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Growth and effect of thermal annealing for AgGaS2 single crystal thin
film by hot wall epitaxy
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Abstract A stoichiometric mixture of evaporating materials for AgGaS2 single crystal thin films was prepared from
horizontal electric furnace. To obtain the single crystal thin films, AgGaS2 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 590oC and 440oC, respectively. The temperature dependence of the energy band gap of the AgGaS2 obtained from the
absorption spectra was well described by the Varshni’s relation, Eg(T) = 2.7284 eV − (8.695×10−4 eV/K)T2/(T + 332 K).
After the as-grown AgGaS2 single crystal thin films was annealed in Ag-, S-, and Ga-atmospheres, the origin of point
defects of AgGaS2 single crystal thin films has been investigated by the photoluminescence (PL) at 10 K. The native
defects of VAg, VS, Agint, and Sint obtained by PL measurements were classified as a donors or acceptors type. And we
concluded that the heat-treatment in the Ag-atmosphere converted AgGaS2 single crystal thin films to an optical n-type.
Also, we confirmed that Ga in AgGaS2/GaAs crystal thin films did not form the native defects because Ga in AgGaS2

single crystal thin films existed in the form of stable bonds.
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� � AgGaS2 ��� ��� �� ����� ��� AgGaS2 ���� �������, hot wall epitaxy(HWE) ��
�� ���� ��(����-GaAs(100))� ��� �� 590oC, 440oC� ���� �����. �� ��� ��� ���
� ��� ����� ���� X-� ����(DCRC) �� �� ����. AgGaS2� ��� �������� �� ��
� ���� ��� ��� Eg(T)� Varshni ��� fitting� �� Eg(T) = 2.7284 eV − (8.695�10−4 eV/K)T2/(T + 332 K)�
� �����. ��� AgGaS2 ��� ��� Ag, Ga, S ����� �� ����� 10 K�� photoluminescience(PL)
spectrum� ���� � ��� ��� �����. PL ���� �� ��� VAg, VS, Agint, ��� Sint� ��� ���
������. AgGaS2 ��� ��� Ag ����� ����� n��� ���� � � 	��. ��, Ga ����� �
���� ��� ��� PL ����� ��� 	��, AgGaS2 ��� ���� Ga� ��� ��� ��� 	� ���

� ��� ���� ��� 	�� ���.

1. � �

AgGaS2� I-III-VI2� ��� ����� ���� �

�� ���� 2.61 eV� �� ��� ������ �

�� �� ��[1], �� ����[2], �� ��[3-5] �

� ���� ���� �� ���� �� ����. �

� AgGaS2� 0.5 µm�� 12 µm�� ���� � ��

�� ��� �� laser system�� ���� ��, ��

��(conversion)��� ���� ��� ����� �

�� � �� ��� �� ��� �� ��� ���

���� ��[1, 6-9]. AgGaS2� �� ��	 Bridgman-

Stockbarger technique[10, 11], zone levelling[12], iodine
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vapour transport[13, 14], liquid encapsulated czochralski

(LEC)�[15], �� ���[16], e-beam ���[17], hot

wall epitaxy(HWE)[18] �� ��. � �� ��� HWE

��	 ���� ��� �� ���� ����� ��

� ��� ���� �� ����� �� ���� ��

���� ��� ����� ��� ������ ���

��� ��� �� ��� ��� �
� ���� ��

�� ��� � ��� ��� ��[19, 20]. Bridgman-

Stockbarger technique[10, 11], zone levelling[12]���

���� AgGaS2 ���� ��� �� ��� ���

���, ���� HWE ���� ���� AgGaS2 �

�� ��� �� �� � ��� ��� �� � ��

� ��� ����� ���.

� ����� �� ���� ���� 6 N� Ag,

Ga, S ��� mole�� ���� starting element� �

� ����� �
 ����� AgGaS2 ���� ��

���. ��� ���	 XRD(X-ray diffraction)� ��

�� ���� � ����� �����, EDS(energy

dispersive X-ray spectrometer)� ���� �� � �

��� �����. ��� AgGaS2 ���� ����

HWE ���� ���� GaAs(100) �� AgGaS2 �

�� ��� ������, ���	 ���� exciton

emission ����� �	 �� X� 	� ��(double

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

� ���� �����. Van der Pauw ���� Hall

��� ���� ��� ��(carrier density)
 ���

(mobility)� �� �	�� �����. �� ���

AgGaS2 ��� ��� Ag, Ga � S �� �����

�� ���� � � �� ����� ���� ���

� ��� ��� ��� 	� ��� ��� exciton

(D0, X)� 	� ��� ��� exciton(A0, X)� ��

�� �� ��� I2
 I1 � SA emission� �� PL

���� �� 
�� 	���� �����. � ��

(as-grown)� AgGaS2 ��� ��� �� �����

���� ���� �� �

� point defect�� ��

� ��� �� ���� ��� ������ AgGaS2

��� ���� ��� ���� ��� ��� ���

���.

2. �� � ��

2.1. AgGaS2 ��� ��

����� Ag(Aldrich, 6 N), Ga(Aldrich, 6 N), S

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


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

� ���� ���� ampoule� ����. Fig. 1� �

� ���� 		� ampoule� �� 1 rpm�� ���

� ����� ��� ���� ��� �����. �

� ���� �� ����� ��
 ��� ampoule�

�	�� �� ���� ��� �	� 20oC� ���

� � 	�� ��� 500oC� ���� � ���� 24

�	 �����. ��� ampoule� ��� �����

� �� �	� 10oC� ��� ��� ���� 1030oC

� ��� 48�	 ���� � �� DC ����
 �

�� ��, 24�	 �� �� ���� � ��� ��

�� ��� HWE source� ingot� ���.

2.2. HWE� �� AgGaS2 ��� ����

AgGaS2 ��� �� ��	 Fig. 2
 
	 ����

���
 ���� ��� HWE ��� �����. �

��� �� 0.4 mm tungsten wire� �� 35 mm �


�� �� �����, ��� ��� ��� ��	 �

��� ��� �� �
�� �� ���� �����.

���	 ��� AgGaS2 ���� ��� �����,

���� GaAs(100)� ���� �����. AgGaS2

��� �� ��	 H2SO4 : H2O2 : H2O� 5 : 1 : 1

� chemical etching� ���� GaAs(100) ��� �

��� HWE �� �� �� ��� ���� 10−6 torr

� 
��� � �����.

2.3. ����

��� ��� AgGaS2� ���� ���� ����,

����� �����, HWE ���� ��� AgGaS2

Fig. 1. Horizontal electric furnace for synthesizing AgGaS2

polycrystal.
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��� ��� ���	 �	�� X-� ��(double

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

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

�� ���� Laue 
� ���(�� 3 cm)�� Laue

��� �
���. � � X-�	 Cu-Kα� �� 1.542�

� �����. AgGaS2 ��� ��� ��� α-step

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

2.4. Hall ��

Hall ��� ���� �� ���� �� 
� ��

�� 
� ��� ���� ���� 2 KG� ����

�� 
� ��� 293 K�� 30 K�� ������

Van der Pauw���� Hall ��� �����.

2.5. ���(Photoluminescence) ��

��� AgGaS2 ��� ��� cryostat ��� ��

cold finger� ��, ���� 
��� He-Cd Laser

(Nippon, 325 nm, 50 mW)� 
� �����. ���

�� �
� ���� chopping�� monochromator�

����� lock-in-amplifier� ���� X-Y recorder

� �����. �� cryogenic helium refrigerator(AP,

CSA-202B)� cryostat (AP, DE-2025)� ��� ���

� ���� ���� �����.

2.6. AgGaS2 ��� ��� ��� ��

��� AgGaS2 ��� ��� Ag, Ga� S �� �

���� �� ������. Sample�� � ����

� ��� ��
 �	 �	� ���� PL ��� �

� 
� �	�� 
	 �
 ��� ��� ��� ��

�� ���. �� AgGaS2 
� ��� ��	 Table 1

� 
�.

3. �� �� � ��

3.1. AgGaS2� �� �� � �� ��
 ���

3.1.1. ��� AgGaS2� ����

��� AgGaS2 ���� ��� ��� ��� X-ray

�� ��� Fig. 3� ���. Fig. 3� �������

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

power diffraction standards)
 
��� 
����

tetragonal� ������ � � ���. �����

Nelson Reley ���� ��� 
� ��� � ���

[21]�� �� �� ���� ����� ao = 5.756 �

� co = 10.305 ����. � 
�	 Parkes[22] ��

��� ���� ao = 5.750 �� co = 10.301 �� �

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

Table 1
Annealing condition

Sample Annealing condition

AgGaS2 : Ag Ag 0.0015 g (960oC, 1 hr)
Ag vapour Pressure : 10−6 Torr

AgGaS2 : Ga Ga 0.0015 g (1015oC, 30 min)
Ga vapour : 10−6 Torr

AgGaS2 : S S, 0.0015 g (380oC, 1 hr)
S vapour : 10−6 Torr

Fig. 3. X-ray diffraction patterns of AgGaS2 polycrystal.
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��� � � ���.

3.1.2. AgGaS2 ��� �� �� ��

HWE� �� AgGaS2 ��� �� ��	 ��
��

���� GaAs(100) ��� ���� ���� ���

��� chemical etching��, ���� ��� 590oC,

��� ��� 420~460oC� ������ �����.

Fig. 4� ��� ��� 440oC� �� ��� ��� �

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

461.2 nm(2.6882 eV)�� exciton emission �����

�� ��� ����. �� exciton� �� �� ���

�	 ��� 
	 ��� ���� ��� � �� ��

� ��� ��� ��� �� �
�� ���. ���

��� ���� �	�� X-� 	���(DCRC)� �

��(FWHM)� ��� ��, Fig. 5
 
� ��� �

�� 440oC
 � ���(FWHM)
� 124 arcsec� �

� ���. ��� �� ����� ��� ��� �


�� ��	 ��� ��� 440oC, ���� ���

590oC�� � � ���. AgGaS2 ��� ��� Laue


� ����� �
�� Fig. 6� 
	 Laue ���

���. ���� ���� ���� � �� γ
 δ�

Greninger[23] ��� ���� �� Wulff�� ���

� 	��� ����� �
���. � �
� ���

��� �� ���� ���� �� ���� ���

�	 AgGaS2 ��� ��� �� �� �
� �
�.

� ��� �� �
� �� �
� �
 ��� ��

Fig. 6	 (112) �� Laue� ���� � � ���. �

�, ���� ��� 590oC, ��� ��� 440oC� �

� ��� AgGaS2 ��� ��� ��� α-step pro-

filometer� ��� �� 2.7 µm� ������ � �

���.

3.2. AgGaS2 ��� �� ��
 ���

AgGaS2 ���� ��� ��� EDS ���� ��

� ��� 
� Table 2� ���. EDS ����	

6 N� ��� �� Ag, Ga, S�� ��� �� X-��

���� �� ��
��, Ag
 Ga	 L-� �� X-�
Fig. 4. PL spectra at 10 K according to the substrate tempera-

ture variation of AgGaS2 single crystal thin film.

Fig. 5. Double crystal X-ray rocking curve of AgGaS2 single
crystal thin film.

Fig. 6. Back-reflection Laue patterns for the (112) planes.



Growth and effect of thermal annealing for AgGaS2 single crystal thin film by hot wall epitaxy 5

� ����, S� K-�� �� X-�� ���� ���

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

�
 ��� ����� �1 % �� ���� 
���

�� ����
 ���� � ������ � � �

��.

3.3. Hall ��

��� AgGaS2 ��� ��� van der Pauw ���

� Hall ��� 293 K�� 30 K�� �� ��� ��

� ��� 
� 	 ��� µ 
� Fig. 7� �����.

Fig. 7�� �� �
 
� ���� ����� 296

cm2/V�sec��� Fujita[24]� ��
 
� 100 K��

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

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

��� ����. Carrier density� ��� �� ��

�� ��� �� ��� ���� � �� �� ��

(1/T)� �� lnn 
	 Fig. 8� 
�. ������ Ea

� n � exp(− Ea/kT)��� Fig. 8� ����� ��

�� 57 meV��. �� Hall �� ��
�� ��

Hall ���� �� 
��� AgGaS2 ��� ��	

self activated(SA)� ���� p� ����� � � �

��.

3.4. AgGaS2 ��� ��� ��� ����� ���

����

3.4.1 AgGaS2 ��� ��� ��� ����

AgGaS2 ��� ��� ��� ��� ��� ���

�� 293 K�� 10 K�� ��� ������ ���

� Fig. 9� ���. ��� ������ �� ����

���(hν)� ���� ��� ��(α)� ��� (αhν)~

(hν − Eg)� ����� ��� �� ��� Table 3�

���.

Table 2
EDS data of AgGaS2 polycrystal and single crystal thin film

Element Polycrystal Single crystal thin film

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

Ag 18.896 19.121 19.121 19.084
Ga 34.144 34.243 34.243 34.256
S 46.960 46.636 46.636 46.660

Fig. 7. Temperature dependence of mobility for AgGaS2 single
crystal thin film.

Fig. 8. Temperature dependence of carrier density for AgGaS2

single crystal thin film.

Fig. 9. Optical absorption spectra according to temperature
variation of AgGaS2 single crystal thin film.
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Fig. 10	 AgGaS2 ��� ��� �� ��� ��

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

band gap� �� �	�	 Varshni� [25]�

(1)

� � ���� ��. ���, Eg(0)� 0 K��� ���

�, α
 β� ����, Eg(0)� 2.7284 eV�� α�
8.695�10−4 eV/K, β� 332 K��.

3.4.2. As-grown AgGaS2 ��� ��� ��� ����

Fig. 11	 10 K
 � AgGaS2 ��� ��� PL ���

�� ���� ��. PL ����	 sharp-line emission


�� broad-line emission-
��� ��� � ��

[26]. Fig. 11�� ���� ���� 	
� 	��

459.3 nm(2.6994 eV), 459.7 nm(2.6970 eV)� ����

free exciton emission spectrum�� ����. Free

exciton	 ��� ��� ����� ���� ����

� ��� ��� �	� ��� ���� �� ���

���� ���� ���� ������ ��� ��

� ��(hole)� �� ��. �� ��� 
�����

��� 
��� ��� ��� ��(electron)� ���

exciton� ���� ��� ���� � spectrum� �

� ����. �
 
� ����
 ����� �(pair)

�� ��� exciton	 Coulomb ��� ���� ��

��� pair� ������ ��� ����� ����

�� ������ ����� ��. ��� free exciton

�� ��. 459.3 nm(2.6994 eV), 459.7 nm(2.6970 eV)

� exciton� photon�� �
���� polariton� ��

� free exciton� upper polariton EXU� lower polariton

EX
L
� ����[27, 28], ���� GaAs �� ��

AgGaS2 ��� ��� PL ����	 ��� 
� �

���[29]. GaAs��� a0 
	 5.6532�[30]�� �

���� � �� �� ��� AgGaS2 ��� ���

a0 
	 5.756��� c0 
	 10.305���. GaAs��

� a0 
	 AgGaS2 ��� ��� a0 
�� �	
�

�� GaAs ��	 AgGaS2� �� ��� �� AgGaS2

� strain� ���. AgGaS2 ��� ���  = 0��

�� ��	 ����� �� ����� �� ����

��� �� ����� heavy-hole-exciton(hhx, 2.6970

eV)� light-hole-exciton(lhx, 2.6994 eV)� �����

��. �� lhx
 hhx�

2.6970 = hhx = Eg(10) + δEX
hh (2)

2.6994 = lhx = Eg(10) + δEX
lh (3)

�� �	�� (2)� (3)��� δEX
hh

 δEX

lh
� ��  =

Eg T( ) = Eg 0( ) αT2

T + β
-------------–

k

k

Table 3
Peaks of optical absorption spectra according to temperature
variation of AgGaS2 single crystal thin film

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

293 475.0 2.6101
250 470.5 2.6350
200 465.6 2.6630
150 461.3 2.6878
100 457.8 2.7083
77 456.5 2.7158
50 455.3 2.7227
30 454.8 2.7262
10 454.4 2.7282

Fig. 10. Temperature dependence of energy gap in AgGaS2 sin-
gle crystal thin film (The solid line represents the fit to the

Varshni equation).

Fig. 11. Photoluminescence spectra of as-grown AgGaS2 single
crystal thin film at 10 K.
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0�� strain� �� ��� heavy-hole-exciton� light-

hole-exciton� binding energy��. �
 
	 ���

AgGaS2 ��� ��� ����(lattice relaxation)��

pseudomorphic�� �� ���� ����. (3)���

δEX
lh
� Eg(10) = 2.7282 eV��� δEX

lh = 2.7282 −
2.6970 = 0.0312 eV��.

�
	 Tell� Kasper[31]� reflectivity��� ��

exciton� ����� 31.5 meV
 � 
���. ��

Bound exciton complex� �	� � ��� ����

��	 free exciton�� ����� ����. Bound

exciton� �� ���� � ���� photon� ����

hν = Eg − Eex
Free − EB

ex (4)

��. ��� EB
ex� bound exciton� �������.

460.8 nm(2.6906 eV)� ��� ���� 	� donor-

bound exciton� VS� ���� (Do, X)� ��� ��

��. (4)����� �� donor-bound exciton� ��

���� 6.4 meV�� � � ���, Haynes rule� �

�� EBX/ED  0.1��� ��� ��� ���� 32

meV�� � � ���. Fig. 17�� �� �	�� ��

� 461.2 nm (2.6882 eV) ���� VAg� �� acceptor-

bound excition� (Ao, X)�� ��� � ��. (4) ��

��� acceptor-bound exciton� ������ 8.8 meV

�� � � ���, Haynes rule� ��� EBX/EA 

0.1��� �� ��� ��� ���� 88 meV�� �

� ���. �� (Ao, X)� ���� ���� �� �

	�� ��� �	 Hall �� ���� p�� ��	

�� 
���. �� ��� ��� 	�� ���(full

width half maximun: FWHM)
	 7.6 meV��. ��

� 462.1 nm(2.6830 eV)� ���� ���� ��


���� ��� ��� ��� ���� DAP(donor-

acceptor pair)� ���� ����� ����, 468.2

nm(2.6481 eV)� ���� SA(self-activated)� ���

� ��� ���� �����.

3.4.3. ���� AgGaS2 ��� ��� ��� ����

960oC� Ag ����� AgGaS2 ��� ��� 1�

	 �� ����� 10 K�� ��� PL spectra� Fig.

12� ���. ��� ��� 10 K�� PL spectra� Fig.

11� �
�� Fig. 12��� I1 ���
 SA emission

� �� ��� ��� broad� PL ���� �� ��

�� �� ��. Silver vacancy VAg� VAg
0, VAg

−1 �

VAg
−2
� �� VAg

0
� neutral silver vacancy� �	�. 	

� �� VAg
0
� ��� exciton(A0, X)� �� ���

���� I1�� ����� I1� ���� �� �	

Ag ����� ���� Ag� vacancy VAg
0
� Ag� �

��� VAg
0
� ���, VAg

0
� ��� exciton(A0, X)�

��� I1� ���� ���� ����. Sulfur
 ��

� �� ���� IS� ���� IS� �����, IS
+
�

� ����, VAg
−2

 IS

+
� ��� (VAg − IS)

−1
� ���

�� 	�� SA center� ���� complex acceptor�

�� 
���.

Ag ����� ����� VAg
−2 site� Ag� ���

�, (VAg − IS)
−1 ��� SA center� ��� complex

acceptor� ��� ���� SA emission��� broad

� PL peak� ���� ���� ��. Ag ����

���� ������� donor-acceptor pair(DAP)��

�� �� �� ���� 	�� 
 ��� ��� ��

�. Ag ����� ������� acceptor� �� �

�
�, donor� �� ���� 
 
� ����� �

� DAP ���� 	�� 
 �� ���� ��. I2

���� �� �� �� ���� hhx, lhx �	 ��

��.

AgGaS2 ��� ��� S ����� 380oC�� 1�

≅

≅

Fig. 12. Photoluminescence spectrum at 10 K of undoped
AgGaS2 single crystal thin film annealed in Ag vapour.

Fig. 13. Photoluminescence spectrum at 10 K of undoped
AgGaS2 single crystal thin film annealed in S vapour.
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	 ����� 10 K�� ��� PL spectra� Fig. 13

� ���. Fig. 13�� �� �
 
� hhx, lhx
 I2

���� ���� �����. Neutral sulfur vacancy

VS
0
� donor� ��� exciton(D0, X)� �� PL ��

��� I2� ��� �	 S ����� ����� VS
0
�

S ��� ���� VS
0
� ��� VS

0
� ��� exciton

(D0, X)� ��� I2� ���� ���� ����.

SA emission� �� broad� ���� S �����

������ ���� �� ��� ��� ��� ��

��� �	 SA center� S� vacancy VS
� ���

�� ����. Ag
 ��� �� Ga� ��� ���

� IAg �� IGa��� � VS
� ��� (IAg − VS)
+1

�� (IGa − VS)
+1
� ��� SA center� ��� ��

complex donor� ��. S ����� ����� VS�

S ��� ���� SA center� ��� SA emission�

�� broad� peak� ���� ���� ��. ���

S ����� ����� SA emission���� ���

� ��. ��� (IAg − VS)
+1 �� (IGa − VS)

+1
� ��

� SA center� ���� ���� ����.

AgGaS2 ��� ��� 1015oC� Ga ����� 30

�	 ���� AgGaS2 ��� ��� 10 K�� ���

PL spectra� Fig. 14� ���. Ga ����� ���

�� ��� ��� PL spectra
 �� 
	 ��� �

� ��. Ga� 
�� �� ���� AgGaS2 ���

��� ������ ��.

4. � �

AgGaS2 ��� ��� HWE ���� �����.

X-� �� �� �� Laue� �� ��� �� AgGaS2

��	 (112)��� ��� ��� ���� � � ��

�. AgGaS2 ��� ��� �
 �� ��	 ��� �

�� 440oC, ���� ��� 590oC
 ���, �� PL

����� exciton emission ����� �� ���

����, �	 �� X� 	���(DCRC)� ���

(FWHM) 
	 124 arcsec� �� ���. ����

Hall ��� ��� �� ��� ��
 ���� ��

9.47�1016 cm−3
� 296 cm2/V�s3

� p� ��� ����

�. As-grown AgGaS2 ��� ��� 10 K
 � PL

spectrum���� light-hole-exiton binding energy δEx
lh

� 31.2 meV�� ���.

��� neutral silverr vacancy VAg
0
� donor� ���

exciton(A0, X)� binding energy� 8.8 meV��. ��

� ��� ��� EA� 88 meV�� � � ��. ��

(Ao, X)� ���� ���� �� �	�� ��� �

	 Hall �� ���� p�� ��	 �� 
���.

Ag ����� AgGaS2 ��� ��� �����

PL spectrum� ��� �� Ag� vacancy VAg
0
� Ag�

���� VAg
0
� ���, VAg

0
� ��� exciton(A0, X)

� ��� I1� ���� ���� ����. �� S �

���� AgGaS2 ��� ��� ����� ��� PL

spectrum��� 	� donor VS
0
� S ����� ���

� S ��� �� ���� neutral donor VS
0
� ���

��� exciton(D0, X)� ��� ���� I2 ����

���� ���� ��. ��� Ga ����� AgGaS2

��� ��� ����� PL spectrum� ��� ��,

Ga ����� ����� Ga� 
�� �� ����

AgGaS2 ��� ��� ������ ��.
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