroepitaxial perovskite metal-base (La, ,Sr, sMnO;) transistor

4.4.1.2. Magnetoelectric coupling using multiferroics
Multiferroics; both ferroelectric (FE) and ferromagnetic (FM) or antiferromagnetic (AFM).
a mutual control of the properties: controlling a polarization (P) by a magnetic field (H)
or a magnetization (M) by an electric field (E).
a room-temperature FE-AFM multiferroic, BiFeO,; ferroelectric polarization (Pr~ 60 pC/cm?) with a FE
Curie temperature, T, ~ 1100 K, an AFM Néel temperature Ty, ~ 650 K.
2011, Resistance variations in ferroelectric tunnel junctions (FTJs)
top electrode, a conductive tip of atomic force microscope (CTAFM)
bottom electrode, ferromagnetic metal, STRuO; (SRO), or La, 47Sry 33MnO5 (LSMO)
ferroelectric tunnel barriers, BaTiO; (BTO), PbTiO4 (PTO) and BiFeO5; (BFO)
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Giant tunnel electroresistance effect (TER) (to read the polarization state of a ferroelectric film)

\

4.4.2. Metal Oxide Heterointerfaces and Superlattices
LaTiO4/SrTiO,
“Artificial charge-modulation in atomic-scale perovskite titanate superlattices”, A. Ohtomo, D. A. Muller, J.
L. Grazul, and H. Y. Hwang, Nature 419, 378 (2002).
LaAlO,/SrTiO,
“Tunable Quasi-Two-Dimensional Electron Gases in Oxide Heterostructures”, S. Thiel, G. Hammerl, A.
Schmel, C. W. Schneider and J. MannHart, Science 313, 1942-1945 (2006).
LaVO,4/SrTiO;
“Polar discontinuity Doping of the LaVO,/SrTiO; Interface”, Y. Hotta, T. Susaki and H. Y. Hwang, Phys.
Rev. Lett. 99, 236805 (2007).
SrMnO,/LaMnO;
“Electronic Reconstruction at SrMnO;-LaMnO; Superlattice Interfaces”, S. Smadici, P. Abbamonte, A.
Bhattacharya, et al., Phys. Rev. Lett. 99, 196404 (2007).
La,CuO,(insulator)/La, ;sSr, ,sCuO,(metal)
“High-Temperature Interface Superconductivity between metallic and insulating copper oxides”, A. Gozar,
G. Logvenov, L. Fitting Kourkoutis, A. T. Bollinger, L. A. Giannuzzi, D. A. Muller and I. Bozovic, Nature
455, 782-785 (2008).
PbTiO,(ferroelectric)/SrTiO4(paraelectric)
“Improper ferroelectricity in perovskite oxide artificial superlattices”, E. Bousquet, M. Dawber, N. Stucki,
C. Lichtensteiger, P. Hermet, S. Gariglio, J.-M. Triscone, and P. Ghosez, Nature 452, 732 (2008).
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4.4. Complex Metal Oxide Materials, interfaces and Superlattices
Electric field control of the temperature for the Mott (metal-insulator) transition
Tuning of the Mott (orbital ordering) transition in an electrolyte-gated FET structure with NdNiO,
as a channel material
A gate voltage of -2.5V reduces the transition temperature by 40 K.

R. Schewitzl et al., Appl. Phys. Lett. 95, 222114 (2009).
S. Asanuma et al., Appl. Phys. Lett. 97, 142110 (2010).

[ 5 R B AT R RIS

+*The possibility to the Mott transistor
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4.4.1 Complex oxides for spintronics:
4.4.1.1. Magnetic and magnetoresistive oxides
“A heteroepitaxial perovskite metal-base transistor”, T. Yajima, Y. Hikita and H. Y. Hwang, Nature
Materials 10, 198 (2011).
A conducting ferromagnet, La; ,Sr,MnO; (x = 0.3) (LSMO) is used as the base in a perovskite
heteroepitaxial metal-base transistor.

[ 5 R RT R ER S

A platform for incorporating the exotic ground states of perovskite oxides
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4.4.1.2. Magnetoelectric coupling using multiferroics
Resistance variations in ferroelectric tunnel junctions (FTJs)
top electrode, a conductive tip of atomic force microscope (CTAFM),
bottom electrode, ferromagnetic metal, STRuO; (SRO), or La, ¢,Sry 33MNn0O5 (LSMO)
ferroelectric tunnel barriers, BaTiO4 (BTO), PbTiO4 (PTO) and BiFeO,4 (BFO)
Giant tunnel electroresistance effect (TER) (to read the polarization state of a FE film)
BTO(3 nm)/LSMO(30 nm) on NdGaO,, TER ~ 75000 %
V. Garcia et al., Nature 460, 81 (2009).
PTO(4 and 9 unit cells)/SRO bilayers on SrTiO,, TER up to 5000 %
A. Crassous et al., Appl. Phys. Lett. 96, 042901 (2010).

[ 58 A EF AT R ER AR
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4.4.2. Metal Oxide Heterointerfaces and Superlattices

Interfaces in superlattices can change the nature of the coupling between competing instabilities and

produce new properties. The physical phenomenon at oxide heterointerfaces may enable new devices and

also enable new properties in superlattices.

PbTiO,4/SrTiO4 9/3 superlattice, improper ferroelectric due to interface coupling based on rotational

distortions. The high polarization value and dielectric constant of 600 at RT.
E. Bousauet. et al.. Nature 452. 732 (2008).

[ 58 AR EF AT R ER AR
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M O—AUhYADETRAV-E —REE
BIZKYARLGN TS, LaAlO, B 53 T,
NBEFZDEEZICKYEFREBEENRMK
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BFOBEBEDEFIREZIELROAIMER 05 DOS (states/eV/layer)
F—LDHEILINT-D T, A LER~DEA Courtesy: S, Ishibashi (AIST)

AEifFESND,

ITRS20114EFERR S XX #k209
Analysis of Screening Mechanisms for Polar Discontinuity for LaAIO3/SrTiO3 Thin Films Based on Ab initio

Calculations”, S. Ishibashi and K. Terakura, J. Phys. Soc. Jpn. 77, 104706 (2008); erratum, J. Phys. Soc. Jpn.
78, 058001 (2009).
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Molecular Device Materials 2SI ERNE

AR EFEER(OVIEEZTUR) AW
FERMEATYICEHAT HIARDIRRZE.
L#IE. “4.1.5 Macromolecular Memory Materials” [Z1B

1

ZMD1%. ”4.1.1 Emerging Ferroelectric Memory Materials” D H1(Z
BEINT, TDFEFE update HMfEELT=,
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Molecular Device Materials AEBERNE
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H. Minemawatri et al., Nature, 475, 364 (2011).
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ERMS5 Lithography Materials tGT A&

« ERMT®Lithography Materials[Z DWW TIEKERHETEL
KIE B ( Application: 193nm extension, 193nm pitch division, EUV resist, DSA ) [FZEEZL

Application

2009

2011

HETAE

193nm Extension

Positive Chemically Amplified Resist

Negative Tone Development

Positive toneLL_E D fiR{E 14 EE

Positive Non Chemically Amplified Resist

Poly-sulfone base resist® s2&k

Inorganic Resist

JBIN _Hf oxide base resist

Application

2009

2011

HETHE

193nm Pitch Division

Spacer Patterning

Double Patterning

Single Exposure Two Tone Development

Single Exposure Resist

PAG/PBGZFIFHL-#AL L MERE RS R T L

Double Exposure Resist

L RETDINI—/fiR {815

Application 2009 2011 HKETAZ

EUV Resist Positive Chemically Amplified Resist
Inorganic and Inorganic-Organic Hybrid Resist RS M REAIEA M. E 36nmhp —15nmhp
Non Chemically Amplified Resist
Non Chemically Amplified Negative Tone Resist f————> RIGHRES LUV RENRE

Negative Tone Cationic Resist

Resist with Acid Amplifiers
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Work in Progress - Do not publish

STRJ WS: March 2, 2012, WG13 ERM

DSA Critical Assessment Table &0

29




B xxzs. Frze QL)
1))5571%%%} (Directed self- assembleil‘ﬂllféﬁt)

ERMS5 Lithography Materials tXiT A&

s 193nm extension
— Inorganic resisth%iBEE SN =, EUVER R T#F D 193nmA~ D E R

- 50nmL/S#Z{& 151
e IyFo U mitEeE (PHOSTLE#9104%)

M. Krysak, et al, “Development of an inorganic nanoparticle

photoresist for EUV, e-beam, and 193nm lithography”,

'_ - - Proceedings of SPIE vol. 7972, 79721C/1-79721C/6 (2011)
]

— Negative Tone DeveIOpment(;h L%@TMAH?{E#%?)WJUL%{QRI LT, AHEiaH
THRBITHIEITKYRARINGI—2F R AR—XOFR— LRI iaL\’C?I'v/ L
DAL THENZELIRD T HHEEZ AR TS H-OIZRE G MR L2 EAFF s

\ANo

/

< 193nm pitch division Eng\aa

— Single exposure resist IZHELVTPAG&PBGD L AT LIIREINTINVS &2

— BRERAEFCERRAERDEFINEDZENVEFALT, EXBPOEEEIVNSRE
[CKY/INEZ— R

Y. Cho, et al, “Polymer-bound photobase generators
Pitch division A7 = AL and photoacid generators for pitch division lithography”,

110nmL/SEE{& Proceedings of SPIE vol. 7972, 797221 (2011)
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ERMS5 Lithography Materials X iT AR
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P. Naulleau,et al, “Critical challenges for EUV resist materials,”
Proc. SPIE 7985, 798509 (2011)
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— TableMZEIFHEL . HT-IZDSA critical assessment table (Defect, Annealing
time, Etch selectivity, etc) AVB0
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ERM 7.2 Novel Interconnects s¥ERAE

ERM Tablell Nanomaterial Interconnect Material Properties

» SWCNTEMWCNTARI R 1z =B RERT—R R
= Carbon Nanotubes ChallengesIZ#t &

7.2.1 Nanotube Interconnects
> CNTREZREERE (~1el2/cm? = 1e13/cm?)
> CMPiE A E 750k - s B

7.2.2 Graphene and Graphitic Carbon Interconnects
> BB TOERRITS 57T A& (650°C. $9600°C)
> A1) —dDSi/Sio, LR YT —0F /05774 R E
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7. 2 Novel Interconnects

Table ERM11 Nanomaterial Interconnect Material Properties tX&]T

Table ERM11 Nanomaterial Interconnect Material Propert_ies

BY BHES

locations

Application Requirements Carbon Nanotube I Challenges Carbon Nanotube
Status
Vias High density in small vias Need of 5-10E12 tubes/cmz, tube diameter <5-3 nm Ability to grow in-situ and integrate 1E12 vertically aligned
tubes/cm2 in 70 nm vias with repeatable yield.[A,B]
2.5E12tubes/cm2 in 1000 nm vias. [C]
Defect-free metal contacts Need to produce direct metallic contacts to all the shells to minimize risks of |Pd to date is the best metal to contact nanotubes.[D]
resistance, local heating, and electromigration.
Effective Resistivity Must achieve a high density of CNTs and a low contact resistance between Resistances down to 0.05 Ohm in 2.8 ym diameter vias (60nm high)
CNT s and metal contacts. filled with MWCNT s have been reported [E]
Control of chirality All MWCNT s behavior is metallic. Not Applicable, all MWCNT s are metallic.
Need to achieve accurate control of chirality distribution for SWCNTs. Only purification in liquid to date. [F]
Thermal behavior Need to increase density of CNTs. No Data Availiable
Need to decrease thermal resistance between CNTs and contacts Intrinsic CNT thermal resistance is low.
Thermal interface resistance may limit performance
Interconnects Ability to grow in controlled |Need to achieve same densities of MWCNTSs as per vertical vias. CNTs can be grown in specific locations with patterned catalyst. [G]

T he big issue is growing them in predefined directions.

Ability to grow in controlled
directions

Need to grow them in predefined directions.

Need to achieve same high densities of CNTs as per vertical vias to achieve a
bundle growth.

Need to increase the growth speed of CNTs at a low CVD growth temperature.

Directional growth of a bundles of MWNT s is reported. Need higher
growth rate. [H]

Top-down approach to align single-walled carbon nanotubes on
silicon substrate. [I]

Defect-free metal contacts

Same as for vias, but more difficult with horizontal interconnects.

No progress reported

Control of chirality

Not an Issue for MWCNTSs.
Same as for Vias for SWCNTSs.

All MWCNT s are metallic. Progress reported in liquid purification
for SWCNT, but requires ex-situ assembly [F]

Thermal behaviour

Same as for vias

No progress reported

Effective resistivity

Need to achieve same densities of CNTs as with vertical vias.
Need to improve the quality of CNTs to achieve longer ballistic length.

No progress reported

BRTIEZRB/ERZE DR

A - RDStatusEH
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S. Esconjauregui, et al., ACS Nano, 4, 7431 (2010)
Growth of Ultrahigh Density Vertically Aligned Carbon Nanotube Forests for Interconnects

(a) 1t Cycle - Cycle deposition Single deposition

Deposition
et
Annealing

Immobilization
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Yamazaki
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Density (cm™)
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An nea Img
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Nanotube diameter (nm)
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Graphene &R =

Yamazaki, et al., APEX, 5 (2012) 025101

Low-Temperature Graphene Growth Originating at Crystalline Facets of Catalytic Metal

Fig. 5. Fomnation process of graphene film in the facet growth model.

Fig. 1. Crmoss-sectional TEM images. (a) Postigrowth of graphene for
Yemin. Dashed Fames mwbicote p].wc'h on which 1.'_!'.I|'."h.11¢' Tl Wi prown,
The arrow indicates the facet where graphene fillm was not observed. (b) and
{c) Two types of facets where graphene growth onginates. All facets that are
to be the ongin of graphene growth are clasabied mio these two [ypes

Fig. 2. Evolution of graphene thickness (typical images). Growth times
were (a) 10, (b) 30, and (c) 180s. Arrows in each figure indicate the
thickness of the graphene film.
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<Deterministick—EJ (&)

B—6L<RDHDE—INUheFr2VRAEBIOMR, /R /FL1 2 8EEIC10nmELI T DR
BTEATS3T7/00—8. LUBVWTFINLANITA—2 0 R, ilkERLEN/=-HDIRFL
NIVTOR=I TN, FIAR, 7O8R, F+3752)E—2ar, 171 6nm?ﬂb\

+State of the Art( 2011 BRICIB A Eh /= SE 14 ) bop

Engine
B—aA EAN/F=INMRAES] B—R—/MaX RS 8 SIMRFIFIPR2 B—FFr—AE @ 3

_ “srmmm&ﬂﬂ &
Shinada, Nature 2005 Persaud, Schenkel Lansbergen, Rogge Simmons,
JVSTB 2005 Nature Physics 2008 Tabe Phy. Rev. Lett. 2010 Nano Letters 2009 Morello, Dzurak, Nature 2010

ER7=—N _ ®ER Eﬁﬂﬁﬂ.’.( DSA) 3RTCRERIEY SRFT7MLTO—-T H—2&-27
¥2ab—-2ay AEVH#®iH

Nitrogen

Nuemann, Jelezko

. Science 2010 —
Annrsl fime svonids) Nitrogen- arbon-
By courtesy of Dr. Lee/NDL — paaney
ke e ey Roy, Asenov By courtesy of Hanson, Awschalom - Corbon 3
Ho, Javey, Nature Materials 2008 Science 2005 Inoue/Kyoto Univ. Nature 2008
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“Key messages

STMPZ L AM—ELTELKIBB—A AV FEANEICEDT, B—R—NUFINAAHHE
SN, FETEMES S UEFIRIERESNTIVS,
SHFEECHEIL(DSA)BYFEREZAVV ER—EJEPEEIC, £, 7OV BT
BREMLR-E T2ROICELVEBS,

3D7hL78—7. SSRM. KFMLEICE>T, H—RK—=IUMNRFORIR{EH I REIC,
Deterministick—E> 713, R=7Fr R A2 BRE LU EEIRBICER.

“Difficult Challenges(Table ERM10&t))

10nMEL FOBETR—/SUREBAL. BEICFIF1R—h,
HiEE CHREL(DSA)E DRt EHE M 1E(<50m).
FIFAN—2a DIVIE. ERIE. 19—1t.
ZN—TIPERERICHETIUEN.

2013 MT7-3R5E

R=NUbho . (LEFIHEDONE.
°Z)|/—7“/|‘0)|E.|J:o

3 RFTXFDeterministick—E 7 # ¥ - 7O AN .
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9. Environmental, Safety, and Health
BIEMEBEROREICAITERVBEHAH . A THAIILTERAVE, BN TAELTAVT .
|) 29 5 i %x &£ Z B0

10.1 Metrology for ERM Environmental, Safety, and Health
MBEDIVRIER, RRNTF9TARAREDEELLTODESHDEM

> PREX IR RE

R EIDESH, B ERY A%
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> ESH (Environment, Safety, and Health)
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s Computing dielectric constant for layered insulator

Stacking of different dielectric film show
dielectric constants which are different from

values of bulk phase

Compute polarization P directly under the field E by DFT 5|mulat|on
and numerically compute -(Z)=dP(Z)/dE.

N
T T

This computational technique
will be applied for designing
insulating gate stack et al.
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Printed with permission from T. Anh Pham, et al., Phys. Rev. B84, 045308 (2011) [DOI:
10.1103/PhysRevB.84.045308] Copyright (2011) American Physical Society

Work in Progress - Do not publish STRJWS: March 2, 2012, WG13 ERM 42




> $Tal—oa> (Simulation) my.=xza D

*»*Designing possible spintronics material

Predicting spin-polarized interface
states at GaN/MgB, system as a
candidate of material used for
guantum spin-transport device by
controling the gate voltage
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Printed with permission with Y. Gohda and S. Tsuneyuki, Phys Rev. Lett 106, 047201
(2011), Copyright American Physical Society (2011).
DOI[http://dx.doi.org/10.1103/PhysRevLett.106.047201]
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