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透明アモルファス酸化物

半導体の提案（１９９５）

透明トランジスタの試作

（２００４、Nature)

１２インチ有機ELディスプレイ

の駆動に応用(2008,サムスン）

C12A7のナノ構造に注目

（１９９９）

透明金属に変身。ITO代替物質。

(2004年 Science)
鉄の化合物は超電導に

ならないという常識を破る

（２００６）
銅酸化物を除くと最高のTCを実現。世界的ブーム

（2008年,Nature)

３大素材(鉄、セメント、ガラス）から生まれた電子機能材料

ガラスガラスガラスガラスからからからから高性能透明高性能透明高性能透明高性能透明トランジスタトランジスタトランジスタトランジスタ

セメントセメントセメントセメントからからからから透明金属透明金属透明金属透明金属

20年年年年ぶりのぶりのぶりのぶりの高温超電導物質高温超電導物質高温超電導物質高温超電導物質のののの発見発見発見発見



1995 透明アモルファス酸化物半導体の提案 @ICANS-16
1996 透明N型物質探索指針 (J.Non-Cryst.Sol)
2002  特徴的電子輸送特性の解明（Phys.Rev.B)
2003 P型物質の発見とPN接合ダイオードの室温形成 (Adv.Materials)
2004 酸化物半導体単結晶薄膜を用いた高性能透明トランジス(Science)
2004 AOSを用いた曲がる高性能トランジスタ(Nature)
2008 世界初のPチャネル酸化物TFT(Aｐｐｌ.Phys.Lett)

透明アモルファス酸化物半導体(TAOS)の提案と進展

2005.9 アモルファス酸化物半導体(AOS) がメイントピックス
として採用@ICAN21(2005.9)

2005.12   10 papers @ MRS(ボストン)
2006.4    キヤノン スパッターで高性能TAOS-TFTを発表

＠E-MRS(ニース)
2006.12   凸版印刷、新型電子ペーパを提案@IDW(大津)
2007.5     透明酸化物半導体TFT＠SID(カリフォルニア)
2007.8 AOSが全論文の１５％に@ICANS22(コロラド)
2007.8    Samsung,LG がOLEDを試作発表@IMIS(韓国)
2008.5   サムソン電子AOS-TFT駆動12インチOLED,15インチLCD発表

＠SID(US)
2008.12 日立 TAOS-TFTで1.5V動作を実現、フレキシブル・デバイス

に道＠国際電子デバイス会議(IEDM）

国際動向国際動向国際動向国際動向

細野細野細野細野グループグループグループグループ

(電子ペーパ、凸版印刷）

(有機EL,LG電子）

(透明で曲がるTFT,東工大）

(物質設計、東工大）



室温室温室温室温ででででPETフィルムフィルムフィルムフィルム上上上上にににに作製作製作製作製したしたしたした薄膜薄膜薄膜薄膜トランジスタトランジスタトランジスタトランジスタ

電界効果移動度µ
= 12 cm2(Vs)-1

Cf. 水素化アモルファスシリコン

µ=~1cm2(Vs)-1



LG Electronics @SID’07

Full Color Image

Driven by TAOS - TFTsDisplay Application

Samsung Electronics @SID’08

12-inchAMAM--OLED PanelOLED Panel4-inch



SID  2009

TAOS-TFT driven  OLED(15inch)

Solution-derived TFT



Bronze(Cu) age Iron age

Trend in Superconductor  Research
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O
F

Stone age

12CaO・・・・7Al2O3

Superconducting Cement

LaO T
M
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Cu -based oxides
Non -magnetic metals

TM oxypnictides

REFeAs(O,F )

1986 Cuprates
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REFeAs(O,F)
1986 Cuprates

77K

Cu oxides

Non-mag. metals

LaFePO

Fe pnictides



C12A7 electride
Cs+[15-crown-5]2(e

-)

Crown etherCs+

electron1983 ~ Dr. J. L. Dye
(Nature)

[Ca24Al28O64]
4+(e-)4

• Stable condition Up to ~ 400 ℃℃℃℃ in Air 
Up to melting point(~1300C)

in vacuum 

max -40 ℃℃℃℃ in vacuum

• Stable condition

C12A7 electride is thermally and chemically stable

2003 Matsuishi et al.
(Science) 



• A constituent of alumina cements
• Large band gap   ~7 eV
• Cubic (a = 1.199 nm,  I43d)
• Unit cell: Ca24Al28O66 = [Ca24Al28O64]

+4+ 2O2–

Unit cell

1.199 nm

12CaO∙7Al2O3 (C12A7)

Densely Packed         
Sub-nano-sized Cages

12 Cages

6××××1021 cm–3

Free Oxygen Ions

1××××1021 cm–3

Ca

Al

O

Mp. 1415 ºC

Fast Oxygen Ion Conductor

single crystalpowder



Metal-Superconducting Transition

J.Am.Chem.Soc.(２００７)

100%100%

First s-metal superconductor

Superconducting Cement



Superconducting cement: 
beyond imagination ?

Nature, Nov.27,2006

If that superconductor is made by doping 
concrete, I’ll know it’s time for me to retire
(Robert J.Cava, Princeton U.)



PressurePressure--driven Li phasedriven Li phase

High P-phase of s-band metals and C12A7:e-

(Superconductor
Tc=20K @ High PMetallic C12A7:eMetallic C12A7:e--

The Same Space GroupThe Same Space Group

( Id3( Id3--4 )!!!4 )!!!
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Nγ(0) = 7.0×1021 eV−1 cm−3 

ΘD = 628K

(C12A7:O2−−−−−−−− ; 604K)
BCS predictionBCS prediction

((∆∆Cp / Cp / γγ TcTc =1.431.43))

∆∆∆∆∆∆∆∆CCpp / / γγγγγγγγ TTcc =1.22=1.22

Sample ; Sample ; FZ grown FZ grown single crystalsingle crystal

PRB(2008)PRB(2008)



Unique Optoelectric Properties of
LaCuOCh(Ch=S,Se)

APL(2002), PRB(2003), OPL(2003),APL(2005)

Blue LED
Transparent p-type
degenerate semicon.

Blue PL of Blue PL of LaCuOSeLaCuOSe

-

Blue PL of LaCuOSe

RT-stable exciton

Large NLO

N=4x1020cm-3

σ=140 Scm-1

(La2O2)
2+

layer

(Cu2S2)
2-

layer

a

a

c



Cu

Ch

O

La

(La3+ O2-)(Cu
+

Ch
2- )     Ch=S, Se, Te

La => Nd, Ce, Pr, Bi

(La3+ O2-)(TM
2+

Pn
3-) Pn=P, As, Sb

Ln = La, Nd, Sm, Gd

TM = Mn, Fe, Co, Ni, （（（（Zn））））

From LaCuOCh (p-type semicond.)

to LaTMOPn (magnetic semicond.)



Undoped:

2.4 K
66 K

Undoped:
X

F-doped:
26 K

－－－－

Undoped:

3 K
43 K

Undoped:

5 K
> 400 KTC / TN

AsPAsPAsPAsPAsPPnPn

Kayanuma et al.

PRB (2007), 

Kayanuma et al.

TSF (2008)

ーWatanabe et al. IC (2007), 

Watanabe et al. JSSC (in 

press)

Yanagi et al. PRB (2008)
Kamihara et al. JACS(2006), 

Kamihara et al. JACS (2008)

Yanagi et al.
JAP submittedRef.

~1.5 eV
ーーーーーーーーーーーーーーーー

~1 eVEg

nonmagnetic
ーーーー

FMAFMMagnetism

Semiconductor
ーーーーSuper-

conductor

MetalSuper-

conductor

SemiconductorElect. Prop.

Zn(3dZn(3d1010))(Cu)Ni(3dNi(3d88))Co(3dCo(3d77))Fe(3dFe(3d66))Mn(3dMn(3d55))TM2+

KrBrSeAsAsGeGaZnZnCuNiNiCoCoFeFeMnMnCrVTiScCaK

ArClSPPSiAlMgNa

NeFONCBBeLi

HeH

Properties of LaTMPnO

PnPn

TTMM



Discovery of Tc in LaFePO
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Lattice constant vs. TLattice constant vs. T

a, b lattice constants 
drastically separate at 
~160 K.

~0.5 % difference between 
a and b @ 120 K.5.68
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heating

Undoped

F14%-doped

Tetragonal

Tetragonal

Orthorhombic

F-doping keeps the 
tetragonal symmetry 
down to 25 K>.

T.Nomura et al. Cond-mat/0804.3569 (April 22), Supercond.Sci & Technol. (2008)

LaFeAsO1-xFx



Temperature (K)

~140 K

What happens at ~150K?What happens at ~150K?

~155 K

(S.Kitao et al J.Phys. Soc. 

Jpn., 77, 103706, (2008).)
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LaOFeAs

~140 K

HHintint by Mby Möössbauer Spectroscopy ssbauer Spectroscopy 

HHintint by NMRby NMR

(Y. Nakai et.al. J. Phys. Soc. Jpn., 77, 073701, (2008)).

Structural phase 

transition 

Structural phase 

transition 

（Y.Kohama et al. PRB. 
78,020512,2008）

Magnetic
Phase Transition Heat Capacity



Most stable magnetic ordering in ortho-phase

Most stable AF-phase (stripe-type)

Magnetic moment/Fe = 2µB

Ishibashi, Terakura,Hosono, JPSJ, 77, 053709 (2008). 

b
a

PRB(2008)

Neutron diffraction

0.4µB/Fe



The presence of Pseudo-Gap was observed by PE (Takahashi G, Tohoku U. +

Shin G, Tokyo U. +  Hosono G. TIT )

Phase Diagram: 
A close similarity to Cuprates

A
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KK--doped doped AAFeFe22AsAs22

Other structures withOther structures with

FeFe--square latticesquare lattice

RE substitutionRE substitution

2.4 K2.4 K

αααααααα--FeSeFeSe

20020077

BaBa11--xxKKxxFeFe22AsAs22

55 K55 K

TTcc (K)(K)

1313

41~43 K41~43 K

CeCeFeAsOFeAsO11--xxFFxx

SmFeAsOSmFeAsO11--xxFFxx43 K43 K

LaFeAsOLaFeAsO11--xxFFxx

(under HP)(under HP)

38 K38 K

SmSmFeAsOFeAsO11--xxFFxx

11/9/9

55/29/29

DateDate

(Received) (Received) 

2525

44/4/4

BaNiBaNi22PP22

~4 K~4 K

55 K55 K

Sm(Nd)FeAsOSm(Nd)FeAsO11--xx

1616

LiLi11--xxFeAsFeAs
18 K18 K αααααααα--FeSeFeSe (under H(under HPP))

28 K28 K

8 K8 K

3030 1515 2828

77/4/4

BaFeBaFe22--xxCoCoxxAsAs22

22 K22 K

66/6/6

SrSr11--xxKKxxFeFe22AsAs22

37 K37 K

14 K14 K

New doping approachNew doping approach

LaFeLaFe11--xxCoCoxxAsOAsO

26 K26 K

20020088 22/26/26 33/18/18

LaNiAsOLaNiAsO

FeFe--oxypnictideoxypnictide

superconductorssuperconductors

LaFeLaFeAsAsOO11--xxFFxx

20020066

1414
0

EpitaxialEpitaxial Thin FilmsThin Films

8/11 14

REFeAsOREFeAsO--typetype

αααααααα--FeSeFeSeLiFeAsLiFeAsAFeAFe22AsAs22--typetype

Advances in superconductors with Advances in superconductors with 
square square Fe(NiFe(Ni) lattice) lattice

Tc(K)

4 K4 K

LaFePOLaFePO



ATM2Pn2 : bi-layer structure

Structural (magnetic) phase transition at high temperature is required for high Tc.
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3 K
38 K

hole-doping

Mine et al. SSC,147,111(2008)

Rotter et al.

PRL(2008)
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(JACS 2006)

(presented at  ISIC14(Seoul, 2007), 
J.Phys.Chem.Sol.2008)

Heavy Fermion( Bruning et al  PRL,2008)
γ=700mJmol-1K-2

Why we skipped REFeAsO (RE= Ce,----)?



FeAs layer in ReFeAsO

Carrier doping kills magnetism of Fe latticeCarrier doping kills magnetism of Fe lattice

α-Fe (bcc) ε-Fe (hcp) 

・ Ferromagnetic Metal
・ d（Fe-Fe） ~0.248 nm

・ Superconductors
(~20 GPa, Tc < 2 K)

・ d（Fe-Fe）~0.244 nm

・Superconductors 
(Ambient P, Tc > 26 K)

・ d（Fe-Fe）~0.285 nm

(Saxena et.al. Nature, 2001)
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P-induced Tc in Parent material

Okada et al (JPSJ 2009)



Local structure and TLocal structure and TCC

Higher symmetry of FeAs4 tetrahedron leads to higher Tc in LnFeAsO system. Higher symmetry of FeAs4 tetrahedron leads to higher Tc in LnFeAsO system. 

(C.H. Lee et al., JPSJ, 2008)Regular tetrahedron (109.5º)

LaFePO
LaNiAsOLaFeAsO

GdFeAsO
SmFeAsO

TcTc vsvs αααααααα (As(As--FeFe--As angle)As angle)



Local Structure and Tc

As-Fe-As

LaFeAsO

LaFePO

Lee et al.(JPSJ 2008) dx2-y2 and dxy are shifted

LaFePOLaFeAsO

SmFeAsO



a

b

c

[LnO]+δ

[FeAs]−δ

[LnO] +δ

a

b

c

[AeF]+δ

[FeAs]−δ

[AeF] +δ

New FeNew Fe--1111 member 1111 member AeFeAsFAeFeAsF ((AeAe = Ca & = Ca & SrSr))

[Ln3+O2−] layer

[Ae2+F−] layer

② Doping to FeAs layer: Fe → Co, Ni

Ae: alkali-earth element
ex. Ca, Sr

Doping methodDoping method

Substitution of blocking layerSubstitution of blocking layer

① Doping to AeF layer: Ae, F → ?

Ln: rare-earth element
ex. La, Ce, Sm … etc

CaFe1−xCoxAsF   Tc = ~22 K

SrFe1−xCoxAsF Tc = ~4 K

(Matsuishi et al., JACS, JPSJ(2008)

××××××××

○○○○○○○○



Co6%

Co6%

Co12%

Unsubstituted

Unsubstituted

Co6%

Co12%

Co12%

Superconductivity in AeFeSuperconductivity in AeFe11−−xxCoCoxxAsFAsF

CaFeAsFCaFeAsF SrFeAsFSrFeAsF

Fe2+ 3d6 Co2+ 3d7



H.Ogino et al.
Presented at  APS(March)

Perovskite

layer

Anti-flouoride

layer

Perovskite-blocking layer



April 12,2009

Hc2(0)=302T 
(estimated from WHH)



A Tentative Mechanism

Intercalation

H2O (~0.3nm)  is larger than Sr2+ (0.23nm)
OH- is  more plausible 
SrFe2As2 Sr(OH)xFe2As2

Hole-doping to FeAs layer 
via OH- insertion to Sr-layer

Cf.      Sr(Fe2-xCox)As2   

Tc(max)=22K

Tc (max)= 25K

Chemical doping with H2O is possible in Sr122.



Comparison with Cuprates and  MgB2

Fe-oxypnictides MgB2 Cuprates
Parent
Material

(bad) metal 
(TN~150K)

metal Mott Insulator
(TN~400K)

Fermi 
Level 3d 5-bands 2-bands 3d single band

Max Tc 56K 40K ~140K

Sc gap
symmetry

extended-
s-wave(?)

s-wave d-wave

Hc2(0) 100-200T> ~40T ~100T

Jc
?

Impurity effect robust                      sensitive             sensitive



Chemical Communications 2005,5373-5377.

New superconductors are currently being discovered at 2-4 per year.

The search for new superconductors has largely been the domain of 

condensed matter physicists knowledgeable in the synthesis of 
intermetallic or oxide compounds. Chemists have much to offer the field, 
and have also found new superconductors, both in focused searches and 
by accident in the synthetic programs with other goal.

By Bob Cava



In2O3:Sn
SnO2:F
ZnO:Al

High Conductivity
σ > 1 x 104 S/cm

p-type TCO
Monopolar

(LaCuOS, SrCu2O2)
Bipolar(CuInO2)

p-n
hetero-junction

p-n
homo-junction
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