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I

1 Cu2O

1.1

Cu2O 1

O4
h (Pn3̄m) (

Oh, m3m ) D3d Td

[3]

1: Cu2O

1.2

1
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Cu2O

En = Eg − R∗

n2
+

�
2K2

2Mex

Eg n �
2K2

2Mex

K = ke + kh

Mex = m∗
e +m∗

h

μ−1 =
1

μ∗
e

+
1

μ∗
h

R∗ =
μe4

2�2ε20

aB = a0

(
me

μ

)
ε

Eg

n

R∗

μ

me

m∗
e

m∗
h

Mex

aB
a0
ε0

1.3

Cu+ 3d104s0 4s 3d

Cu 3d

Cu 4s Cu 4p

3d Oh dγ ( 2Γ+
3 (Eg))

dε ( 3Γ+
5 (T2g) dε dγ

dε
Cu 4s 1Γ+

1 (A1g) Cu 4p 3Γ−
4 (T1u)

3Γ+
5 - ( 2Γ+

6 (E1/2g))

3Γ+
5 ⊗ 2Γ+

6 = 2Γ+
7 ⊕ 4Γ+

8

2
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2Γ+
7

4Γ+
8

1Γ+
1

1Γ+
1 ⊗ 2Γ+

6 = 2Γ+
6

3Γ−
4

3Γ−
4 ⊗ 2Γ+

6 = 2Γ−
6 ⊕ 4Γ−

8
2Γ+

7
2Γ+

6 (Y) 4Γ+
8

2Γ+
6 (G) 4Γ−

8
2Γ+

7
4Γ+

8 (B) (V) [4]

2: Γ Cu2O

Cu2O para

ortho
2Γ+

7
2Γ+

6
2Γ+

7 ⊗ 2Γ+
6 = 1Γ+

2 ⊕ 3Γ+
5

para 1Γ+
2 ortho 3Γ+

5

S 1Γ+
1 P 3Γ−

4 para

1Γ+
2 (para)⊗ 1Γ+

1 (S) =
1Γ+

2

1Γ+
2 (para)⊗ 3Γ−

4 (P) =
3Γ−

5

ortho

3Γ+
5 (ortho)⊗ 1Γ+

1 (S) =
3Γ+

5

3Γ+
5 (ortho)⊗ 3Γ−

4 (P) =
1Γ−

2 ⊕ 2Γ−
3 ⊕ 3Γ−

4 ⊕ 3Γ−
5

orho P 1Γ−
2 ⊕2Γ−

3 ⊕3Γ−
4 ⊕23Γ−

5

3
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1.4

Cu2O 6 6 × 3 = 18

18 15 3

3 1

3: Cu2O Γ [5]

(meV)
3Γ−

15 0

A 3Γ−
25 10.7 O-Cu-O

Cu4O

B 2Γ−
12 13.6 2 Cu 2 Cu

C 3Γ−
15 18.8 (TO) Cu

19.1 (LO) O

D 1Γ−
2 43.4

E 3Γ+
25 63.8 O 2

F 3Γ−
15 78.5 (TO) 2 Cu

82.1 (LO) 2 Cu

1: Cu2O Γ [6]

4
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1.5

1.5.1

Cu2O

Cu2O
1Γ+

1

0
3Γ−

4
3Γ+

5 ,
2Γ+

3

• S para (1Γ+
2 )

〈
1Γ+

1

∣∣ 3Γ−
4

∣∣ 1Γ+
2

〉
=

〈
1Γ+

1

∣∣ 3Γ−
5

〉
= 0 ( )

〈
1Γ+

1

∣∣ 3Γ+
5

∣∣ 1Γ+
2

〉
=

〈
1Γ+

1

∣∣ 3Γ+
4

〉
= 0 ( )〈

1Γ+
1

∣∣ 2Γ+
3

∣∣ 1Γ+
2

〉
=

〈
1Γ+

1

∣∣ 3Γ+
3

〉
= 0 ( )

• S ortho (3Γ+
5 )

〈
1Γ+

1

∣∣ 3Γ−
4

∣∣ 3Γ+
5

〉
=

〈
1Γ+

1

∣∣ (1Γ−
2 ⊕ 2Γ−

3 ⊕ 3Γ−
4 ⊕ 3Γ−

5

)〉
= 0 ( )

〈
1Γ+

1

∣∣ 3Γ+
5

∣∣ 3Γ+
5

〉
=

〈
1Γ+

1

∣∣∣ (1Γ+
1 ⊕ 2Γ+

3 ⊕ 3Γ+
4 ⊕ 3Γ+

5

)〉
�= 0 ( )〈

1Γ+
1

∣∣ 2Γ+
3

∣∣ 3Γ+
5

〉
=

〈
1Γ+

1

∣∣ (3Γ+
4 ⊕ 3Γ+

5

)〉
= 0 ( )

1.5.2

K ∼ 0

Cu2O

En = Eg − R∗

n2

Eg n

5
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Series Eg (eV) R∗ (eV) n

Yellow 2.1712 0.0972 2∼10

Green 2.3026 0.1539 2∼6

Blue 2.6292 0.0456 1, 2

Violet 2.7632 0.0515 1, 2

2: Cu2O [3]

4K

2

Cu2O ortho P

H. Matsumoto

S D [8]

1.5.3

4 K ∼ 0

f(E) =
1

exp{(E − Eex − μ)/kBT} − 1

Eex μ

(1)K = 0

(2)

(1)

(2)

K �= 0 K ∼ 0

D(E) =
√

E − Eex

n(E) = D(E)f(E)

=

√
E − Eex

exp{(E − Eex − μ)/kBT} − 1

6
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n(E) =
√
E − Eex exp

(
−E − Eex

kBT

)

4:

5 MgO Cu2O 1.75 ∼ 2.05 eV

1S-ortho (Xortho) 2.030

eV 1S

(Xo − Γ)

2

7
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5: CW (532 nm) MgO Cu2O

8
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ΔG∗

exp(−ΔG∗/kBT )
[9]

MgO

6: θ

(W) (S) (

L)

θ

σSL cos θ = σWL − σWS

( 6)

σSL

σWL σWS

σWL σWS σSL

( 7)

(a) σWL > σWS + σSL

(b) σWL + σSL > σWS > σWL − σSL

(c) σWS > σWL + σSL

[9]

9
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7: (a) (b)

(c)

ν

a

ED ν exp(−ΔED/kBT )

D

D =
νa2

6
exp

(
− ED

kBT

)
=

kBT

6πηa

D η

WS/WL exp(−Δh/kB)

Δh = hL − hS

ν exp(−ΔED/kBT ) exp(−Δh/kB)

Δμ exp(−Δμ/kBT )

a

v = aνe
−ΔED

kBT e
−Δs

kB (1− e
− Δμ

kBT )

Δμ

v ≈ K
Δμ

kBT
= KT

ΔT

TM

10
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Δμ ΔT

K = aνe
−ΔED

kBT e
−Δs

kB =
kBT

πa2η
e
−Δs

kB

KT

Δh KT = KΔh/kBT

[9]

( 2)

(a) (b) (c)

(c) (a)

( 8 (i)) (b)

( 8 (ii))

( 8 (iii))

[9]

11
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8: (i)

(ii) (iii)

ΔG∗

ΔG∗ =
16v2σ2

SLΔσ

Δμ2
=

16v2σ2
SL(σSL + σWS − σWL)

Δμ2

v Δμ = ΔμL −ΔμS

J ≈ exp

(
−ΔG∗

kBT

)

σSL σWL σWS ΔG∗

ΔG∗ = −πr2

a2
Δμ+ 2πraσSL + (σSL + σWS − σWL)πr

2

r a r∗

r∗ =
aσSL

Δμ/a2 − σSL − σWS + σWL

σWS ΔG∗

[10]

12
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( )

[12]

3
1
2

Nk =
1

eβ(�2k2/2Mex−μ) − 1

μ

β = 1/kBT Nk

n = lim
V→∞

N

V
=

g

(2π)3

∫ ∞

−∞

dk

eβ(�2k2/2Mex−μ) − 1

g μ = 0

n = 2.612g

(
MexkBT

2π�2

)3/2

BEC

n BEC

n � 1

a3ex

aex

nU(0) � �
2(1/a2ex)

2Mex

na3ex =
1

8π
U(0) = 4πaex�

2/Mex [7]

13
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4 Cu2O

Cu2O [001], [110], [111]

Oh D4h, C2v, C3v

Cu2O 3 ortho

para ortho

stress crystal ortho exciton para

symmetry yellow/ green green green exciton

no stress Oh
3Γ+

5 Γ+
4 Γ+

3 Γ+
2

[001] D4h
2Γ+

5 ⊕ 1Γ+
4 Γ+

2 ⊕ Γ+
5 Γ+

1 ⊕ Γ+
3 Γ+

3

[110] C2v Γ1 ⊕ Γ4 ⊕ Γ3 Γ2 ⊕ Γ3 ⊕ Γ4 Γ1 ⊕ Γ2 Γ2

[111] C3v
1Γ1 ⊕ 2Γ3 Γ2 ⊕ Γ3 Γ3 Γ2

3: [13]

1S

HPB = a(εxx+εyy+εzz)+

⎛
⎜⎝b(2εxx − εyy − εzz)

√
3dεxy

√
3dεzx√

3dεxy b(−εxx + 2εyy − εzz)
√
3dεyz√

3dεzx
√
3dεyz b(−εxx − εyy + 2εzz)

⎞
⎟⎠

a b, d

εxx = s11σxx + s12σyy + s12σzz

εyy = s12σxx + s11σyy + s12σzz

εzz = s12σxx + s12σyy + s11σzz

εxy =
s44σxy

2
, εyz =

s44σyz

2
, εzx =

s44σzx

2

sij σij

[001], [110], [111]

σ[001] = X

⎛
⎜⎝0 0 0

0 0 0

0 0 1

⎞
⎟⎠ , σ[110] =

X

2

⎛
⎜⎝1 1 0

1 1 0

0 0 0

⎞
⎟⎠ , σ[111] =

X

3

⎛
⎜⎝1 1 1

1 1 1

1 1 1

⎞
⎟⎠

14
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X < 0

E(1)

det(HPB − E(1)I) = 0

E(2)

E(2) = 2×
{
(3b)2

2ESO

[
(εxx − εyy)

2 + (εyy − εzz)
2 + (εzz − εxx)

2
]
+

(3d)2

ESO

(ε2xy + ε2yz + ε2zx)

}

ESO

2 ortho para

E = E(0) + EOP + E(1) − E(2) E = E(0) + E(1) − E(2)

E(0) para EOP 1S

ortho para

• [001]

2-fold E2Γ+
5
(X) = E(0) + EOP + hX − 4eJ

3ESO

X − 2e2

ESO

X2

single E1Γ+
4
(X) = E(0) + EOP + hX +

8eJ

3ESO

X − 2e2

ESO

X2

para EΓ+
3
(X) = E(0) + hX − 2e2

ESO

X2

• [110]

upper EΓ3(X) = E(0) + EOP + hX +
2J

3ESO

(e− 3f)X − 1

2ESO

(e2 + 3f 2)X2

middle EΓ4(X) = E(0) + EOP + hX +
2J

3ESO

(e+ 3f)X − 1

2ESO

(e2 + 3f 2)X2

lower EΓ1(X) = E(0) + EOP + hX − 4J

3ESO

eX − 1

2ESO

(e2 + 3f 2)X2

para EΓ2(X) = E(0) + hX − 1

2ESO

(e2 + 3f 2)X2

• [111]

single E1Γ1
(X) = E(0) + EOP + hX +

4J

3ESO

fX − 2

ESO

f 2X2

2-fold E2Γ3
(X) = E(0) + EOP + hX − 8J

3ESO

fX − 2

ESO

f 2X2

para EΓ2(X) = E(0) + hX − 2

ESO

f 2X2

[14] 9 0 ∼ −5 kbar 4

15
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9: 1S

h = a(s11 + 2s12) -0.64

e = 3b(s11 − s12) 7.9 meV/kbar

f = −(
√
3d/2)s44 -2.6

ESO 131

J -18.0 meV

EOP 12 [16]

4: 1S

s11 = 4.17 /Mbar, s12 = −1.94 /Mbar, s44 = 8.26 /Mbar

[15]

16
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MgO Cu2O

Cu2O 10 MgO Cu2O

( )

( 11)

ortho

10: Cu2O MgO

11:

MgO

X MgO Cu2O

Cu2O

17
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II

5

5.1

DALIAN KERI OPTOELECTRONIC TECHNOL-

OGY CO., LTD. (100) MgO (10 × 10 ×
0.5 mm) 99.9 % Cu2O (

:1229 ◦C [11]) MgO 10×5×0.5 mm

Cu2O (melt growth,

Crystal growth from a melt)

12

1. MgO Cu2O

MgO

2.

3.

4. 100 ◦C 500 ◦C 30

5. 103 Pa (1523 K)[11]

6. Cu2O

7. Cu2O

1 φ 30× l 1000 mm

10 
 1 μ
 1500 K 103 Pa

18
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12: MgO Cu2O

5.2 X (XRD)

X X

X

X λ d

2d sin θ = nλ (n ∈ N) (1)

n n

Cu2O Rigaku X

SmartLab SmartLab

Out-

of-Plane XRD Out-of-Plane In-

Plane Rocking Curve 13

Out-of-Plane

Out-of-Plane

In-Plane

In-Plane Out-of-Plane

Rocking Curve

Rocking Curve In-Plane, Out-of-Plane

19
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MgO Cu2O X

MgO X

MgO Cu2O X

13:

5.3

14 Laser Diode (LD) (cw

: 532 nm) (f = 50 mm)

(f = 50 mm) (U-1000)

50 μm( 0.6 meV)

20
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14:

6

6.1

15 No. 024

100 ◦C 500 ◦C
30

1250 ◦C 103 Pa

Cu2O 1250 ◦C 1 Cu2O

1150 ◦C 1150 ◦C
16

6.2 X

17 Cu2O No. 025 X (Out-of-

Plane, 20 ∼ 80◦) 18 19

25 ∼ 45◦ 190 20 45 ∼ 80◦

1300

Kβ Cu X Kβ Cu2O

(200) MgO (200) 5, 6, 7, 8

21
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15: MgO Cu2O No. 024

16: MgO Cu2O No. 024

22
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X d Cu2O

17: Cu2O No. 025

Out-of-Plane 20 ∼ 80◦ X

2θ (◦) d Å FWHM (◦)

29.41 3.035 2.21 0.183

36.15 2.483 0.06 0.191

37.79 2.379 0.02 0.168

38.63 2.329 0.21 0.108

41.32 2.183 0.57 0.625

42.04 2.147 11.36 0.243

42.96 2.103 100 0.113

50.36 1.811 0.08 0.247

54.55 1.681 0.04 0.193

58.14 1.585 0.06 0.201

59.27 1.558 0.21 1.676

61.09 1.516 16.08 0.254

72.91 1.296 0 0.363

74.03 1.280 0.03 0.256

76.75 1.241 0 0.263

18: Cu2O No. 027 Out-of-

Plane X

17 Cu2O (110) (200) (220)

Cu2O MgO (110) (100)

Cu CuO Cu2O

6.3

6.3.1

21 Cu2O No. 024 4 K 1.75 ∼ 2.05 eV

1.85 eV 10 2.00 ∼ 2.05 eV 1S

1.95 eV 2 1S-ortho 3Γ−
15 (TO, LO)

23
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19: Cu2O No. 025

Out-of-Plane 25 ∼ 45◦ X

20: Cu2O No. 025

Out-of-Plane 45 ∼ 80◦ X

2θ (◦) d (Å)

29.55 3.020 9.0 (110)

36.42 2.465 100.0 (111)

42.30 2.135 37.0 (200)

61.34 1.510 27.0 (220)

73.53 1.287 17.0 (311)

5: Cu2O[17]

2θ (◦) d (Å)

36.91 2.434 11.5 (111)

42.88 2.108 100.0 (200)

62.25 1.490 45.2 (220)

78.55 1.217 11.0 (222)

6: MgO[18]

2θ (◦) d (Å)

43.34 2.086 100.0 (111)

50.48 1.806 42.7 (200)

74.17 1.277 17.1 (220)

7: Cu[19]

2θ (◦) d (Å)

35.45 2.530 36.0 (002)

35.56 2.523 91.4 (111)

38.75 2.322 100.0 (111)

38.91 2.313 61.6 (200)

48.70 1.868 26.2 (202)

58.30 1.581 12.7 (202)

61.55 1.505 16.6 (113)

65.87 1.417 12.5 (022)

66.21 1.410 12.6 (311)

68.14 1.375 14.3 (220)

8: CuO[20]
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21: MgO Cu2O No. 024

6.3.2

22, 23 Cu2O No. 024 4 K

1S

(CW: 532 nm)

22 1S-ortho

2.028 eV XO1 2.035 eV XO2

2
2Γ−

12 1S-ortho

1S-ortho

1S-para 3Γ−
25

23 1S-ortho 2Γ−
12

1S-para 22

1S-ortho (XOu , XOm , XOl
)

6.3.3

22, 23

25
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22: (a) 4 K

1S

23: (b) 4 K

1S

Gauss

f(E) ∝ exp

[
− ln 2

(
E − EXO

σ

)2
]

Bose

Maxwell-Boltzmann

g(E) ∝ √
E − EXO

exp

[
−E − EXO

kBT

]

Gauss Maxwell-Boltzmann (a), (b)

7

7.1

7.1.1

17 MgO Cu2O

No. 025 X Out-of-Plane 20 ∼ 80◦ Cu2O MgO

(100) (110) N. Naka [21]
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(a) Gaussian

EXO
(eV) σ (eV)

XO2 2.0343 0.0016

XO1 2.0276 0.0034

(a) Maxwell-Boltzmann

EXO
− Γ−

12 (eV) T (K)

XO2 − Γ−
12 2.0210 13.4

XO1 − Γ−
12 2.0142 23

(b) Gaussian

EXO
(eV) σ (eV)

XOu 2.0368 0.0022

XOm 2.0330 0.0022

XOl
2.0301 0.0024

(b) Maxwell-Boltzmann

EXO
− Γ−

12 (eV) T (K)

XOu − Γ−
12 2.0235 22

XOm − Γ−
12 2.0198 18

XOl
− Γ−

12 2.0164 25

X Cu2O (220) In-Plane 90◦ 4

180◦

90◦ 2

Cu2O (110)[001] ‖ MgO (100)[011] Cu2O (110)[001]

‖ MgO (100)[011]

24 Cu2O (110) MgO (100)

MgO MgO Cu2O (110)[001]

45◦ Cu2O (110) MgO
2aMgO√

2
× 3aMgO√

2
±45◦ In-Plane

2

24: MgO (100) Cu2O (110) [22]
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7.1.2

X Cu

25, 26

27 Cu2O 26 1.90 eV

β 27 β

β VCu n = 1

25 27

VO

25: Cu2O 26: Cu2O

1S-ortho
3Γ−

15 (TO), (LO)

7.2 1S-ortho

7.2.1 Cu2O

28 Cu2O MgO

(a) MgO Cu2O (b) MgO

45◦ Cu2O (110) MgO Cu2O

4K 9, 10

Cu2O MgO (a) Cu2O MgO

[100] [010] (b) Cu2O

MgO [110] [001]
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27: Cu2O [23]

28: Cu2O MgO

29
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4K a (Å)

Cu2O 4.272

MgO 4.203

9: (a)

4K l1 (Å) l2 (Å)

Cu2O 6.042 4.272

MgO 5.944 4.458

10: (b)

7.2.2

4

MgO

28 (a), (b)

(a) [100] [010]

(b) [110] μ [001]

σ(a) =
1√
2
(σ[100] + σ[010])

=
X√
2

⎛
⎜⎝1 0 0

0 1 0

0 0 0

⎞
⎟⎠

σ(b) = C(σ[110] + σ[001])

= CX

⎛
⎜⎝1 1 0

1 1 0

0 0 μ

⎞
⎟⎠

C = 1√
4+μ2

[24] (a) 1S

2-fold E2 = E(0) + EOP +
√
2(h+

2eJ

3ESO

)X − 2e2

ESO

X2

single E1 = E(0) + EOP +
√
2(h− 4eJ

3ESO

)X − 2e2

ESO

X2

para Epara = E(0) +
√
2hX − 2e2

ESO

X2
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(b) 1S

upper

Eupper = E(0) + EOP + Ch(2 + μ)X

+
4CJ(e(1− μ)− 3f)

3ESO

X − 2C2(e2(1− μ)2 + f 2)

ESO

X2

middle

Emiddle = E(0) + EOP + Ch(2 + μ)X

+
4CJ(e(1− μ) + 3f)

3ESO

X − 2C2(e2(1− μ)2 + f 2)

ESO

X2

lower

Elower = E(0) + EOP + Ch(2 + μ)X

− 8CJe(1− μ)

3ESO

X − 2C2(e2(1− μ)2 + f 2)

ESO

X2

para Epara = E(0) + Ch(2 + μ)X − 2C2(e2(1− μ)2 + f 2)

ESO

X2

1S-ortho

Cu2O

29, 30 (a) (b)

(a) X = −2.18 kbar

29: (a) 30: (b)

Cu2O [100] [010] 1.41 kbar

(b) X = −2.67 kbar, μ = 0.168, C = 0.498
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Cu2O [110] 1.33 kbar [001]

0.22 kbar

(b) [110] [001]

1. Cu2O (110) MgO (100) K. Kawaguchi

Cu2O [001] MgO 45◦

(Ref. [22] )

XRD

In-Plane MgO Cu2O (110)

2. 1S-ortho

8

8.1

MgO Cu2O

X X (Out-

of-Plane) MgO (100) Cu2O (100) (110)

1S-ortho

1S-ortho

1S-ortho Cu2O

(a)MgO Cu2O

Cu2O [100] [010] 1.41 kbar

(b)MgO 45◦ Cu2O (110)

Cu2O [110] 1.33 kbar [001]

0.22 kbar

(b)

MgO Cu2O

X In-Plane
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Appendix

A

A.1 Oh

Oh E 8C3 3C2
4 6C4 6C2 i 8S6 3σh 6S4 6σd

1Γ+
1 (A1g) 1 1 1 1 1 1 1 1 1 1

1Γ+
2 (A2g) 1 1 1 -1 -1 1 1 1 -1 -1

2Γ+
3 (Eg) 2 -1 2 0 0 2 -1 2 0 0

3Γ+
4 (T1g) 3 0 -1 1 -1 3 0 -1 1 -1

3Γ+
5 (T2g) 3 0 -1 -1 1 3 0 -1 -1 1

1Γ−
1 (A1u) 1 1 1 1 1 -1 -1 -1 -1 -1

1Γ−
2 (A2u) 1 1 1 -1 -1 -1 -1 -1 1 1

2Γ−
3 (Eu) 2 -1 2 0 0 -2 1 -2 0 0

3Γ−
4 (T1u) 3 0 -1 1 -1 -3 0 1 -1 1

3Γ−
5 (T2u) 3 0 -1 -1 1 -3 0 1 1 -1

11: Oh Koster (Mulliken ) [25]

Oh

1Γ+
1 (A1g) x2 + y2 + z2

1Γ+
2 (A2g) (x2 − y2)(y2 − z2)(z2 − x2)

2Γ+
3 (Eg) 2z2 − x2 − y2, x2 − y2

3Γ+
4 (T1g) xy(x2 − y2), yz(y2 − z2), zx(z2 − x2)

3Γ+
5 (T2g) xy, yz, zx

1Γ−
1 (A1u) xyz(x2 − y2)(y2 − z2)(z2 − x2)

1Γ−
2 (A2u) xyz

2Γ−
3 (Eu) xyz(2z2 − x2 − y2), xyz(x2 − y2)

3Γ−
4 (T1u) x, y, z

3Γ−
5 (T2u) x(y2 − z2), y(z2 − x2), z(x2 − y2)

12: [25]
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A.2

Koster 13

Koster BSW mixed Mulliken

Γ+
1 Γ1 Γ+

1 (A1g)

Γ+
2 Γ2 Γ+

2 (A2g)

Γ+
3 Γ12 Γ+

12 (Eg)

Γ+
4 Γ′

15 Γ+
15 (T1g)

Γ+
5 Γ′

25 Γ+
25 (T2g)

Γ−
1 Γ′

1 Γ−
1 (A1u)

Γ−
2 Γ′

2 Γ−
2 (A2u)

Γ−
3 Γ′

12 Γ−
12 (Eu)

Γ−
4 Γ15 Γ−

15 (T1u)

Γ−
5 Γ25 Γ−

25 (T2u)

13:

Koster: Koster

BSW: Bouckaert-Smoluchowski-Wigner

mixed: Koster BSW

Mulliken: Mulliken
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X

Cu2O
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