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CuInSe2 single crystal thin film by hot wall epitaxy
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Abstract A stoichiometric mixture of evaporating materials for CuInSe2 single crystal thin films was prepared from
horizontal electric furnace. To obtain the single crystal thin films, CuInSe2 mixed crystal was deposited on thoroughly
etched semi-insulating GaAs(100) substrate by the hot wall epitaxy (HWE) system. The source and substrate temperatures
were 620oC and 410oC, respectively. The crystalline structure of the single crystal thin films was investigated by the
photoluminescence and double crystal X-ray diffraction (DCXD). The carrier density and mobility of CuInSe2 single crystal
thin films measured with Hall effect by van der Pauw method are 9.62×1016 cm−3 and 296 cm2/V·s at 293 K, respectively.
The temperature dependence of the energy band gap of the CuInSe2 obtained from the absorption spectra was well
described by the Varshni's relation, Eg(T) = 1.1851 eV − (8.99×10−4 eV/K)T2/(T + 153 K). The crystal field and the spin-orbit
splitting energies for the valence band of the CuInSe2 have been estimated to be 0.0087 eV and 0.2329 eV at 10 K,
respectively, by means of the photocurrent spectra and the Hopfield quasicubic model. These results indicate that the
splitting of the ∆so definitely exists in the Γ6 states of the valence band of the CuInSe2. The three photocurrent peaks
observed at 10 K are ascribed to the A1-, B1-, and C1-exciton peaks for n = 1.

Key words Hot wall epitaxy, Single crystal thin film, Optical absorption, Photocurrent spectrum, Crystal field splitting,
Spin-orbit splitting

Hot Wall Epitaxy(HWE)�� �� CuInSe2 ��� �� ��� ���� ��

�� �� ��� ��

���� ����
,†

����� �����, ��, 501-759
*����� ����, ��, 501-759

(2004� 5� 12� ��)
(2004� 8� 17� ����)

� � CuInSe2 ��� ��� �� ����� ��� CuInSe2 ���� �������, hot wall epitaxy(HWE) ��
�� ���� ��(����-GaAs(100))� ��� �� 620oC, 410oC� ���� ��� ��� �����. �� ���
��� ���� ��� ����� ���� X-� ����(DCRC) �� �� ����. Hall ��� van der Pauw ��
� �� ������, 293 K�� ��� ��� ���� �� 9.62�1016/cm3, 296 cm2/V�s��. CuAlSe2/SI(Semi-
Insulated) GaAs(100) ��� ��� ���� ��� spectra� 293 K�� 10 K�� �����. ��� ��������
band gap Eg(T)� Varshni ��� �� ��� �� 1.1851 eV − (8.99�10−4 eV/K)T2/(T + 153 K)��. ��� ������
�� Hamilton matrix(Hopfield quasicubic mode)��� ��� �� crystal field splitting ∆cr�� 0.0087 eV�� spin-orbit
∆so�� 0.2329 eV�� �	���. 10 K
 � ��� �	��� n = 1
� A1-, B1-� C1-exciton �	��� ���.
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1. � �

CuInSe2� I-III-VI2� ��� ����� ���� �

�� ���� 1.01 eV� �� ��� ������ �

� ��[1], ���� ��(photovoltaic dector)[2], E. L

(electrolumi nescience)��[3], C. L(cathodoluminescent)

��[4], ���� ��(photoelectochemical cell)[5], �

�� I. R detector[6] �� ���� ���� �� �

��� �� ����. CuInSe2� �� ��� Bridgman-

Stockbarger technique[7], zone levelling[8], ���[9],

�� ���[10], Hot Wall Epitaxy(HWE)[11] �� �

�. � �� ��� HWE ��� ���� ��	 ��

���� ����� ��� ���� ���� �� �

���� �� ���� ���� ����� ��� �

���� ��	 ������ ��� ��	 �� � �

�, ��� ��	 �
 � ���� ���� ��� �

��� ��� ��[11]. Bridgman-Stockbarger technique

[7], zone levelling[8]��� ���� CuInSe2 ����

��� �� ��� ������, ���� HWE ��

�� ���� CuInSe2 ��� ��� �� �� � �

��� ��	� �� ��� ��� �� ���.

� ����� �� ���� ���� 6 N� Cu, In,

Se ��� mole�� ���� ����� �
 ����

� CuInSe2 ���	 �����. ��� ���� XRD

(X-ray diffraction)��� ���� � ����� ��

����, EDS(Energy Dispersive X-ray Spectrometer)�

���� ��� ���� �����. ��� CuInSe2

���	 ����� �� HWE ��	 ���� �	

��(semi-insulate:SI) GaAs(100) �� �� CuInSe2

��� ��	 ������, ���� PL� exciton

emission ����� �
 �� X� 	� ��(double

crystal X-ray rocking curve, DCRC)� ���(FWHM)

� ���� �����. �� 
� �
�� �
��

���(photocurrent) ����� Hamilton matrix� ��

� ����� ��� ����(crystal field interaction)

� ��-�� ����(spin-orbit coupling)� �� ��

	(splitting) ∆Cr� ∆So� ���, ��� �����

exciton ��� n �	 �����.

2. �� � ��

2.1. CuInSe2 ��� ��

����� Cu(Aldrich, 6 N), In(Aldrich, 6 N), Se

(Aldrich, 6 N)� mole �� ���� ��� ��� �

��(
� 16 mm, �� 10 mm) � �� 3�10−6 torr

� ���� ���� ampoule	 ���. Fig. 1� ��

���� 
�� ampoule	 �� 1 rpm�� ����

����� ��� ���� 
�� �����. 
�

���� �� ����� ��	 ��� ampoule� �

	�� 		 ���� ��� ��� 20oC� ����

� 
�� 
�� 500oC� ���� � ���� 24�

� �����. ��� ampoule	 ��� ������

�� ��� 10oC� 
�� ��� ���� 1050oC�

��� 48�� ���� � �	 DC ����� ��

	 ��, 24�� �
 �� �
�� � ��� ���

	 ��� HWE source� ingot	 ���.

2.2. HWE� �� CuInSe2 ��� ����

CuInSe2 ��� �� ��� Fig. 2� �� ��� 	

� hot wall ���� ���� ��� HWE ��� �

����. ���� �� 0.4 mm tungsten wire	 ��

35 mm ���� �� �����, ��� ��� ��

� ��� ���	 ��� �� ���� �	 ���

� �����. ���� ��� CuInSe2 ���� ��

	 �����, �	�� GaAs(100)	 ���� ���

��. CuInSe2 ��� �� ��� H2SO4 : H2O2 : H2O

� 5 : 1 : 1� chemical etching� �	�� GaAs(100)

��� ���	 HWE �� 	� �� ��� ���

� 10−6 torr� ���� � �����.

2.3. ����

��� ��� CuInSe2� ���	 ���� ����,

Fig. 1. Horizontal electric furnace for synthesizing CuInSe2

polycrystal.
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����� �����, HWE ���� ��� CuInSe2

��� ��� ���� �
�� X-� �	(double

crystal X-ray diffraction, DCXD)��� �����. �

� X-ray �	 ��(Rigaku-Denki, D3F)� Laue ���

� ���� Laue �� ���(
� 3 cm)�� Laue �

�	 �����. � � X-�� Cu-Kα� �� 1.542�

	 �����. CuInSe2 ��� ��� ��� α-step

profilometer(Tencor, α-step 200)�� �����.

2.4. Hall ��

Hall ��� ���� �� �
�� 	� 
	 ��

�� 
� ��� ���� ���� 2 kg� ���	

�� 
� 
�� 293 K�� 30 K�� ������

van der Pauw���� Hall ��� �����.

2.5. ���(Photocurrent) ��

CuInSe2 ��� ����� ���	 �� ��� �

��� ���� ��� ��� ������ ��. �

��� ���� �� ��� �� 
	 cryostat� cold

finger� ���� DC ��	 ���� ���	 
�

����� ��� ���� lock-in-amplifier(Ithaco,

391A)� ���� X-Y recoder(MFE, 815 M)� ���

��. �� ��� �	��(Jarrell Ash, 82-000, f :

0.5 m series�)� 600 grooves/nm(λ : 700 nm~2000 m)

� �����.

3. �� �� � ��

3.1. CuInSe2� �� �� � �� ��� ���

3.1.1. ��� CuInSe2� ����

��� CuInSe2 ���	 ��� ��� ��� X-ray

�	 ��� Fig. 3� ���. Fig. 3� �	�����

(hkl)� ���� �� θ�� JCPDS(joint committe on

power diffraction standards)� 
��� ����� �

Fig. 2. Schematic diagram of the hot wall epitaxy system.

Fig. 3. X-ray diffraction patterns of CuInSe2 polycrystal.

Fig. 4. Lattice constant ao of CuInSe2.
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���(tetragonal)� �����	 � � ���. ���

�� Nelson Reley ���� ��� �	 ��� �


��[12]�� �� ��� 

 Fig. 4� 5� ��

�. �	�� �� 	� �� ���� ����� ao =

5.783�� co = 11.621����. � ��� Parkes[13]

�� ��� ���� ao = 5.782�� co = 11.620��

� 
��	 � � ���.

3.1.2. CuInSe2 ��� �� �� ��

HWE� �� CuInSe2 ��� �� ��� �����

�	�� GaAs(100) ��� ���	 �
�� ���

��	 chemical etching��, ���� 
�� 620oC,

��� 
�� 390~430oC� ������ �����.

Fig. 6� ��� 
�� 410oC� �� ��� ��� �

��� 10 K�� ���(photoluminescence) �����

1104.5 nm(1.1225 eV)�� exciton emission �����

�� ��� ����. �� exciton� �� �� ���

�� ��� �� ��� �
�� ��� � �� 	�

� ��� ��� ��� �� ���	 ���. ���

��� ���� �
�� X-� 	���(DCRC)� �

��(FWHM)� ��� ��, Fig. 7� �� ��� 


�� 410oC
 � ���(FWHM)�� 128 arcsec� �

� ���. ��� �� ����� ��� ��� ��

�� ��� ��� 
�� 410oC, ���� 
��

620oC�	 � � ���. CuInSe2 ��� ��	 Laue

�� ����� ���� Fig. 8� �� Laue ��	

���. ���� �	�� ���� 
 �� γ� δ�
Greninger[14] ��� ���� �� Wulff�	 ���

� 	
�� �	��	 �����. � ��� ���

��� �� ���� ���� �	 ���� ��	

�	 CuInSe2 ��� ��� �� �� ��	 �
�.

� ��� �� ��	 �� ��� �
 ��� ��

Fig. 8� (112)�� Laue� ���	 � � ���. �

�, ���� 
�� 620oC, ��� 
�� 410oC� �

� ��� CuInSe2 ��� ��� ��� α-step pro-

Fig. 5. Lattice constant co of CuInSe2.

Fig. 6. PL spectra at 10 K according to the substrate temperature
variation of CuInSe2 single crystal thin film.

Fig. 7. Double crystal X-ray rocking curve of CuInSe2 single
crystal thin film.
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filometer� ��� �� 2.7 µm� �����	 � �

���.

3.2. CuInSe2 ��� �� ��� ���

CuInSe2 ���� ��� ��� EDS ���� ��

� ��� �	 Table 1� ���. EDS ����� 6 N

� ��� �� Cu, In, Se�� ��� �� X-�	 �

��� �� ��
��, Cu� In� L-� �� X-�	

����, Se� K-�� �� X-�	 ���� ����

�. ��� � ��� ��� starting element� ���

� ��� ����� �2 % �� 
��� 
��� �

� ����� ���� � �����	 � � ���.

3.3. Hall ��

��� CuInSe2 ��� ��	 van der Pauw ���

� Hall ��� 293 K�� 30 K�� 
� ��� ��

� ��� �� 
 ��� µ �	 Fig. 9� �����.

Fig. 9�� �� 	� �� ���� �
��� 296

cm2/V�sec��� Fujita[15]� ��� �� 100 K��

293 K��� �� ��(lattice scattering), 30 K��

100 K��� ��� ��(impurity scattering)� ���

	�� �
��. Carrier density� 
�� �� ��

�� ��� �� ��� ���� � �� 
� ��

(1/T)� �� lnn�� Fig. 10� ��. ������ Ea

� n ∝ exp(− Ea/kT)��� Fig. 10� ����� ��

�� 61 meV��. �� Hall �� ����� �� Hall

Fig. 8. Back-reflection Laue patterns for the (112) planes.

Table 1
EDS data of CuInSe2 polycrystal and single crystal thin film

Element Polycrystal Single crystal thin film

Starting (%) Growth (%) Starting (%) Growth (%)

Cu 18.896 19.121 19.121 19.084
In 34.144 34.243 34.243 34.256
Se 46.960 46.636 46.636 46.660

Fig. 9. Temperature dependence of mobility for CuInSe2 single
crystal thin film.

Fig. 10. Temperature dependence of carrier density for CuInSe2

single crystal thin film.
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���� �� ���� CuInSe2 ��� ��� self

activated(SA)� ���� p� ����	 � � ���.

3.3. CuInSe2 ��� ��� ��� ����� ���

����

CuInSe2 ��� ��� 
�� ��� ��� ���

�	 293 K�� 10 K�� 
�� ������ ����

Fig. 11� ���. ��� ������ �� ����

���(hν)� ���� ��� ��(α)� ��� (αhν)~

(hν − Eg)� ����� ��� �	 ��� Table 2�

���.

Fig. 12� CuInSe2 ��� ��� �� ��� ��

direct band gap� 
� �
�	 ���� ��. Direct

band gap� 
� �
�� Varshni� [16]�

(1)

	 � �
�� ��. ���, Eg(0)� 0 K��� ���

�, α� β� ����, Eg(0)� 1.1851 eV�� α� 8.99�

10−4 eV/K, β� 153 K��.

Fig. 13� CuInSe2 ��� ��� 
�� ��� ��

� ����	 293 K�� 10 K�� 
�� �����

� ��� ���� 
�� ��� ��� ���� �

�� Table 3� �����. ��� ����� ���

� ����� ���� ������ ���� �� �

��� �� ��� ����� ������ ����

splitting� �� ��� ����� �����. ���

���� � ��� ��� � ���, � ���

CuInSe2 ��� ��� ����(tetragonal)��� ��

�� spin-orbit splitting� non cubic crystalline field�

�� ��� ��� band splitting� 
�� 	�� �

� ��. �	� band theory� ��� ���� ���

� S-like, ����� P-like� ����, �� P-like�

�� Px, Py, Pz� �� ��� ��� ��� � � �

�� ���. ����(tetragonal)��� 3�� ���

A(Γ7 � Γ6), B(Γ6 � Γ6), C(Γ7 � Γ6)��� �� 	

�� ����[17] �� ��� �	� ����� ��

� Fig. 14� ���.

Hopfield� spin-orbit splitting� non-cubic crystalline

filed� �� ��� �� ����� ���� �		,

Eg T( ) = Eg 0( ) - αT2

T + β
-------------Fig. 11. Optical absorption spectra according to temperature

variation of CuInSe2 single crystal thin film.

Table 2
Peaks of optical absorption spectra according to temperature
variation of CuInSe2 single crystal thin film

Temp. (K) Wavelength (nm) Energy (eV)

293 1224.9 1.0121
250 1185.6 1.0457
200 1144.6 1.0832
150 1108.7 1.1183
100 1078.5 1.1496
77 1067.1 1.1619
50 1056.1 1.1740
30 1050.1 1.1807
10 1046.7 1.1845

Fig. 12. Temperature dependence of energy gap in CuInSe2

single crystal thin film (The solid line represents the fit to the
varshni equation). Fig. 13. Photocurrent spectra of CuInSe2 single crystal thin film.
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Hamilton matrix[18];

(2)

� �	���. � ��� E1� E(2)� ��� ��. �

�� �� �� A-, B- ��� C-exciton� ����

EFX(A), EFX(B) ��� EFX(C)� ���� E1 = EFX(B) −
EFX(A)�� E2 = EFX(B) − EFX(C)��. E1� E2� 



∆cr� ∆so�	 �� ���� ��.

� ����� ��� ������ �� E1� E2�	

�� Hamilton matrix� �� crystal field splitting ∆cr

� spin-orbit splitting ∆so�	 ���. � CuInSe2 �

��� ��� ������ �� ��� � �� Eg(T)

� Varshni ����� �� 10 K�� Table 2� ��

� � �� Eg(10)�� 10 K� Table 3� ���� �

��� ��� �� free exciton binding energy, EFX�

���. ��� 293 K�� 10 K�� ��� ��� �

��(PP)�� ����(L), 
����(M)� ����

(S)�� ���� 

 EPP(L), EPP(M) ��� EPP(S)�

��� exciton ��� n�	 �� ���.

CuInSe2/SI GaAs(100) � 10 K� ��� �����

� ��� ��� 3�� ��. �� ���� �� ��

E1� E2� 

 ��� ��.

E1 = EPP(10, M) − EPP(10, L)

E1 = 1.1898 − 1.1839 =  0.0059 eV

E2 = EPP(10, M) − EPP(10, S)

E2 = 1.1898 − 1.4199 = −0.2299 eV (3)

E1 2( ) = 
1
2
--- ∆so + ∆cr( )

− +( ) 1
4
--- ∆so + ∆cr( )2 − 2

3
---∆so∆cr

1 2⁄

Table 3
Temperature dependence of PC peaks for CuInSe2 single crystal thin film

Temp.
(K)

Wavelength Energy difference
(E1 or E2)

Value obtained by
Eq. (50)

∆cr or
∆so Fine structure

(nm) (eV) symbol

293 1224.9
1217.8
993.4

1.0121
1.0180
1.2481

Ep(293, L)
Ep(293, M)
Ep(293, S)

(E1) 0.0059

(E2)-0.2301

0.0087

0.2329

∆cr
∆so

A(Γ7 � Γ6) (or A
�

 excitoon)
B(Γ6 � Γ6) (or B

�
 excitoon)

C(Γ7 � Γ6) (or C
�

 excitoon)
250 1186.3

1180.7
976.2

1.0451
1.0502
1.2701

Ep(250, L)
Ep(250, M)
Ep(250, S)

(E1) 0.0051

(E2)-0.2199

0.0076

0.2224

∆cr
∆so

A(Γ7 � Γ6) (or A1 excitoon)
B(Γ6 � Γ6) (or B1 excitoon)
C(Γ7 � Γ6) (or C1 excitoon)

200 1145.2
1137.9
932.5

1.0826
1.0895
1.3296

Ep(200, L)
Ep(200, M)
Ep(200, S)

(E1) 0.0069

(E2)-0.2401

0.0097

0.2429

∆cr
∆so

A(Γ7 � Γ6) (or A1 excitoon)
B(Γ6 � Γ6) (or B1 excitoon)
C(Γ7 � Γ6) (or C1 excitoon)

150 1109.3
1103.3
1083.1

1.1177
1.1236
1.1447

Ep(150, L)
Ep(150, M)
Ep(150, S)

(E1) 0.0059

(E2)-0.2111

0.0073

0.2139

∆cr
∆so

A(Γ7 � Γ6) (or A1 excitoon)
B(Γ6 � Γ6) (or B1 excitoon)
C(Γ7 � Γ6) (or C1 excitoon)

100 1079.0
1071.6
893.9

1.1490
1.1569
1.3870

Ep(100, L)
Ep(100, M)
Ep(100, S)

(E1) 0.0079

(E2)-0.2301

0.0117

0.2339

∆cr
∆so

A(Γ7 � Γ6) (or A1 excitoon)
B(Γ6 � Γ6) (or B1 excitoon)
C(Γ7 � Γ6) (or C1 excitoon)

77 1067.6
1062.1
887.3

1.1613
1.1672
1.3973

Ep(77, L)
Ep(77, M)
Ep(77, S)

(E1) 0.0059

(E2)-0.2301

0.0087

0.2329

∆cr
∆so

A(Γ7 � Γ6) (or A1 excitoon)
B(Γ6 � Γ6) (or B1 excitoon)
C(Γ7 � Γ6) (or C1 excitoon)

50 1056.6
1050.3
885.3

1.1734
1.1805
1.4004

Ep(50, L)
Ep(50, M)
Ep(50, S)

(E1) 0.0071

(E2)-0.2199

0.0105

0.2234

∆cr
∆so

A(Γ7 � Γ6) (or A1 excitoon)
B(Γ6 � Γ6) (or B1 excitoon)
C(Γ7 � Γ6) (or C1 excitoon)

30 1050.6
1044.4
874.9

1.1801
1.1870
1.4171

Ep(30, L)
Ep(30, M)
Ep(30, S)

(E1) 0.0069

(E2)-0.2301

0.0102

0.2334

∆cr
∆so

A(Γ7 � Γ6) (or A1 excitoon)
B(Γ6 � Γ6) (or B1 excitoon)
C(Γ7 � Γ6) (or C1 excitoon)

10 1047.2
1041.4
873.2

1.1839
1.1898
1.4199

Ep(10, L)
Ep(10, M)
Ep(10, S)

(E1) 0.0059

(E2)-0.2301

0.0087

0.2329

∆cr
∆so

A(Γ7 � Γ6) (or A1 excitoon)
B(Γ6 � Γ6) (or B1 excitoon)
C(Γ7 � Γ6) (or C1 excitoon)

Fig. 14. Fine structure for energy level of CuInSe2.
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E1� E2�	 Hamilton matrix� ��� �� ���	

��

∆cr = 0.0087 eV, ∆so = 0.2329 eV (4)

��. � ��� Shay[17] �� electro-reflectance�

���� �� crystal field splitting ∆cr 0.006 eV�

0.0027 eV� ���	 ��� 
���, spin-orbit splitting

∆so 0.23 eV �� � 
��	 � � ���. Varshni�

Eg(T) �� (1)��� 10 K
�� ��� � �� Eg(10)

�� Table 2�� 1.1845 eV��, Table 3�� 10 K


� EPP(10, L) = 1.1839 eV��� Eg(10) = EFX + EPP(10,

L) = EFX + 1.1839 eV�� EFX = 1.1845 − 1.1839 =

0.0006 eV��. ���� free excition binding energy

EFX = 0.0006 eV��. Table 2��, 10 K
 �, Eg(10) =

1.1845 eV�� Table 3�� 10 K
 � EPP(10, L) =

1.1839 eV��. Eg(10) = EFX(10) + EPP(10, L)���

EFX(10) = Eg(10) − EPP(10, L) = 1.1845 − 1.1839 =

0.0006 eV��. � �� EFX(10) = EFX/n2 = EFX/12 =

0.0006 eV� 
���. ��� 10 K
 � ��� ���

����� ��� EPP(10, L)� n = 1
 � ����

Γ7�� ��� Γ6� �� �� A1-exciton �����.

Ep(10, M)	 ��� �� ����. Ep(10, M) =

[Eg(10) + {Ep(10, M) − Ep(10, L)] − EFX��� 

�

��	 ����, 1.1898 eV = 1.1845 eV + (1.1898 −
1.1839)eV − EFX� ��. ��� EFX = 0.0006 eV =

0.0006 eV/12
��� Ep(10, M) ���� ���� Γ6�

� ��� Γ6�� ��� ���� 0.0006 eV ��� n

= 1� ��� �� �� B1-exciton �����. Ep(10,

M)� Ep(10, L)� ��� ��� ���� 0.0059 eV�

��� (2)�� �� crystal field splitting ∆Cr�

0.0087 eV��.

Ep(10, S)���� ��� �� ����. Ep(10, S) =

[Eg(10) + {Ep(10, S) − Ep(10, M)] − EFX�� EFX =

0.0006 eV = 0.0006 eV/12 ��� Ep(10, S) ����

���� Γ7�� ��� Γ6 ��� 0.0006 eV ���

�� n = 1� ��� �� �� C1-exciton �����.

Ep(10, M)� Ep(10, S) ��� ��� ��� ����

0.2301 eV� ��� spin orbit splitting ∆So� 0.2329

eV��. 30 K
 � Table 2�� Eg(30) = 1.1807 eV�

�. � 
�
 � Table 3�� ��� ����� ��

� EPP(30, L) = 1.1801 eV��. EFX(30) = Eg(30) −
EPP(30, L) = 1.1807 − 1.1801 = 0.0006 eV = EFX/12 =

0.0006 eV��� EPP(30, L)� n = 1
 � A1-exciton�

����. ����� EPP(30, M)� (2)�� ∆cr� 0.0033

eV� ��� �� n = 1
 �� B1-exciton �����.

����� (2)�� ∆cr� ∆so�� �� 0.0066 eV�

��� �� EPP(30, S)� n = 1
 � ���� Γ7��

��� Γ6� �� �� C1-exciton �����.

50 K
 � Table 2�� Eg(50) = 1.1740 eV��. �


�
 � Table 3�� EPP(50, L) = 1.1734 eV��.

EFX(50) = Eg(50) − EPP(50, L) = 0.0006 eV = EFX(b)/

12 = 0.0006 eV��� 
��	 � � ��. ���

EPP(50, L)� n = 1
 � A1-exciton �����. ���

�� EPP(50, M)� (2)�� ∆cr� 0.0034 eV� ���

�� n = 1
 �� B1-exciton �����. �����

(2)�� ∆cr� ∆so�� �� 0.0069 eV� ��� ��

EPP(50, S)� n = 1
 � ���� Γ7�� ��� Γ6�

�� �� C1-exciton �����.

77 K
 � Table 2�� Eg(77) = 1.1619 eV��. Table

3�� EPP(77, L) = 1.1613 eV��. EFX(77) = Eg(77) −
EPP(77, L) = 0.0006 eV = EFX/n2 ��� n = 1
 �

A1-exciton �����. ��� EPP(77, M)� n = 1�

B1-exciton ����� EPP(77, S)� n = 1� C1-exciton

�����. �� ���� ���� Table 3� Fine

structure� �����. �� 293 K 
� Table 2�

Eg(293)� Table 3� EPP(293, L)� ��, 1.0121 eV�

�� CuInSe2� I-II-VI2
 ��� ����� �
��

� ��� 1.0121 eV� �� ��� ����	 ���

��. Eg(293)� EPP(293, L)� EFX(293) = Eg(293) −
EPP(293, L) = 0 = EFX/n2 ���, Eg(293)� EPP(293,

L)� n = �� A
�

-exciton ����� Varshni� Eg(T)

� �� (49)� 
� ��� ���� ���� ���

� Γ7�� ��� Γ6� �� �� A
�

-exciton��� �

A-exciton ������ �����.

4. � �

CuInSe2 ��� �� ��	 HWE ���� ���

��. X-� �	 �� �� Laue� �	 ��� ��

CuInSe2 ��� (112)��� ��� ��� ���	 �

� ���. �� �� ��� ��� 
�� 410oC, �

��� 
�� 620oC
 ����, �� PL �����

� exciton emission ����� �� ��� ����

�
 �� X� 	���(DCRC)� ���(FWHM) �

� 128 arcsec� �� ���. �
�� Hall ��� �

�� �� ��� ��� ���� 

 9.62�1016

cm−3
� 296 cm2/V�s3

� p�� ��� �����. ��

� ��� 
��
�� 
� ��� �� �� �� �

�� �� �����, lnn� 
� 1/T�� �� ���

���� 61 meV��. ��� spectra��� �� ��

� � � Eg(T)� Varshni equation��� Eg(0) =

1.1851 eV, α = 8.99�10−4 eV/K�� β = 153 K�	

�����. Eg(T)� ���� ��	� �� ����
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� Γ7 ��� ��� Γ6 ��� ��� ���	 ��

�. 10 K� ��� spectrum�	 Hamilton matrix� �

� �� crystal field splitting ∆cr�� 0.0087 eV��,

� �� ���� ��	� �� ����� Γ6 ���

��� Γ6 ��� 
����. �� spin-orbit splitting

∆so �� 0.2329 eV��, ��� ���� ��	� �

� ���� ����� Γ7 ��� ��� Γ6 ���


����. 10 K
 � ��� ���� n = 1
 �

A1-, B1-� C1-exciton �����.

��� �

� ��� 2004�� ����� ������ ���

��� �����.

� � � �

[ 1 ] Richard K. Ahrenkiel and T.R. Massopust, “Heterojunc-
tion formation in (Cd,Zn)S/CuInS2 ternary solar cells”,
Appl. Phys. Lett. 43(7) (1983) 658.

[ 2 ] Sigurd Wagner, J.L. Shay and P. Migliorat, “CuInSe2/
CdS heterojunction photovoltaic detectors”, Applied
Physics Letters 25(8) (1974) 434.

[ 3 ] P. Migliorato and J.L. Shay, “Analysis of the electrical
and luminescent properties of CuInSe2”, J. Appl. Phys.
146(4) (1975) 1777.

[ 4 ] C. Rincon and G. Sanchez, “Luminescence and impu-
rity states in CuInSe2”, Crystal Research Technology 16
19S1 (1983) 1369.

[ 5 ] D. Haneman and J. Szot, “Polycrystalline CuInSe2 pho-
toelectrochemical cells”, Appl. Phys. Lett. 46(8) (1985)

778.
[ 6 ] V. Riede, H. Neumann and Xuan Nguyen, “Infrared lat-

tice vibration spectra of CuInSe2”, Solid state commuca-
tion 28 (1978) 449.

[ 7 ] I. Shih, C.H. Champness and A. Vahid Shahihi, “Growth
by directional freezing of CuInSe2 and diffused homo-
junctions in bulk material”, Solar Cells 16 (1984) 27.

[ 8 ] David Cahen, P.J. Ireland, L.L. Kazmerski and F.A.
Thiel, “X-ray photoelectron and Auger electron spectro-
scopic analysis of surface treatments and electrochemi-
cal decomposition of CuInSe2 photo electrodes”, J.
Appl. Phys. 57(2) (1985) 4761.

[ 9 ] K.J. Hong and T.S. Jeong, “The optical properties of
CdS crystal grown by the sublimation method”, Journal
of Crystal Growth 218 (2000) 19.

[10] W. Horig and H. Sobotta, “The optical properties of
CuInSe2 thin films”, Thin Solid Films 48 (1978) 67.

[11] K.J. Hong and T.S. Jeong, “The characterization of
ZnSe/GaAs epilayers grown by hot wall epitaxy”, Jour-
nal of Crystal Growth 172 (1997) 89.

[12] B.D. Cullity, Elements of X-ray Diffractions, Caddson-
Wesley (1985) chap 11.

[13] J. Parkes and M.J. Hampshire, Growth of large CuInSe2

single crystals”, J. Appl. Cryst. 6 (1973) 414.
[14] Elizabeth A. Wood, “Crystal orientation manual”,

Columbia university press (1963).
[15] H. Fujita, “Electron radition damage in cadium-selenide

crystal at liquid-helium temperrature”, J. Phys. Soc. Jpn.
20 (1965) 109.

[16] V.P. Varshni, “Far-infrared optical absorption of Fe2+ in
ZnSe”, Physica 34 (1967) 149.

[17] J.L. Shay and J.H. Wernick, Ternary chalcopyrite semi-
conductor : electronic properties, and applications, per-
gamon (1975) chap. 4.

[18] B. Segall and D.T.F. Marple, in : M. Aven and J.S.
Prenerin (edss), Physics and Chemistry of II-VI Com-
pounds, North-Holland, Amsterdam (1967) 340.


