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�éuü�>4(�, `z�cL¡V�>4U
²w~�õÇ��, Uõ¬N7��>³�>ÆA5©�©
é¬N7��>³�V�>4?1
`z©ÛÚ¢�ïÄ. ÏL×£>fw�º*ÿòV�>4��¡Ä���
�Cu¢S��ý�., ïá
��>³cL¡�V�>4�., nØ©Û
V�>4�>Æ��Ú1Æ��. (
Üj�<M�1p�>Û��>³�¢�, ��
nØÚ¢�þ��`z1p�>ÛOþ>4þÝ�j�<M>
4°Ý�'X. ¤���nØÚ¢�(JÎÜûÐ. du¿Ø�9>4���äNEâ, V�>4nØ�.ÊH·
^uõ«a.�V�>4(�.

'�c: 1p�>Û, V�>4, >Æ��, 1Æ��

PACS: 88.40.jj, 88.40.H−, 88.40.−j

1 Ú ó

�
O\8c��z��>³��Ç, I�~
�cL¡>4¤Úå�õÇ�� [1,2]. Ì�k±e
o«�{: 1) ~�>4»�°Ý; 2) O\>4»�
pÝ; 3) ~�>4»��>{Ç; 4) ~�u�4�
>4»��m��>>{. 1�«�{U
~�
��>³�1Æ��, 
�n«�{U
~��
�>³�>Æ��. nÜ�Ä>³cL¡�>Æ
��Ú1Æ��, �
Ó�~�1ÆÚ>Æü�¡
�õÇ��, Cc5#,å�V�>4Eâ [3−6]

´Äk3cL¡�È��«f�>4, ,�æ^
1p�>Û��{Oþ7á>4. .�>4�±
A^j�<M (screen printing)[7]!�$<M (inkjet
printing)[8−10]!íÄ<M (aerosol printing)[11,12] �
Eâ, ÏLæ^¹kÀæ�� Ag ó�, �yu�4
�7á>4�mk$��>>{; 
º�>4��
æ^�g<Mp Ag ¹þó��j�<MEâ½
ö1p�>ÛEâ [4,13,14], ±�y$�7á»�>
{. æ^V�>4EâU
²wO\>³>4p°
', l
3~�1Æ���Ó��y$�>³Gé
>{. 3«f�>4þ1p�>ÛpXÝ�Õ>4

�±wÍü$»�>{, 1p�>Û�Õ>4L¡
��5²w`uj�<M�Õ>4, Xã 1 ¤«.

¸I LG >fúiïÄuy, V�>4(�U

ÏL~��>>{Ú»�>{5²wü$>³
�Gé>{, ¿�UõW¿Ïf [15]. �IÅFÚ¤
��UïÄ¤æ^ØÓ�1p�>ÛM�éV�
>4(�?1
¢�ïÄ, ��
ØÓ»�>{�
¹e�Z�>ÛþÝ [13]. Ó�, TïÄ¤æ^íÄ
<M�1p�>Û�V�>4Eâ, ò��>³�
=z�ÇJ,�
 20.3%[14].

3~5j�<Mü�>4Eâ�j�<Mó
�¥, Ø=I�V\7I�7á Ag, 
�I�V\
�¡�z7���Àæ�, ±¦��N - 7á.¡
3�Y��(L§¥/¤ûÐ�î0�> [16−20].
�´, Àæ��V\¦�j�<MÕ>4�>�Ç
�éuXÕ>4$ 2 � 3 � [15], ùÒO\
>³
cL¡�>Æ��, l
Ø|u��pW¿Ïf�
��>³. Ïd, ü�j�<M>4(�J±Ó�
~�>³��>>{Ú»�>{ [21−23]. d	, À
æ��V\��
ü�>4j�<M Ag ó�ÅÝ
�Jp, ¦�TaEâJ±���p°'�>³>
4, ?
O�
>³cL¡�1Æ�� [24]. Ïd,
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U
Ó�ü$�>>{Ú»�>{�V�>4E
âÒ¤�
�5��z��>³Eâ�­:ïÄ
��.

V�>4�O�'�3uÏLéz��>4
>Æ��Ú1Æ���©Û, é>4?1�N`
z. .��«f�>4�u�4�mATk$�
�>>{ÚûÐ�>4ÅN5; 
º�>4ATk
$�»�>{Ç, ±�y$�7á»�>{. Ó�,
V�>4I�äk`z�>4p°', ~�cL

¡�1Æ��. �©ó�Ì�Äuj�<M�1p
�>ÛV�>4Eâ, ÏLïá��>³cL¡�
V�>4�., ©Û.�>4Úº�>4�>4°
Ý!>4pÝ!»�>{Ç�Ï�é>Æ��Ú
1Æ���K�. ÏLé�¬>{Új�<M°Ý
ùü���z��>³)�¥�­�ëê�UC,
O�
3ØÓj�<M>4°Ý^�e��`z
�1p�>ÛOþ>4þÝ, �?1
¢�þ�ÿ
þ'é.

ã 1 ×£>fw�º (SEM) *ÿ�j�<M>4L¡ (a) Új�<M�1p�>Û>4L¡ (b)

2 V�>4nØ�.

��zj�<M���>³cL¡´d�)
1)16f�É1�z7«�ÚÂ816f�Õ
>4«�|¤�. O�Õ>4«��±Jp1)1
6f�Â8�Ç, ~�cL¡>4�>Æ��. �
´, ù�Ó��~�
É1��z7«�, l
O
�
cL¡>4�1Æ��. 3��>³cL¡>
4��OL§¥, 7L�nÜ�ÄcL¡Õ>4¤
Úå�1Æ��Ú>Æ��ü�¡�Ï�, (Ü*
Ñ���,©ÙéÕ>4�»�°ÝÚ»�må
?1`z�O. �>6ÏL*Ñu�4, BL��
N - 7á�.¡, ÷[»ÚÌ»6Ä�, Ò¬�)>
Æ��. cL¡Õ>4�>Æ��Ì�´d|¤�
�>³Gé>{�na>{Úå�: u�4>{,
Õ>4�7��N��>>{, Õ>4>{. cL
¡Õ>4�>Æ��é>³ÑÑ5U�K��©
wÍ, 7LÏLé>4�`z�O9��, 5~�
����>³�Gé>{, l
Jp>³�W¿Ï
fÚ1>=��Ç. cL¡Õ>4»��«¿ã�
ã 2. Ù¥, L �L>³>�, Sb �LÌ»må, Sf

�L[»��må, Wf �L[»°Ý, Wb �LÌ

»°Ý.

ã 2 cL¡Õ>4»�«¿ã

Ï~��>³>Æ��Ú1Æ���©ÛÑ
´ò>³�»�>4��¡Ä����. [25]. �
´, �â SEM éj�<MÚj�<M�1p�>
Ûùü«>4�*ÿL², >4��¡��Cu�
ý�., Xã 3 ¤«.

¢��¬�V�>4´d.��j�<M>
4Úº��1p�>Û>4|¤�, �â SEM *
ÿ�(J, j�<M�[»ÚÌ»3²L�Ó�m
�1p�>Û�, Oþ>4þ ÝÄ ���, Ï d [
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ã 3 SEM *ÿ�j�<M>4�¡ (a) Új�<M�1p�>Û>4�¡ (b)

»ÚÌ»1p�>ÛOþ>4�þÝ�±^Ú�
�ëþ Tp 5L«. XJ^ Wf-screen Ú Wb-screen ©
O�Lj�<M�[»ÚÌ»�°Ý, @o[»Ú
Ì»V�>4�°ÝÒ�±L«�

Wf = Wf-screen + 2Tp,

Wb = Wb-screen + 2Tp. (1)

b� Rf-screen, Rf-plating, Rb-screen Ú Rb-plating

©O�L[»j�<MÕ>4���>{![»
1p�>ÛÕ>4���>{!Ì»j�<MÕ
>4���>{ÚÌ»1p�>ÛÕ>4���
>{, @o§��±L«�

Rf-screen = ρs/Af-screen,

Rf-plating = ρp/Af-plating(Tp),

Rb-screen = ρs/Ab-screen,

Rb-plating = ρp/Ab-plating(Tp), (2)

Ù¥, ρs �Lj�<MÕ>4�N>{Ç, � 3.2 ×
10−6 Ω/cm. 
 ρp �L1p�>ÛÕ>4�N>
{Ç, � 1.9 × 10−6 Ω/cm, �CuÕá��N>
{Ç 1.59 × 10−6 Ω/cm[13,26]. Af-screen, Af-plating,
Ab-screen Ú Ab-plating ©O�L[»j�<MÕ>
4�î�¡È![»1p�>ÛÕ>4�î�¡
È!Ì»j�<MÕ>4�î�¡ÈÚÌ»1p
�>ÛÕ>4�î�¡È. 
î�¡È Af-plating

Ú Ab-plating ´1p�>ÛOþ>4þÝ�¼ê.
duj�<M>4Ú1p�>Û>4´¿é�'
X, Ïd[»Õ>4���>{ Rf ÚÌ»Õ>4
���>{ Rb �±L«�

1/Rf = 1/Rf-screen + 1/Rf-plating,

1/Rb = 1/Rb-screen + 1/Rb-plating. (3)

3��>³SÜ, ÄN>6�����´R�

u>³L¡�. 
3��>³�L�, >6î�6
Ä, ²Ü©CX>³º��Õ>4ÚÑ. b�3þ
!1ì�¹e, »�Õ>4�m�î�>6�",
ê�þ�üý�5O\, 3»�?�����. Ï
d, du�4>{!Ì»Ú[»Õ>4�7��N
��>>{ÚÕ>4N>{¤Úå�cL¡>Æ
��� [27]

Pe = RsJmS2
f /12Vm + RcJmSf/VmWf

+S2
bRfSfJm/12Vm

+L2SbRbJm/12Vm, (4)

Ù¥, Rs �Lu�4��¬>{, 
 Jm Ú Um ©
O�L>³��õÇÑÑ:�>6�ÝÚ>Ø. 

��>³u�4�Õ>4�m�'�>>{ Rc L
«� [28]

Rc = exp
(2

√
εm∗

~
· ΦB√

ND

)
, (5)

Ù¥, ε �L��N�0>~ê, m∗ �L16f�
k��þ, ~ �L�zÊK�~þ, ΦB �L�AÄ
³^pÝ, ND �L�,ßÝ. �
O���>³c
L¡>4�õÇ��, Ø=��Ä�Õ>4�>Æ
��, 
���ÄÕ>4�1Æ��. ���1\
��¬N7��>³þ�, \��>³>4L¡�
��1Ü©�áÂ, Ü©���Ñ|�, Ü©��
�>³�z7É1«�. duÕ>4é��1�á
Â¬E¤áÂ��, 
>4ò\����1��Ñ
|�¬E¤����, ùüÜ©���ÚÒ´Õ>
4¤�)�1Æ��. û½¬N7��>³cL¡
1Æ���Ï�¿Ø´{ü�[»ÚÌ»�AÛ
°Ý, 
´�â»�äN�/�¤û½�k�°Ý
'. duÜ©\����1�Õ>4ÚµCÀæ�
����>³�É1«�, ���\����>³
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�z7~������1�Ó�)1>6 [29−31],
Ïdk�°Ý'¢Sþ²w�uÕ>4�AÛ°
Ý. L�1Æ���k�°Ý'½Â�²��>³
Õ>4���lm>³|��Ü©��1�\�
���>³L¡���1oþ�'�. �â��>
³ I-V ÿÁ¤¥, ��1�[ì\�1©ªR�u
��>³L¡�A:, cL¡Õ>4é��1��
�Ì�©�±eü«�¹, Xã 4 ¤«:

1) ��1\��Õ>4üý>�«�, ���
��>³É1L¡;

2) ��1\��Õ>4¥m«�, ,�²��
�lm.

ã 4 ��1�Õ>4���ü«ØÓ�¹

31�«�¹¥, ��1�,\��Õ>4L
¡, ��´������>³�z7É1«�, ë
�
1>6��). ,
31�«�¹¥, ��1
�Õ>4���3�í - Àæ.¡ò�Ñ��>³
|�, û½
Õ>41Æ���k�°Ý'. �â
¢�þ SEM �*ÿ, j�<M�j�<M�1p
�>Û��>³�Õ>4��¡Cqu�ý�..
æ^���IX, ��I�: uý�¥%, ¿�
b��ý�.[»�¡���¶� Wf/2, l%Ç
� ef ; Ì»�¡���¶� Wb/2, l%Ç� eb. �
âý��§Ú��½Æ, ���1\��Õ>4>
�, >4é1�����ÅìC�, K��1ò�
������>³�z7«�, ÏLAÛ'XO�
��1�«�¹¥��. �L«�

Wef = Wf · (2 − e2
f )

−1/2,

Web = Wb · (2 − e2
b)−1/2. (6)

du��>³Õ>4L¡�o÷Ý��, Õ
>4L¡��Cuû����1� Lambert ¡, X
ã 1(b) ¤«. Ïd, Ú\'~Ïf ρ 5L«>4o
÷Ýé1Æ���K� [25]. b�7áÕ>4é�
�1�áÂXê� ηsilver, @oL�1Æ���Õ

>4�k�°Ý'�±L«�

OLf = ηsilver + (1 − ηsilver) · Wef/Wfρ,

OLb = ηsilver + (1 − ηsilver) · Web/Wbρ, (7)

Ù¥, Õ>4�áÂXê�±CqÏLÕ>4�\
���Ç Rsilver 5(½, L«�

ηsilver = 1 − Rsilver. (8)

��>³Õ>4�1Æ��´�)�z7É
1«�3S�>4áÂ��Ú�����Ú�\
�o1r�'�, K©Od[»ÚÌ»ñ1Úå�
1Æ��L«�

Pof = OLf · Wf/Sf ,

Pob = OLb · Wb/Sb. (9)

Ïd, [»ÚÌ»¤Úå��N�cL¡1Æ��
�

Po = ηsilverWf/Sf + (1 − ηsilver) · Wef/Sf

+ηsilverWb/Sb

+(1 − ηsilver) · Web/Sb. (10)

(ÜÕ>4¤Úå�>Æ��, cL¡>4o�õ
Ç��L«�

P = Pe + Po. (11)

,�, ÏL¦)oõÇ���7:Ò�±��
�`z�1p�>ÛOþ>4þÝ�.

3 (J�?Ø

�©¢�æ^>{Ç��� 1—3 Ω/cm, p .
��U?� 125 mm×125 mm, þÝ� 200 µm �ü
¬7¡��¢��¬. ÏLõ��W�Øü¬7¡
L¡��âÔÚ7álf�, æ^wªL¡��z
?n¢��¬. ò�¬©�n�Ü©, ¦^nÅ�
�3+ª*Ñ¬¥?19*Ñ, ���u�4�¬
>{©O´ 15 Ω/¤!60 Ω/¤ Ú 110 Ω/¤. ,�Ï
L±eÚ½?�Ú��¢��¬: ¦^ CF4 Ú O2

��lfNZ{�>; �ØL¡í{�7Àæ; m
�{�ª�lfNOrzÆí��È (PECVD) ò
�Ç 2.06, þÝ� 80 nm � SiNx:H ~�ðz��;
j�<M�>4Ú�>|. ,�ò�cn«�¬�
z�«2©�n�Ü©, ©O?1ØÓ[»°Ý�
j�<M, Ù¥j�<M�>4°Ý©O� 70 µm,
80 µm Ú 90 µm, 
[»��må� 2 mm. ,�
ò������ÜÊ«¢��¬��3óª�(
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¬¥9ò»/¤�L¡�¾�|Ú�L¡ Ohm �
>. ��éz«¢��¬?1õg1p�>Û, 1
p�>Û¢��nXã 5 ¤«. 31ì^�e, �
�>³¬�)>f - �Çé, 
>f¬�>|°Ä
� n .u�4þ¡�j�<MÕ>4þ, áÚ>Û
�¥� Ag lf. 	>
��4\1�Õ>4þ±
Ö¿>Û�¥� Ag lf, Ó�>
K4\3��
>³¾�|þ±���¡� Al M)3>Û�p.
3 35 ◦C �ó�§Ýe, 1p�>ÛL§¥�>6
�Ý�±3 0.9—1.2 A/dm2.

¢ � æ ^ { I 1 Ï ÿ þ ú i (PV Measure-
ments, Inc.) � QEX7 ÿÁÕ>4���Ì, T�
�æ^�l�����1��[1
. ÿþ��Ì
�, 1�3Õá�¥�Bß�ÝL«�

δ =
( 2

ωµσ

)1/2

, (12)

Ù¥, ω �L\�1��ªÇ, µ �Lá��^�
Ç, σ �Lá��>�Ç. ÏLéBß�ÝL�ª
�O���, 3ÿþ��Ì 300—1100 nm �Å�
��S, \�13Õ>4¥�Bß�Ý�B�þ?,
��u��þ?�1p�>ÛOþ>4�þÝ. Ï
d, Õ>4�áÂXê=û½uº�1p�>Û�

Õ>4, ¿��1p�>ÛOþ>4�þÝÃ'.
ØÓV�>4þÝ�¬�Õ>4áÂXêÑ�±
d1p�>Û>4«��\���Ç5L�. 3
1Ì©Ù AM1.5 G �^�e, éÿÁ���Õ>
4��Ì (300—1200 nm) ?1\���Ç©Û, �
�\���Ç Rsilver = 54.69%. 3zg1p�>
ÛOþ>4�, ¢��¬Ñ3 25 ◦C, 1000 W/cm2,
AM 1.5 �^�e, ¦^ BERGER ÿÁ¤ÿÁ��
>³� I-V A5. ÿÁ>³�Ç��, é¢��¬
?1 SEM *ÿ. j�<M�1p�>Û�V�>
4`z©Û¢��6§Xã 6 ¤«.

ã 5 1p�>Û¢��nã

ã 6 j�<M�1p�>Û�V�>4`z©Û¢�6§ã

éz«¢��¬?1õg1p�>Û¿ÿ
Á>³�Ç, Ò�±��T�¬�Ç�Z:?¤
éA�1p�>Û�m. 1p�>Û�éØÓ¢
��¬� SEM *ÿ, ��1p�>Û��Ý�
� 1 µm/min, ÏdÒ�±ÏL>Û�mO���
>ÛOþ�>4þÝ. 3ØÓ�u�4�¬>{^
�e, L��`z�1p�>ÛOþ>4þÝ�j

�<M>4°Ý'X��[Ú¢�­�Xã 7 ¤
«. �Xj�<M>4°Ý�O�, ¤I��`z
�1p�>ÛOþ>4þÝ~�. ù´Ï����
.�j�<M>4¤E¤�1Æ����, K�

1p�>Û¤~�>Æ���é>³�Ç�J,,
�Z�1p�>ÛOþ>4�Ò��, duÓ�^
�e, pu�4�¬>{�¬�>Æ����, Ï

038802-5



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 3 (2012) 038802

ã 7 �`z�1p�>ÛOþ>4þÝ�j�<M>
4°Ý�'X

d1p�>ÛÕ>4�þ. 3Ó�j�<M>4°
Ý^�e, ¤����`z�1p�>ÛOþ>4
þÝ�Ò�é��. nØ�[¤����`z�1
p�>ÛOþ>4þÝ�¢�þ����`zþ
ÝÎÜûÐ, �´nØ�[(J�Ñ�u¢�(J.
ùÌ�´Ï��¬3õg�1p�>Û¢�L§
¥, 7¡Ü©L¡¬�Ñ�ËÀ, �½§Ýþ-�

1p�>Ûé��>³�Ç�J,. Ïd¢�ÿ

þþ¤����`z�1p�>ÛOþ>4þÝ
��unØ��`�.

4 ( �

�©ÏL SEM *ÿòV�>4��¡Ä��
��Cu¢S��ý�., ïá
��>³cL¡
�V�>4�., nØ©Û
V�>4�>Æ��
Ú1Æ��, ��
cL¡>4o�õÇ���1
p�>ÛOþ>4þÝ�'X. ¢�én«u�4
�¬>{��¬, æ^
ØÓ»�°Ý�j�<M,
,�?1
>4�1p�>ÛOþ. ÏL I-V A5
�ÿÁ, ��
�`z�1p�>ÛOþ>4þÝ
�j�<M>4°Ý�'X, ¤���nØÚ¢�
(JÎÜûÐ. ����Ä��nØ�., V�>
4�.=�>4��¡AÛA5!�>>{!>
4>{Ç�Ï�k', 
Ø�9äN�>4��E
â. Ïd, �©�V�>4nØ�.Ó�·^uÄ
u�$<M�1p�>Û!íÄ<M�1p�>
Û!�gj�<M�Ù¦a.V�>4(���
�>³.
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Abstract

Compared with single-layer contact, optimized two-layer contact of front side could diminish power losses distinctly and improve

the electrical performance of crystalline silicon solar cell. In this paper, the optimized analysis and experimental study for two-

layer contact of crystalline silicon solar cell are carried out. The model of two-layer contact is established by abstracting the cross-

section of two-layer contact into semi-elliptical shape closer to the realistic situation according to the SEM observation. The electrical

losses and the optical losses of two-layer contact are analyzed in theory. In combination with experimental screen-printed contact

thickened by light-induced electroplating solar cell, the relationship between the optimum thickening contact thickness by light-induced

electroplating and the screen-printed contact width is achieved in theory and experiment. The corresponding theory and experimental

results are in good agreement with each other. Due to involving no concrete technology of contact preparation, the theoretical model

of two-layer contact is generally appticable for many types of two-layer contact structures in consequence.

Keywords: light-induced electroplating, two-layer contact, electrical losses, optical losses
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