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$$$§§§)))��� Cu(InGa)Se2 ������áááÂÂÂ���������???óóó²²²ïïïÄÄÄ*
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( 2012 c 2 � 8 FÂ�; 2012 c 3 � 20 FÂ�?Uv )

3R5àzæX�.þ$§�� Cu(In,Ga)Se2 ����U>³, Na ��\¬Uõ>³A5, �ØÓ�� Na ó
²é Cu(In,Ga)Se2 ��Úì�A5�UõÅnØÓ. �¢�ÏLé'c� NaF Ú�� NaF ó²uy, 3c� Na ó
²e, du Na ©ª�3u Cu(In,Ga)Se2 ��)�L§¥, Na �3uõ¬ Cu(In,Ga)Se2 ��¬.?, å�
*Ñ³
^��^, ��¬â[�!\ìü�©l, Ó�~�
�Ì"��/¤VÇ; 
3�� Na ó²e, �\� Na é�
��(�9)�Ø�)K�, ==å�
ðz�Ì"�!Uõ��"����^. Ó�, ïÄL², �� Na ó²¥,

NaF 7L��	.Uþ9ÏâU*Ñ? Cu(In,Ga)Se2 SÜ, ¢�(Jy¢, �k�.§Ý�� 350 ◦C ±þ�, �
\� NaF âU�Ð/Uõ��A5. �ª²� Na ó²�`z, ��$§ó²���R5àzæX�.ì��Ç
� 10.4%.

'�c: �Ô¶Ô�;Ý����>³, R5�., $§�È, Na �,Ån

PACS: 88.40.jn, 81.10.Pq, 66.30.Ny, 68.55.Ln

1 Ú ó

R 5 à z æ X (polyimide, PI) � . þ �
È Cu(In,Ga)Se2(CIGS) ��, Ï�. PI �«É�
�p§ÝØ�L 450 ◦C [1], 7Læ^$§�È, ,
	, PI �~5�?WÀæ�.�', "� Na ��,
�þïÄL² [2−4], Na éUõ CIGS ��A5k
­���^. Ïd, 3R5 PI �.þ�È CIGS �
�, Ø=I�æ^$§�È, ¿�I�ÏL Na �
,Uõ��A5, ùéu��p�ì�äk­�¿
Â [5−7].

8c, 3Ã Na �.þ, Ì6�� Na �{�c
� Na ó² (precursor)[6] Ú�� Na ó² (post depo-
sition treatment, PDT)[7], ,
, éu Na K� CIGS
)�ÅnïÄ¿vk/¤�£, ~X, k*:@
� Na ��3¬r¦��(¬�þ�Jp [8], 

,�«*:@� Na ��3¬{N��¬â��
� [9]. 3�ïÄ¥, ±ØUC CIGSáÂ�ó²�

cJ, ÏLé'c� Na Ú�� Na ó², ïÄ
Ø
Ó Na �,ó²é CIGS õ¬��)�Ån�)�
ØÓK�, ¿&?
 Na 3 CIGS ¥*Ñ¤I�	
.Uþ^�9�� Na ó²�`z¯K.

2 ¢ �

¢�¥, 3 PI �.þí� 1 µm þ�7á Mo
>4, ,�æ^$§nÚ{�Èõ¬ CIGS ��:
1�Ú, In, Ga, Se ��u�§Ý� 350 ◦C ��.
þ, 1�Ú Cu, Se ��, �.§ÝJp� 450 ◦C, �
����L Cu �, 2�u In, Ga, Se, ��/¤�
« Cu ���, dÏm�.§Ý3 450 ◦C �m.

Na �,æ^ü«ó²: 1) c� Na: �È CIGS
���c, 3 PI/Mo þk�È��� 15 nm � NaF,
,��¤ CIGS nÚ{�È. 2) �� Na: 3 PI/Mo
�.þ�¤ CIGS �����, ���e%��u
� 15 nm � NaF, 2,§²Lò»?n��¹ Na
���. �
�	 Na ��^, ���
Ã Na ��
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¬, ��é'©Û.

>³����Yó²�), zÆYú{���
À� CdS, ^�í��� i-ZnO Ú ZnO:Al, º>4
æ^�u{�� Ni/Al >4.

¢ � æ ^ × £ > º (scanning electron mi-
croscopy, SEM) *	���(¬, X ��û� (X-
ray diffraction, XRD) ©Û��Ô�, ¿��AÿÁ
¤ (Hall) uÿá��>Æ5U, >³A53 AM1.5
�IO1reÿÁ I-V ­�, ��ì�5U.

3�©¥�9�n«ó², ©O�Ã Na!c
� Na Ú�� Na ó², ±e©O{¡� Na-FREE,

Na-PRE Ú Na-PDT ó².

3 ( J

3.1 ������***ÑÑÑ���������///mmm

Na �,¬é CIGS ��¥� Ga ��©Ù�)
K� [9], du XRD û��¸� ��¬�~ê�
', �±�NÑ��¥ Ga/In �ßÝ'�, Ga ¹þ
�p, ¸�� p�Ý £. �
ïÄ��¥� Ga
��©Ù,·�én«��?1 XRD ÿÁ, ��X
ã 1 ¤«(J.

� � � � � � � � � � � � � � � � � � � � � � � ��� � � �� � � �� � � � � 	�� � 
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 � � � � �	 �� 	 � �� � � � � � �� ��� �� !" # � ��� �� !" #
� ��� �� !" #

� � �� � �
ã 1 (a)Na-FREE, Na-PRE Ú Na-PDT � XRD '�; (b) (112) ¸���; (c) (220/204) ¸���

dã 1(a) �±w�, n«��þ�²w� (112)
��, (b), (c) üãw«, Na-FREE ��� (112) ¸
Ú (220/204) ¸k�f�V¸3�, 
 Na-PRE ��
V¸3���²w. du XRD û�¸¸ �N

��¥� Ga ¹þ�p$, V¸3�y�L²õ¬
��¥�3¬�~êØÓ��, =�3p Ga �Ú
$ Ga �� CIGS[10]. d(J�±w�, Na-PRE �
��3�²w�ü�©l, 
 Na-FREE ��ü�
©l�f, Ga ©Ù��þ!, ü�©lØ²w.

$§)� CIGS, du�.§ÝØU�|¤�
���fJøv
�Uþ[£, ��*ÑØþ, �

�¬Ñy�½§Ý�ü�©ly�, Na-FREE ��
Ñy�ü�©l=Ï$§E¤; �'
ó, �æ^
c� Na ó²�, ���ü�©ly���²w, d
u§� Na-FREE ���'�ØÓ�?3u, Na ©
ª�3u CIGS �)�L§¥, Ïd·��±íä,
� Na �3u CIGS )�L§¥�, ¬{N��*
Ñ, ��ü�©lî­.

,	, l XRD û�¸��p° (FWHM) �
±íä��¬â���, du nÚ{ó²��
� CIGS ��(¬Ý�Ð, ¬âº���Ñ3�
�þ? [6,11], 
|^�Wúªl XRD ¸� FWHM
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O�¬âº��, ¬â��3 100 nm ±e'�°
( [12], Ïd, ·��^ FWHM '�(¬ÝCzª
³. lã 1(b) �±w�, du CIGS �A�¸þk
ØÓ§Ý�V¸©l,·�ÏLpd[Ün«��
� (112) ¸�, '��¸��p°, ��Xã 2 ¤«
(J, �¸���p°�uL 1.

L 1 n«�� (112) ¸��p° (FWHM)

Na-FREE Na-PRE Na-PDT

FWHM/(◦) 0.15/0.37 0.15/0.72 0.11/0.25

n«��$�Ý¸� FWHM �é�C, p�
Ý¸� FWHM �����, dL¥êâ�±w�,
Na-FREE Ú Na-PDT ��A�¸� FWHM ��
�!Na-PRE ��A�¸� FWHM ���, �±í
ä, Na-FREE Ú Na-PDT ���¬âº��é��,
Na-PRE ���¬âº���.
�
ïÄ Na-PDT ���Ð�(¬�þ´Ä

�ò»�',·�éÃ Na ���?1
� Na-PDT
ó²�Ó�ò»?n (Na-FREE with annealing), é
'§�� XRD, Xã 3(a) ¤«, Ó�ò (112) ¸^
pd[Ü, ��ã 3(b)(c) ¤«(J, Ù¥ã 3(b)
� Na-FREE ��� (112) ¸, ã 3(c) � Na-FREE
with annealing ��� (112) ¸, ò¸���p°�
uL 2 ¥.

lL¥�êâ�±w�, ò»c�����p
°¿vk��Cz, ù`², �� Na ó²¥ 350 ◦C
�ò»L§Ø¬K����¬â��!ØUJp
���(¬�þ.

L 2 ò»c��� XRD(112) ¸��p° (FWHM)

Na-FREE Na-FREE with annealing

FWHM/(◦) 0.15/0.37 0.15/0.39

SEM �¡ãU
��*�*	��SÜ�(
¬G�, l
�±íä��)�L§¥¤É��K
�. é Na-FREE, Na-PRE Ú Na-PDT n«��©O
�
×£>ºÿÁ, Ù�¡Xã 4 ¤«.

lã 4 �±wÑ, Na-FREE ���.Ü¬â
[�
ºÜ¬â��, Na-PRE ���¬â�Nþ
��[�, Na-PDT ���(¬�þ� Na-FREE �
���C, d(J� XRD ©Û��. d XRD ê
â9 SEM êâ�±íä, ���(¬�þ�´Ä
� Na ±9� Na ó²k', Òc� Na ó²
ó,
Na ©ª�3u CIGS �)�L§¥, ����¬â
º�~�, (¬�þC�, 
æ^�� Na ó²�,
õ¬ CIGS ���)�¿ØÉ� Na �{N, ¬â
º��é��. =, Na ��3¬K� CIGS ���
)�, ��¬â[�, (¬�þC�.

� � � � � � � � � � � � � � � � � � � ��� � � �� � � �� � � �	 � � � � � �
 � � � � � � � � � � � � � � � � � � � � � ��� � � �� � � �� � � �	 � � � 
 
 � � � �
� � � � � � � � � � � � � � � � � � � ��� � � �� � � �� � � � 
 � � � � �� ��� ����� �

� ��� ����� �� ��� ����� �
� � � 
 � �

� � � 
 � �� � � 
 � � �� ��
��

ã 2 pd[Ü (112) ¸ (a) Na-FREE; (b) Na-PRE; (c) Na-PDT
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� � � � � � � � � � � � � � � � � � � � � � � ��� � � �� � � �� � � �	 � � � � � �
 � �
� � � � � � � � � � � � � � � � � � � � � � � ��� � � �� � � �� � � �	 � � � 
 
 �� ��� ����� � � ��� ����� �� ��� ����� �

� � � 
 � �
� � � 
 � �� � � 
 � � � � �� � � � � � � � � � � � � ��� � � �	 � � �� � � �� � � �� � � � � � � �� � � � � � 	� 
 � �� � � � � � �   � � � � � �   ! " # $ � % % & � ' " % (� � � ��

��
ã 3 Ã Na ��ò»c�� XRD û�¸ (a) é'; (b) Na-FREE ��� (112) ¸; (c) Na-FREE with annealing ��
� (112) ¸

� � � � � �
� � �

� � � � � �
� � �

ã 4 n«����¡ SEM (a) Na-FREE; (b) Na-PRE; (c) Na-PDT
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3.2 >>>ÆÆÆAAA555

Na é CIGS 5U�UõÌ�Ny3é��>
ÆA5�Uõþ [13−15],·�é Na-FREE, Na-PRE
Ú Na-PDT n«��?1
 Hall ÿÁ, ��XL 3
¤«(J.

L 3 n«���>Æ5Uëê

>{Ç 16f [£Ç

/Ω·cm ßÝ/cm−3 /cm2·(V·s)−1

Na-FREE 768.3 5.13 × 1014 15.8

Na-PRE 40.3 1.94 × 1016 8.1

Na-PDT 36.1 1.56 × 1016 11.1

ü«� Na ���Ã Na ���', >{Çe
ü
��êþ?, 16fßÝJp
Cü�êþ
?, `² Na ��\�±²wJp CIGS ���>
Æ5U. ,	, Na-PRE ���16f[£Ç�$!

 Na-PDT Ú Na-FREE �[£Ç�é�p, ù�
U´du�Ð���(¬�þ¬O\16f�*
Ñ�Ý, l
��16f[£Çk¤Jp, d(J
� SEM ÿÁ�ÎÜ.

,	, du�� Na ó²�9�ò»L§, 

ò»�8�´¦�\� NaF *Ñ? CIGS SÜ.�

ïÄ Na *Ñ�§ÝK�,·�3 PI/Mo þ�È
� CIGS ���, ¦�.�±3�½�§Ý (100—
450 ◦C), ��3ÙL¡�È�� NaF, �È�¤�,
Ø?1?Ûò»?nÒUYü§, ÿÁ���>Æ
A5, ��Xã 5 ¤«(J.

� � � � � � � � � � � � � � �� � �� � �� � � � � � 	� � � 
� � � �� � � �
 � ��� 
 ����� �
ã 5 ØÓ�.§Ýe�È NaF ����>ÆA5, n�
:¤«�>{Ç, �:¤«�16fßÝ

��, �.§Ýé Na �*Ñå�
é²w�
�^, ��.§ÝL$ (X�u 250 ◦C), ���>
{Ç�p, 16fßÝé$, ¤� NaF ¿vkå�
Uõ��A5��^, 
�X�.§Ý�Jp, �
��>{Ç�ÌÝü$, 16fßÝ�k
 1—2
�êþ?�þ,, `²d�¤�� NaF å�
U

õ CIGS ��>ÆA5��^. ¢�y²: �k�
�.§Ýpu 250 ◦C �, ���>ÆA5âk¤J
p, ��.§Ýpu 350 ◦C �, ��� NaF é��
�>ÆA5Uõ�Ð, ¤±�©¥��� Na ó²
ò»§ÝÀ3 350 ◦C.

3.3 ììì���AAA555

ò n « ó ² e � � � � � ¤ > ³, 3 ¿
§ 25 ◦C, AM1.5 �IO1reÿÁ, ��ã 6 ¤
« J-V ­�, ì��ëê��uL 4.

� � � � � � � � � � � � � � � ��� �� �� ���	 
��
� � � �� � � � � � �� � � � � �� � � � � �
ã 6 Na-FREE, Na-PRE Ú Na-PDT �>³ J-V A5

L 4 n«>³�ì�ëê

η/% Voc/mV Jsc/mA·cm−2 FF/%

Na-FREE 5.9 433.3 30.2 45.1

Na-PRE 8.7 500.1 30.1 57.5

Na-PDT 10.4 497.3 30.7 68.4

�±w�, Na ��\éì�A5�Jpå�

é²w��^, Na-PRE Ú Na-PDT �>³�Ç
�JpÌ�5
u Voc, FF �Uõ, 
 Jsc CzØ
�, � Na >³A5²w�Ð, Na-PDT �>³�Ç
��
 10.4%.

4 ? Ø

ü«� Na ó²ØÓ�?3u Na ´Ä�3
u CIGS ��)�L§¥, dé'¢��±�äØ
Ó� Na ó²e, Na é CIGS A5K��ØÓÅn.

Òc� Na ó²
ó, Na ©ª�3u CIGS �
)�L§¥, Na 3��¥*Ñ¿�3u CIGS ¬.
?. kïÄ�Ñ [9], Na �3u��¬.?, O\

��p*Ñ�³^, ¦�áN�f?\�:�VÇ
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C�. Ïd, �æ^c� Na ó²�, ¬.?ù�³
^¦� CIGS ��3)�L§¥, ¬â�mKÜV
Çü$, /¤Xã 4(b) ¤«[��¬â, (¬�þ
��; Ó�, ³^�Ñy¦� In-Ga ��p*ÑÉ
{, ü�©lî­ (�ã 1); ,	, du�f?\Ø
Ó�:�¹5³^ØÓ (~X, In ?\ Cu � '?
\ In � �¹5³^�p [16,17]), Na ��3~�

O "��/¤ (~X~�
�Ì"� InCu), ù
�Jp
k� p .�,, 16fßÝJp, >{Ç
ü$.


éu�� Na ó², Na Ø�3u CIGS �)
�L§¥, ÏdÙ��(¬�þÚ��*Ñ��
� Na ����C, ØÉ Na �K� (�ã 4(c) Ú
ã 1); �Ù>ÆÚì�A5%��²w�Jp (�
L 3 ÚL 4), �Ï3u: ��� Na 3�½��.
§Ýe*Ñ?��SÜ, /¤:"� [14](~X, NaIn

´' CuIn �f�ÉÌU?, 
� Na �� InCu � In
�, �±~��Ì"� InCu), Jp
k� p .�,.
,	, ��� NaF I��½�	.Uþ9Ï, âU
*Ñ? CIGS SÜ, å�k�Uõ��>ÆA5�
�^. ¢�y², �k��.§Ýpu 250 ◦C âU
r? NaF �*Ñ, ��.§Ýpu 350 ◦C �, �\
� NaF é��>ÆA5�Uõ�Ð (�ã 5). ÏL
¢�·�y¢, 3�� Na L§¥, ò»å�
'�
��^, §Jø
 Na *Ñ? CIGS NS�Uþ, ¦
� Na ?\ CIGS SÜ, UC:"�G�, Jp��
9ì�A5.

ü«� Na ó²�,é��Uõ�å»ØÓ,
�´3ì�þ�K��J´ªu���, �\� Na
UC
��¥�"�� (³��Ì"��/¤½ö
Ö��Ì"�!/¤fÉÌ"��), UC¬.?�
³^pÝ, O\k�16fßÝ [18], Jp
 CIGS

��� p .�,, Jp
>³� Voc Ú FF.
�,kïÄL², Na ��\¬é CIGS �)�


Ø|�K� [10,19−21], 'Xü$(¬�þ!\ì
ü�©l�, �ÏL�ïÄy¢, �k� Na �3
u CIGS �)�L§¥�, â¬�)ù
K�; Ó
�, y¢
�� Na ó²7LÏL�(�ò»?n
âU��Uõ��A5�8�, �ªJ,ì�5U.

5 ( Ø

�ïÄÏLé' PI �.$§)�� CIGS �
�þc�Ú�� Na ó²�¢�(J, ïÄ
 Na
éu CIGS õ¬��)�Ån�K�, y¢
 Na
é CIGS ��9ì�A5�K��� Na ó²�',
ØÓ� Na ó²é CIGS ��)�Ån�)�K�
�^�ØÓ.

c�� Na ©ª�3u CIGS �)�L§¥, ¿
3¬.?/¤��³^, ¦�¬â�m�KÜVÇ
C�, (¬º�ü$, Ó�, ¦áN�f?\�:�
VÇC�, ��*ÑØþ, ��ü�©lî­, �ü
$
�Ì"��/¤VÇ, O\
k� p .�,;

��� Na ==��9*Ñ?\ CIGS ��S, /
¤:"�, UC���"�G�, ØK����(
¬G�.

,	, 3�� Na ó²e, �\� Na I��½
�Uþ9ÏâU*Ñ? CIGS ��Så�Uõ��
A5��^. �ïÄy¢, ��.§Ýpu 250◦C
âUå�r? NaF *Ñ��^, ��.§Ýp
u 350 ◦C �, �\� NaF é��>ÆA5�Uõ
�Ð. ÏLé� Na ó²�ïÄ9ó²`z, �ªæ
^$§�Èó²��ÑR5 PI �. CIGS ���
�>³�Ç� 10.4%.
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Research on sodium incorporation methods of
growing Cu(In-Ga)Se2 thin film by low-temperature
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Abstract
Sodium is proved to be able to improve the performance of Cu(In,Ga)Se2 solar cell grown on flexible polyimide substrate by a

low-temperature deposition. Different sodium incorporation methods affect the film in different ways. Comparing the deposition of

a NaF precursor with post deposition NaF treatment, different mechanisms can be found. In NaF precursor approach, Na is available

during the Cu(In,Ga)Se2 growth and acts as a surfactant at the grain boundary which adds up an energy barrier for adatom to across.

Thus, a small grain size as well as double-peak reflection pattern can be observed and the formation probability of donor defects is

reduced. In post deposition NaF treatment, incorporation of NaF does not affect the growth and microstructure but passivates donor

defects in the Cu(In,Ga)Se2 film. Moreover, according to the experimental results, external energy assistance is necessary during

NaF incorporation through post deposition treatment. It is verified that Na incorporation is able to improve the properties of the film

effectively when substrate temperature reaches above 350 ◦C. Finally, the conversion efficiency of flexible Cu(In,Ga)Se2 thin film solar

cell on polyimide substrate is achieved to be 10.4% by optimizing the sodium incorporation.

Keywords: chalcopyrite Cu(In,Ga)Se2 thin film solar cell, flexible substrate, low-temperature deposition, Na in-
corporation mechanism
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