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Cu(In,Ga)Se2 (CIGS)太陽電池

Si, Ge

GaAs, GaN, InP

ZnSe, CdTe, ZnO

CuInSe2, AgGaS2

Cu(In, Ga)Se2, 
Ag(In, Ga)Se2

• Ⅰ-Ⅲ-Ⅵ2族化合物半導体(Ⅰ-Ⅵ: イオン結合、Ⅲ-Ⅵ: 共有結合)
• 欠陥による伝導型制御（アクセプタ型欠陥(VⅠ)、ドナー型欠陥(VⅥ)）
• ヘテロ構造によるデバイス応用（ドーピングが困難、ヘテロ界面急峻性制御）
• 結晶粒界の不活化、Metastability（光励起、熱励起）の存在



The 3-stage evaporation of CIGS

Molecular Beam Deposition

Pyrometer
(膜厚変化に
よる干渉)

Stoichiometric point

1st stage: In, Ga, Se
2nd stage: Cu, Se
3rd stage: In, Ga, Se

1st stage: (In,Ga)2Se3
2nd stage: Cu(In,Ga)Se2 + Cu2Se
3rd stage: Cu(In,Ga)Se2 + Cu(In,Ga)3Se5

Mo/SLG
InGaSe

Mo/SLG
CIGS

Cu2Se

Mo/SLG
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Cu poor CIGS



SEM, STEM images and EDX

500 nmCIGS surface Alkali metals passivate recombination centers.

ADF-STEM
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Lattice constant and Band-gap
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a axis: 5.76 Å (CIS)
c axis: 11.59 Å (CIS) 
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Epitaxial CIGS太陽電池の開発
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SEM, STEM
I-V curves and C-V measurements

Measurements
GaAs (001) p-type Sub.

ZnO: Al (Sputter)
350 nm

CIGS (MBE) 2.2 m

CdS 40 nm

Molecular beam epitaxy, Tsub=520℃
(Same deposition: Cu, In, Ga, Se)
Eg=1.2 eV (GGI:0.3), Cu濃度: 0.85–1.5
アルカリ金属添加(Na doping, KF-PDT)
CdS/AZO/Cr-Ag grid (Area: 0.2 cm2)

CIGS solar cells

Moth eye film

InGaSe 50 nm



成膜法(基板表面処理、CIGS成膜)
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Beam Equivalent Pressure (BEP)
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: Beam equivalent pressure
: Relative molecular mass 

: Absolute cell temperature
: ionization efficiency

0.6
14 0.4

: number of electrons

• TGa = 945°C, PGa = 3.22 x 10-7 Torr
• TIn = 745°C, PIn = 2.82 x 10-7 Torr

• TCu = 1180°C, PCu = 1.33 x 10-7 Torr (CGI was measured by EPMA)

GGIflux = 0.7

Ga shutter open

CGI = 0.80

In shutter open

Cu shutter open

BEP = BEPopen - BEPclose - BEPextra

Close
(10-8Torr) Close

(10-8Torr)

Close
(10-8Torr)
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c) GGI: 0.49400/040CIGS

b) GGI: 0.65
400/040CIGS

Epitaxial Orientation of CIGS
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GGI > 0.75 [002]CIGS // [001]GaAs
GGI = 0.8: a = b = 5.65 Å, c/2 = 5.57 Å

GGI < 0.65 [100]CIGS // [001]GaAs
[010]CIGS // [001]GaAs

GGI = 0.5: a = b = 5.69 Å, c/2 = 5.65 Å

[001]GaAs

[100]GaAs

[010]GaAs

GGI > 0.75 GGI < 0.65

GaAs (zinc blende)
a = b = c = 5.65 Å

2/ scan



Cu poor CIGS or Cu rich CIGS
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CGI: 1.5

ADF-STEM
ZnO

CGI: 0.85

GaAs

CGI: 0.85SEM SEM

CuIn0.7Ga0.3Se2

ADF-STEM
ZnO

GaAs
CuIn0.3Ga0.7Se2

CGI: 1.0
CuIn0.7Ga0.3Se2

CuIn0.3Ga0.7Se2



J-V curves and NCV profiles

10

Eff.
(%)

Voc
(V)

Jsc
(mA/cm2)

FF Rsh, dark
(cm2)

Rser, dark
(cm2)

Ncv,0V
(cm-3)

J0,dark
(mA/cm2)

ndark

CGI: 0.85 20.9 0.767 34.5 0.789 1×105 0.08 2×1016 4×10-9 1.3
CGI: 0.95 16.7 0.737 33.2 0.683 26000 0.5 6×1016 1×10-6 1.7
Poly-CIGS 22.1 0.786 35.1 0.800 5700 0.34 7×1016 3×10-9 1.3
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CIGS / n-type Ⅲ-Ⅴ族化合物半導体
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I-V curves and EQE

Measurements

GaAs (001) Si-doped
InP (001) S-doped

Sub.

ZnO: Al (Sputter)
350 nm

CIGS (MBE) 1.5 m

Molecular beam epitaxy
(Same deposition: Cu, In, Ga, Se)
Eg=1.1, 1.5 eV, Cu濃度: 0.85 
TSub=480 - 520℃
NaF doping
AZO/Cr-Ag grid (Area: 0.25 cm2)

CIGS solar cells



CIGS / GaAs n-type
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CIGS(Eg=1.5 eV) / GaAs n-type
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Eff.
(%)
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FF

GGI: 0.7 4.2 0.655 11.3 0.57
GGI: 0.4/0.1 0.0 0.0 0.0 -

p-CuInSe2 / n-GaAs

∆Ec=0.3 eV



低Ga濃度CIGS / InP n-type
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Eff.
(%)

Voc
(V)

Jsc
(mA/cm2)

FF

CIGS(GGI:0.4/0.1)
/ InP n-type 2.2 0.322 12.0 0.56

CIGS(Eg=1.1 eV) / InP n-type
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まとめ

・ 相分離を利用した気相・固相成長、組成制御

・ CIGS系の特徴は、薄膜太陽電池応用に最適

・ 相分離を利用した気相・固相成長、組成制御

・ CIGS系の特徴は、薄膜太陽電池応用に最適

・ 格子定数、組成、界面反応の制御が重要

・ 電子親和力でバンド構造を説明可能

・ 格子定数、組成、界面反応の制御が重要

・ 電子親和力でバンド構造を説明可能

Ⅰ-Ⅲ-Ⅵ2族化合物半導体の組成制御
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Ⅲ-Ⅴ族化合物半導体/CIGSヘテロ構造
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