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■■Industrial Society to Industrial Society to KnowledgeKnowledge--based based SocietySociety

■■「「KnowledgeKnowledge--based Fabricationbased Fabrication」」&&「「New Business New Business 
ModelModel」」((KnowledgeKnowledge--based Societybased Society））

■20th C: Mechanism by Quantum Mechanics
■21st C: Design by Quantum Mechanics

2121stst centuryʼs Social Problemscenturyʼs Social Problems
EnergyEnergy・・EnvironmentEnvironment・・Aging Aging SocietySociety・・SecuritySecurity

・・HighHigh--efficiency energy conversionefficiency energy conversion
・・Next generation Next generation nanonano--electronicselectronicsgg
・・EnvironmentEnvironment--friendly materialsfriendly materials
・・LifeLife--sciencescience--related materialsrelated materials

ff l dl d ll・・Security & SafetySecurity & Safety--related related materials materials 
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■Industrial-Structure Change
Industrial Society to Knowledge-based Society

■■Seamless Connection in the Seamless Connection in the 
HierarchyHierarchy → Design→ Design--basedbased

ProgressProgress
Hierarchy Hierarchy  Design Design based based 
Materials & Device FabricationsMaterials & Device Fabrications

「「OriginalityOriginality」＝「」＝「ProfitabilityProfitability」」Industrial Industrial 
Structure Structure 
ChangeChange SystemSystem

SoftwareSoftware
SystemSystem
SoftwareSoftware

DevicesDevicesDevicesDevices
＜＜DarwinʼsDarwinʼs SeaSea＞＞

MaterialsMaterialsMaterialsMaterials
＜＜DeathDeath ValleyValley＞＞
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Quantum MechanicsQuantum Mechanics--based 21based 21--st Century’s st Century’s AlchemyAlchemy
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1.1. SpinodalSpinodal NanoNano--technology as a New Class of Bottomtechnology as a New Class of Bottom--
up NT.up NT.

lflf dd ll b h db h d・・SelfSelf--Organized Organized && Universal NanoUniversal Nano--Fabrication MethodFabrication Method

22. . SpintronicsSpintronics MaterialsMaterials DesignDesign
・・New Materials Design, Realization New Materials Design, Realization && TcTc

33 Photovoltaic Materials Design byPhotovoltaic Materials Design by CodopingCodoping SelfSelf33. Photovoltaic Materials Design by . Photovoltaic Materials Design by CodopingCodoping, Self, Self--
Regeneration, Regeneration, and and SpinodalSpinodal NanoNano--Decomposition Decomposition for for 
PVSCs.PVSCs.PVSCs.PVSCs.

・・ElectronElectron--Hole Separation Hole Separation && NanoNano--SuperstructursSuperstructurs

吉⽥博©
吉⽥博吉⽥博©©



■■TrueTrue NanotechnologyNanotechnology
Thereʼs Plenty of Room at the Bottom,   R. P. Feynman Thereʼs Plenty of Room at the Bottom,   R. P. Feynman 

“Father of “Father of NanotechnologyNanotechnology”, APS, 12/29/1959 at CALTECH”, APS, 12/29/1959 at CALTECH
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Sato, Katayama-Yoshida, Dederichs, JJAP, 44 (2005) L948. [ISI:[ISI: 142]142]
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nmnmnmnmnmnm
(X)

Fukushima, Sato, Katayama-Yoshida, Dederichs, 
Jpn J Appl Phys 45 (2006) L416 [ISI: 100 ]

A1-xBx

Jpn. J. Appl. Phys. 45 (2006) L416 [ISI: 100 ]
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DairisekiDairiseki--Phase & KonbuPhase & Konbu--Phase by Spinodal NanoPhase by Spinodal Nano--decompositiondecomposition
Sato et al., JJAP, 44 (2005) L948. [ISI:142] Fukushima, et al, JJAP,45 (2006) L416. [ISI: 100 ]

Konbu PhaseDairiseki Phase Disordered Experiment: (Ga Er)As UCSBKonbu Phase Experiment: (Ga,Er)As UCSB

Seeding

Shape Control

Experiment: (Ge,Mn)
M. Jamet,
Grenoble, 
(France)
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■■Semiconductor NanoSemiconductor Nano--SpintronicsSpintronics■■Semiconductor NanoSemiconductor Nano--SpintronicsSpintronics

SSee‐‐ SSee
半導体デバイス半導体デバイス

電荷の制御電荷の制御
磁気メモリ磁気メモリ

スピンの制御スピンの制御

ゲート電圧ゲート電圧
VV
ゲート電圧ゲート電圧
VVGG制御制御

電荷の制御電荷の制御 スピンの制御スピンの制御

電場によるスピン制御電場によるスピン制御
VVGGGG

SSSS
NanospintronicsNanospintronics
■■スピントランジスタスピントランジスタ
■■超⾼温強磁性半導体超⾼温強磁性半導体

量⼦情報量⼦情報
■■量⼦計算量⼦計算
■■量⼦暗号通信量⼦暗号通信ee‐‐ee‐‐■■脳型メモリ演算装置脳型メモリ演算装置

量⼦暗号通信量⼦暗号通信
■■量⼦テレポー量⼦テレポー

テーションテーション
半導体ナノ超構造半導体ナノ超構造
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■■⾼速⾼速 (THz)(THz) ■■⾼密度⾼密度 ((Tbit/inchTbit/inch22)) ■■省エネルギー省エネルギー((不揮発性不揮発性))
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HH JJ SS SSJ. Okabatashi J. Okabatashi et al.et al. (1999)(1999)

Mn 5%Mn 5%
HH = = ーーJJijij SSii・・SSjji≠j

3d 3d < < 4p4p
PES(Mn3d)

LDALDALDALDALDALDA

PES(Mn3d)

SICSIC--LDALDAPSICPSIC--LDALDAPSICPSIC--LDALDA

吉⽥博吉⽥博©©
■■M.Toyoda M.Toyoda et al., Physica B,et al., Physica B, 376 (2006) 647. 376 (2006) 647. (ISI: (ISI: 8787))..
■■K. Sato et al., Rev. Mod. Phys. 82 (2010) 1633. K. Sato et al., Rev. Mod. Phys. 82 (2010) 1633. (ISI: 196)(ISI: 196)

Zenerʼs double exchange mechanismZenerʼs double exchange mechanismZenerʼs double exchange mechanismZenerʼs double exchange mechanism HH == ーーJJ SS ・・SS

J. I. Hwang J. I. Hwang et alet al. (2005). (2005)

HH = = ーーJJijij SSii・・SSj j 
i≠j

3d 3d > > 2p2p PES(Mn3d)

Mn 5%Mn 5%

PESPESPESPES

LDALDALDALDA

PES(Mn3d)

PSICPSIC--LDALDAPSICPSIC--LDALDA

吉⽥博吉⽥博©©■■M.Toyoda M.Toyoda et al., Physica  et al., Physica  B, 376 (2006) 647.B, 376 (2006) 647.(ISI:(ISI:8787)).. ■■K.Sato et al., RMP, 2010K.Sato et al., RMP, 2010..(ISI:(ISI:196196))

Semiconductor Nano-Spintronics : 
Materials Design ＆ Tcg c

Design & Realization of Semiconductor Spintronics
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Realization
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 K. Sato, et al., Semiconductor Science and Technology, 17, (2002) 367. （ISI: 518）
 K. Sato, et al. Jpn. J. of Appl. Phys., 39, (2000) L555. （ISI: 478）
 K. Sato, et al. Jpn. J. of Appl. Phys., 40, (2001) L334. （ISI: 284）
 K. Sato et al., Rev. Mod. Phys. 82 (2010) 1633. （ISI: 196） 吉⽥博吉⽥博©©



■■K Sato et al Rev Mod Phys 82 (2010) 1633 [ISI:196]

Effective Chemical Pair InteractionEffective Chemical Pair Interaction by KKRby KKR--CPA & CPA & 
MultiscaleMultiscale Simulation of Simulation of SpinodalSpinodal NanoNano--DecompositionDecomposition

■■K. Sato, et al., Rev. Mod. Phys. 82 (2010) 1633..[ISI:196]

A or BA or B

A or BA or B B-B   

:B

■■Ducastelle and Gautier, J. Phys. F6 (1976) 2039.
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■■Sato, Katayama-Yoshida, Dederichs., Jpn. J. Appl. Phys. 44 (2005) L948. [ISI: 142] 
i>j
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TTcc vs. vs. 3D3D Spinodal NanoSpinodal Nano--
decomposition decomposition in in (Zn,(Zn,CrCr))TeTe
TTcc vs. vs. 3D3D Spinodal NanoSpinodal Nano--

decomposition decomposition in in (Zn,(Zn,CrCr))TeTepp (( ))pp (( ))
■■ KK. Sato . Sato et. al: et. al: JpnJpn. J. Appl. . J. Appl. 

PhysPhys. . 44, 44, ((2005)2005). . L948.L948.
■■ KK. Sato . Sato et. al: et. al: JpnJpn. J. Appl. . J. Appl. 

PhysPhys. . 44, 44, ((2005)2005). . L948.L948.

吉⽥博©吉⽥博©

T 700KT 100K

■Random configurationRandom configuration ■3D3D Spinodal NanoSpinodal Nano--DecompositionDecomposition

Tc =700KTc =100K

■■ K. Sato, H. Katayama-Yoshida, P.H. Dederichs, 
Jpn. J. Appl. Phys. 44 (2005) L948. [ISI: [ISI: 142]142] 吉⽥博©吉⽥博©



■■K. Sato, T. Fukushima, H. KatayamaK. Sato, T. Fukushima, H. Katayama--Yoshida,Yoshida,
Jpn J Appl Phys 46 (2007) L687Jpn J Appl Phys 46 (2007) L687 [ISI: 41][ISI: 41]Jpn. J. Appl. Phys., 46, (2007) L687Jpn. J. Appl. Phys., 46, (2007) L687. . [ISI: 41][ISI: 41]
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High Blocking Temperature (TB) by Magneto Crystal Anisotropy

吉⽥博©吉⽥博©

Self-compensation is “Mother Natureʼs  Codoping”.

We  propose a new class of “Alchemistʼs Codoping”.

吉⽥博吉⽥博©©■Yamamoto, Katayama-Yoshida, JJAP, 38 (1999) L166. [ISI: [ISI: 340340] ] 
■Sato, Katayama-Yoshida, Dederichs, JJAP. 44 (2005) L948. [ISI: 142]

Codoping Codoping with interstitial impurities in GaMnAswith interstitial impurities in GaMnAs

GaAs

Cu, Ag : 0%

Cu3%
Ag3%

Li & Cu Li & Cu interstitials in GaAsinterstitials in GaAs
・・Effective coEffective co--dopant.dopant.
・・Very fast diffusion.Very fast diffusion.Very fast diffusion.Very fast diffusion.
・・Anneal out after crystal Anneal out after crystal 

growth to recover the growth to recover the 
ferromagnetism.ferromagnetism. 吉⽥博吉⽥博©©gg

■L. Bergqvist et al., Phys. Rev. B83 (2011) 165201.  Mns + Lii
■H. Fujii, K. Sato et al., APEX 4 (2011) 043003.          Mns + Cui
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Diffusion & Dissociation energyDiffusion & Dissociation energy
■■

E = 0 18 eVCui in GaAs Ed = 0.18 eV

Cui in (Ga,Mn)As

E = 0 45 eV

TAs TAs TAsTGa TGa TGa

Ediss = 0.45 eV

diffusion and dissociation path

(Ga Mn)As Ed [eV] Ediss [eV](Ga,Mn)As Ed [eV] Ediss [eV]

Mni
2+ 0.8 1.2 [1]

Lii+ 0.5 0.73  [1]Lii
Cui

+ 0.18 0.45

[1] L. Bergqvist, K. Sato et. al.,: PRB 83, 165201 (2011).

Alchemistʼs Codoping Method :
■L. Bergqvist et al. PRB 83 (2011) 165201.  Mns + Lii
■H. Fujii et al., APEX 4 (2011) 043003. Mns + Cui■H. Fujii et al., APEX 4 (2011) 043003. Mns + Cui

Mni

Lii

Cui

吉⽥博©
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Family Tree of DiamondFamily Tree of Diamond MutationMutation
C, Si, C, Si, GeGe

Family Tree of Diamond Family Tree of Diamond Mutation Mutation 

GaAsGaAs, , LiZnAsLiZnAs ZnSeZnSe CuClCuCl

IVIV

IIIIII--V, V, (I,II)(I,II)--VV IIII--VIVI II--VIIVII

(I,III)(I,III)--VIVI22(II,IV)(II,IV)--VV22

CuInSeCuInSe22ZnGeAsZnGeAs22

(I(I22,II,II--IV)IV)--VIVI44(I,III,IV(I,III,IV22))--VV44

CuCu22ZnSnSeZnSnSe44CuCu22ZnSnSeZnSnSe44
LiGaGeLiGaGe22AsAs44

22 44( , ,( , , 22)) 44

■■H. KatayamaH. Katayama--Yoshida, T. Yamamoto,Yoshida, T. Yamamoto, USUS--PatentPatent US6153895,  US6153895,  特願平特願平88--1409114091、特、特
開平開平0909--213978, 213978, 特願平特願平99--308765308765、特開平、特開平1111--145500, 145500, 特特願平願平99--239839239839、特開平、特開平1111--
8775087750 吉⽥博吉⽥博©©



吉⽥博©

CuInSe2

c-Si

34

Electronic structure: Electronic structure: CuInSCuInS22(Se(Se22））
■■Yamamoto Katayama-Yoshida JJAP (1995) [ISI: 340]

InSeInSe CuSeCuSe Chalcopyrite CuInSeChalcopyrite CuInSe22++ ==

■■Yamamoto, Katayama-Yoshida、JJAP (1995).   [ISI: 340]

In

Energy

In

CBM

In

CBM
antianti--bondingbondingantianti--bondingbonding antianti--bondingbondingantianti--bondingbonding

EE

Band-gap 
(1.1eV)

VBM
6 V

CBM

AntiAnti--bondingbonding

xy, yz, zx

x2-y2, 3z2-r2

6eV xy, yz, zx

x2-y2, 3z2-r2NonNon--bondingbonding

xy, yz,zxxy, yz,zx

VBM Bonding Bonding bondingbondingbondingbonding bondingbondingbondingbonding

SeSe

Mother Natureʼs Codoping

2007
Industrialized

By  Honda 
S lt & Soltec & 

Solar 
Frontier

■Zhang Wei Z nge Kata ama Yoshida Ph s Re B57 (1998) 9642 （ISI 586）■Zhang, Wei, Zunger, Katayama-Yoshida, Phys. Rev. B57 (1998)  9642.（ISI: 586）
■Yamamoto, Katayama-Yoshida, JJAP, 36(1997) L180. (ISI: (ISI: 76)76)
■Yamamoto, Katayama-Yoshida, JJAP, 38 (1999) L166. (ISI: 340)(ISI: 340)
■Yamamoto, Katayama-Yoshida, PHYSICA B, 302 (2001) 115. (ISI:111)(ISI:111) 吉⽥博©
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SelfSelf--Regeneration in CuInSeRegeneration in CuInSe22 [General Rule]
n x [CuInSe2] + m x[2VCu

- + InCu
2+] = Cun-3Inn+1Se2n (m =1)

(n = 3)    Cu3In3Se6 +   (2VCu
- + InCu

2+) =                              In2Se3
(n = 4)    Cu4In4Se8 +   (2VCu

- + InCu
2+) =                                 CuIn5Se8

(n = 5)    Cu5In5Se10 +   (2VCu
- + InCu

2+) =                                 CuIn3Se5
(n = 6) Cu In Se + (2V - + In 2+) = Cu In Se(n = 6)    Cu6In6Se12 +   (2VCu + InCu

2+) =                                 Cu3In7Se12
(n = 7)    Cu7In7Se14 +   (2VCu

- + InCu
2+) =   Cu4In8Se14 ⇨       Cu2In4Se7

(n = 8)    Cu8In8Se16 +   (2VCu
- + InCu

2+) =                                 Cu5In9Se16
(n = 9)    Cu9In9Se18 +   (2VCu

- + InCu
2+) =   Cu6In10Se18 ⇨ Cu3In5Se9

(n = 10) Cu In Se + (2V - + In 2+) = Cu In Se(n = 10)  Cu10In10Se20 + (2VCu + InCu
2+) =                                 Cu7In11Se20

(n = 11)  Cu11In11Se22 + (2VCu
- + InCu

2+) = Cu8In12Se22 ⇨ Cu4In6Se11
(n = 12)  Cu12In12Se24 + (2VCu

- + InCu
2+) =                                 Cu9In13Se24

(n = 13)  Cu13In13Se26 + (2VCu
- + InCu

2+) = Cu10In14Se26 ⇨ Cu5In7Se13
(n = 14) Cu In Se + (2V - + In 2+) = ⇨ Cu In Se(n = 14)  Cu14In14Se28 + (2VCu + InCu ) =            ⇨ Cu11In15Se28
(n = 15)  Cu15In15Se30 + (2VCu

- + InCu
2+) = Cu12In16Se28⇨ Cu3In4Se7

(n = 16)  Cu16In16Se32 + (2VCu
- + InCu

2+) =            ⇨ Cu13In17Se32
(n = 17)  Cu17In17Se34 + (2VCu

- + InCu
2+) = Cu14In18Se34 ⇨ Cu7In9Se17

(n = 18) Cu In Se + (2V - + In 2+) = ⇨ Cu In Se(n = 18)  Cu18In18Se36 + (2VCu + InCu ) =            ⇨ Cu15In19Se36
(n = 19)  Cu19In19Se38 + (2VCu

- + InCu
2+) =            ⇨ Cu16In20Se38

(n = 20)  Cu20In20Se40 + (2VCu
- + InCu

2+) =            ⇨ Cu17In21Se40
(n = 21)  Cu21In21Se42 + (2VCu

- + InCu
2+) = Cu18In22Se42 ⇨ Cu9In11Se21

(n = 22) Cu22In22Se + (2VC
- + InC

2+) = ⇨ Cu 9In23Se(n = 22)  Cu22In22Se44 + (2VCu + InCu ) =            ⇨ Cu19In23Se44
(n = 23)  Cu23In23Se46 + (2VCu

- + InCu
2+) = Cu20In24Se46 ⇨ Cu10In12Se23

(n = 24)  Cu24In24Se48 + (2VCu
- + InCu

2+) =            ⇨ Cu21In25Se48
(n = 25)  Cu25In25Se50 + (2VCu

- + InCu
2+) = Cu22In26Se50 ⇨ Cu11In13Se25

(n = 26) Cu26In26Se52 + (2VC
- + InC

2+) = ⇨ Cu23In27Se52(n = 26)  Cu26In26Se52 + (2VCu + InCu ) =            ⇨ Cu23In27Se52
(n = 27)  Cu27In27Se54 + (2VCu

- + InCu
2+) = Cu24In28Se54 ⇨ Cu12In14Se27

…………………………………………………………………………… 
Red Color : Experimentally observed up to 2013.
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Self-Regeneration & Spinodal Nano-Decomposition

Stoichiometric 
Compounds

[Rule 1] :
Self-Regeneration 
Mechanism

Self-Regenerated 
Compounds

[Rule 2] :
Spinodal Nano-
Decomposition

CuIn[S,Se]2
(CIS) [2VCu

- + InCu
2+] CuCu11--3α 3α InIn1+α1+α[[S,SeS,Se]]22

[Cu,VCu]
[S,Se]
[Se O]( ) [Se,O]

[Cu VC ]
Cu[In,Ga][S,Se]2

(CIGS) [2VCu
- + InCu

2+] CuCu11--3α3α[[InIn1+α1+α--X X GaGaXX ][][S,SeS,Se]]22

[Cu,VCu]
[In,Ga]
[S,Se]
[Se,O]

[Cu,VCu]
Cu2ZnSn[S,Se]4

(CZTS) [VCu
- + ZnCu

+] CuCu22--2α 2α ZnZn1+α 1+α SnSn[[S,SeS,Se]]44

[ , Cu]
[S,Se]
[Se,O]

38

Experimental Verification of SelfExperimental Verification of Self--Regeneration from the Radiation Regeneration from the Radiation 
Damage Tested by Damage Tested by JAXAʼs Satellite “TUBASA” JAXAʼs Satellite “TUBASA” ：： CuCu[[In,GaIn,Ga]]SeSe22

[2V - + In 2+][2V - + In 2+][2VCu
- + InCu

2+][2VCu
- + InCu

2+]

B lk P l Si PVSC lBulk Poly Si-PVSC Large Scale CuInGaSe2-PVSC

39
InGaP/GaAs Tandem PVSC Si Single Crystalline Space-Use PVSC

Buy :   9 Yen/kW・h  
Sell : 42 Yen/kW・hSell : 42 Yen/kW・h

40
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We Can Increase the Energy Conversion Efficiency 
Dramatically, By Controlling the Spinodal Nano-

DecompositionDecomposition.

42

F E TSF  EM TSEM  E[Cu
13

2
x
VcxInx

2

InSe2 ]

(1 3x )E[CuInSe ] 3x E[In Se ](1
2

)E[CuInSe2 ]
2
E[In2Se3]

e-e-e- e-e-e-e-e-e-

h+h+h+

h+h+h+

Type II ((∂∂22F∕∂F∕∂xx22) ) < 0    < 0    

43

We Can Increase the Energy Conversion Efficiency 
Dramatically, By Controlling the Spinodal Nano-

Decomposition.

44



Mixing energy : ΔE

ΔE [CIGS]      =   E[Cu(In1-xGax)Se2] – (1–x) E[CuInSe2]  +  x E[CuGaSe2]

ΔE [CZTSSe]  =  E[Cu2ZnSn(Se1-xSx)4]    – (1–x) E[Cu2ZnSnS4] + x E[Cu2ZnSnSe4]           [C SSe] [Cu2 S (Se1-xSx)4] ( ) [Cu2 S S4] [Cu2 S Se4]
Mixed States                              Phase Separated States

• Positive and Convex upward ΔE

Mixing energy ΔE

Spinodal Nano-decomposition.
■CuIn1-xGaxSe2 →

(1 x) CuInSe + x CuGaSe

Cu[In1‐xGax]Se2  (CIGS)

C Z S [S S ] (CZTSS ) (1-x) CuInSe2 + x CuGaSe2

■Cu2ZnSn(S1-xSex)4  → 
(1 ) C Z S S C Z S S

Cu2ZnSn[Se1‐xSx]4  (CZTSSe)

(1-x) Cu2ZnSnS4 + x Cu2ZnSnSe4

45

20% Efficiency Cu[In1-XGaX]Se2 :  XGa = 0.3
Spinodal Nano-Decomposition (Dairiseki-Phase)

■Tani, Sato, Katayama-Yoshida ■Y. Yan, M.M. Al-Jassim. NREL.

Multi-scale Simulation of 3D Spinodal 
Nano DecompositionNano-Decomposition

Cu[In1-XGaX]Se2 :  XGa = 0.15

e-e-

3D C t l G th

h+h+
2 nm

3D Crystal Growth
Dairiseki-Phase Z-contrast STEM (EDX)

Image 吉⽥博© 46

20％ PC Efficiency Cu[In1-XGaX]Se2 : XGa = 0.3
Nanodomains (Dairiseki-Phase)

Nanoscale Spinodal Wave Length : 10~20 nm
■Y. Yan, M.M. Al-Jassim & R. Noufi,  NREL.

Z-contrast STEM (EDX) Image : 0.65 ≦ [Cu/(In+Ga)] ≦ 1.7
[nm]

Self-Regeneration by [2VCu
- + 

InCu
2+] 

0.20 ≦ [Ga/(In+Ga)] ≦ 0.55
0.82 ≦ [In/Ga] ≦ 4 吉⽥博© 47

CuGaSe2 CuInSe2 Valence band offset : ΔEv2 2

Conduction band ΔEv = ΔEVBMCIS – ΔEVBMCGS + ΔEC,C’
ΔEVBMCIS or CGS  = EVBMCuIuSe2 or CuGaSe2ΔEVBM EVBM

– ECu‐1sCuIuSe2 or CuGaSe2

ΔEC,C’ =  ECu‐1sCuIuSe2 – ECu‐1sCuGaSe2

E CuInSe
EgCuGaSe2

0.22 eV

ΔE = – 0 08 [eV] ＜ 0

EgCuInSe2 =
0.716 eV

= 0.854 eV

0 08 eV

Valence band

ΔEv =   0.08 [eV]  ＜ 0
EgCuInSe2 ＜ EgCuGaSe2

0.08 eV

Type II Type Ⅱ Band Alignmentyp g
Effective  Electron & Hole separation

48



AFM
Cu In Ga Se : [2V +In ]Cu1-3αIn1-X＋αGaXSe2 : [2VCu+InCu]

1-3α≧０,     1-X＋α≧1

∴α ≦ 1/3,    ∴ X≦ 1/3 

SCM
David Cahen (Weizmann Institute)

SCM

P-type

N-type

49

X=0.0 David Cahen (Weizmann Institute)

1-3α≧０3α ０

1-X＋α≧1

X=0.32 ∴α ≦ 1/3

∴ X≦ 1/3 

X=0.5

X=0.75
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Cu(In,Ga)(Se,O)2 : Grain Boundaries
STEM/EELS image Yanafa Yan et al. NRELSTEM/EELS image Yanafa Yan et al. NREL

■Spinodal Nano-Decomposition of (Cu, VCu) , (Se, O),  (In, Ga) in 
Cu(In Ga)SeCu(In,Ga)Se2.
・Anti-Correlation of Cu/In & Se/O.
・Self-Regeneration by [２VCu

ｰ + InCu
2+ ]
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Cu(In,Ga)[Se,O]2 : Grain boundaries
STEM/EELS image Element profile

■Spinodal Nano-Decomposition of (Cu, VCu) , (Se, O),  (In, Ga) in 
Cu(In Ga)SeCu(In,Ga)Se2.
・Anti-Correlation of Cu/In & Se/O.
・Self-Regeneration by [２VCu

ｰ + InCu
2+ ]

52



We Can Increase the Energy Conversion Efficiency 
D ti ll B C t lli th S i d l NDramatically, By Controlling the Spinodal Nano-

Decomposition.

53

2 2 InIn33+   +   →  →  ZnZn2+2+ + Sn+ Sn4+ 4+ Cu2In1‐xZnxSnxS4 x=1.0

I All f th S b tit tiI All f th S b tit tiIn All of the Substitution,In All of the Substitution,

(1) Direct band gap(1) Direct band gap
((2) No impurity states in 2) No impurity states in 

the band gapthe band gap
(3) Fano(3) Fano AntiAnti--ResonanceResonanceCu2In1 xZnxSnxSe4 x=1.0 (3) Fano(3) Fano AntiAnti ResonanceResonanceCu2In1‐xZnxSnxSe4 x 1.0

Good Good for Highfor High--efficiency  efficiency  
Photovoltaic Photovoltaic Solar Cells.Solar Cells.

吉⽥博©
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Spinodal Nano-Decomposition in 
Cu2ZnSn[Se,S]4

• Alloying Se and S
F F• Free energy F

F  EM TS

EM  E[Cu2ZnSn(Se1x,Sx )4 ]
(1 )E[C Z S S ](1 x)E[Cu2ZnSnSe4 ]
xE[Cu2ZnSnS4 ]

S k 1  l 1  l 

• Upward Convexity in F ⇒

S  kB 1 x  log 1 x   x log x 
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Upward Convexity in F ⇒
Spinodal Nano-
Decomposition

((∂∂22F∕∂F∕∂xx22) ) < 0    < 0    

Valence band offset between
Cu2ZnSnS4 and Cu2ZnSnSe4

V l b d ff t ΔECZTSe CZTS Valence band offset : ΔEv
ΔEv = ΔEVBMCZTSe – ΔEVBMCZTS

CZTSe CZTS
Conduction band

ΔEVBM = EVBM – ECu‐1s
0.1 eV

EgCZTS
=  1.26 eVEgCZTSe =

0.91 eV

Type Ⅱ band alignment0.46 eVΔEv Type Ⅱ band alignment
Effective Electron & Hole SeparationValence band

Type II
吉⽥博©56



Dairiseki-Phase : Cu2ZnSn[Se1-xSx]4 XS = 0.15

Calculation details
To p‐type electrode 

Concentration XS = 0.15
Temperature = 300 K
250 MCS / atom
H = ‐ ½ Σi≠j vijσiσj
vij : pair interaction 
σi : occupation number

Vij Vij
SS Vij

SeSe  2Vij
SSe

To n‐type electrode 

(1) Fast Electron & Hole Separation in Type II Konbu-Phase(1) Fast Electron & Hole Separation in Type II Konbu-Phase.
(2) Multi-Exciton Generation by Inverse Auger Effect.

Chemical Pair interaction:
Vij = Vij

S-S + Vij
Se-Se - 2Vij

S-Se

h＋ 0

40

1 2 3 4

m
eV

/a
to

m
]

-80

-40

En
er

gy
 [m

e- Ising Model 

H ½ Σ v σσH = ‐½ Σi≠j vij σiσj
vij : pair interaction 
σi : occupation number

吉⽥博©
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CZTSe CZTS CZTSe CZTSeCZTS

e‐

Conduction band

h+

Nano scale
< 5nm

h+
Valence band

Type II band alignment Cu2ZnSnSe4 (CZTSe)
Host matrix < 5nmHost matrix

• Efficient Electron-Hole Separation  in Type II Band Alignment of 
[Cu2ZnSnS4 & Cu2ZnSnSe4],  [CuInSe2 & CuGaSe2 ].[Cu2ZnSnS4 & Cu2ZnSnSe4],  [CuInSe2 & CuGaSe2 ].

• Generation of Multi-exiton by Inverse Auger effect.

59

Cu2ZnSn[SexS1 x]4

337 cm-1337 cm-1337 cm-1337 cm-1

Cu2ZnSn[SexS1-x]4

194 cm-1194 cm-1 194 cm-1194 cm-1

A. Fairbrotheret al., Chem. Phys. Chem., 14, (2013) 1836. 60

194 cm 1194 cm 1 194 cm194 cm



61T. Schwarz et al., Appl. Phys. Lett. 102, 042101 (2013).

GB study by STEM-EDS in Cu2ZnSn[S,Se]4

 Sn & Se content is always Sn & Se content is always 
poor while O always rich in 
this random GB.

 Cu content is not continuous

Rather sharp GB

 Cu content is not continuous 
along the GB – rich at the 
top while poor at the bottom 
(as marked with the arrows)(as marked with the arrows). 

 Left grain shows richer Se/ 
poorer S than right one.

STEM Cu Zn Sn

Se MoS O
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SeSeSe Spinodal Nano-
Decomposition inp
Cu2ZnSn(S,Se)4

A ti C l ti fAnti-Correlation of 
S/Se

・Se-rich & S-poor.GB

SSS ・S-rich & Se-poor.

GB

Cu Spinodal Nano-
Decomposition in

h+h+ Cu2ZnSn(S,Se)4
at the Grain 
Boundary

h+h+

Boundary

・Anti-Correlatione-e- Anti Correlation 
of Cu/ZnGB

ee

Zn ・Anti-Correlation
of Cu & VCu

-

Self-Regeneration
by [VCu

- + ZnCu
＋ ]

GB



Se Spinodal Nano-
Decomposition inp
Cu2ZnSn(S,Se)4
at the Grain 
B dBoundary

・Anti-Correlation・Anti-Correlation
of Se/O.GB

O ・Strong Ionicity
of O at GB.

GB

Printing, Painting, Plating Methods in Cu2ZnSn(S,Se)4 PVSCs

■IBM
12.6% 
Spin Coating.

■Osaka Univ.
9% (Without RC)9%  (Without RC)
Electrochemical
Plating.

■TIT, TOPPAN
6%6%
Painting.

66

Cu2ZnSn(S,Se)4 PVSCs 12.6％

1.1. SpinodalSpinodal NanoNano--technology as a New Class of technology as a New Class of 
BottomBottom--up NT.up NT.

lflf dd ll b h db h d・・SelfSelf--Organized Organized && Universal NanoUniversal Nano--Fabrication MethodFabrication Method

22. . SpintronicsSpintronics MaterialsMaterials DesignDesign
・・New Materials Design, Realization New Materials Design, Realization ＆＆ TcTc

33 Photovoltaic Materials Design byPhotovoltaic Materials Design by CodopingCodoping33. Photovoltaic Materials Design by . Photovoltaic Materials Design by CodopingCodoping, , 
SelfSelf--Regeneration, Regeneration, and and SpinodalSpinodal NanoNano--Decomposition Decomposition 
forfor PVSCs.PVSCs.for for PVSCs.PVSCs.

・・ElectronElectron--Hole Separation Hole Separation ＆＆ NanoNano--SuperstructursSuperstructurs

吉⽥博©


