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1 Ú ó

²L 20 c�uÐ, /�¯z��>³ (dye-
sensitized solar cells, DSCs) �¢�¿�¡È>³1
>=z�Çd�Ð� 7.1%[1] Jp� 11%±þ [2],
p���¡È DSC ��Ùû¬zA^�Ä:, �
uÚå2��'5.

ïÄ(JL², �¡È DSC �1>=z�Ç
Ø=Éõ«Ï��K�, Ó��Ï��m��3X
�p��, ù«E,��'5�´8c���¡
È DSC �ÇJ,�'�¤3. Ï, ò�¡È DSC
�1>5U�éÙK���«Ï�(Ü3�å, �
��«�Cu¢S�¹��.´)û�¡È DSC
5UE,�'5�k�å».

8c, é�¡È DSC �Ç��[O���Ø
õ. �t��< [3] ±Gé>{�)�õÇ�Ñ�
�\:, �[O�
7á»>4�5Ué�/�
^ DSC �Ç�K�; Ó�, ÏLëY5�§Ú��
>´, ©Û
ØÓSÜ>{^�e>³�1>5U,
±9>³3ØÓ1ì^�e�1>5UCz [4].
Toivola �< [5] ÏLïÄ>³¥>6� �©�§,
ïá
ØÓÄ�>{é>³5UK���²��

., �[O�
A½�>Ä�é�¡È DSC �Ç
�K�. Meng �< [6] �âÄ�¿Å½Æ�[
>
³�ÏSA5, �	
>³ó�G��ÓÚ5é�
¡È DSC 5U�K�. ù
ïÄ��¡È DSC �
nØïÄC½
�½�Ä:.
�
|^ïá��.)û�¡È DSC 5U�

E,�'5, æ^�âõ«Ï�(Ü��>³�Ç
�O�úªÚ��>³W¿Ïf�êÆCqïá
�.��{, ©Ûõ«Ï�é�¡È DSC 5U�
nÜK�;�
¦ïá��.U
b�/�N�¡
È DSC �5U, æ^nØ©ÛÚ¢SÿÁ�(Ü
��²��{.

Ï, �©±��¡È DSC �Ç���'�
A�ÔnëþÚAÛëþ��\:, �âõ�ëþ
ïá
·^uA«�.�¡È DSC �Ç��²�
�., ©Û
�²��.�·^5Ú�'ëþé>
³5U�K�.

2 ¢�Ü©

2.1 >>>³³³���������

>³á����{Ú>³µCó²�: |^
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-1�¡Åé FTO �>ÀæÄ�?1�¡\ó
?n; |^ P25 ®N� TiO2 ó�, ¦^<M{�
� TiO2 >4; ¦^�æ{, p§9����É>
4; ¦^<M{��Õ»>4; ¦^éDån�Ü
Ô N719 /�é TiO2 >4?1¯z; ¦^9Lp©
f�� (Surlyn 1702) µC>³; æ^ 3- `�ÄZ
Q (MPN) ��MJ� I−3 /I− �>)�.

2.2 >>>³³³555UUU���ÿÿÿÁÁÁ

>³5U�ÿÁ�): I-V ÿÁ (1: PEC-
L15, Peccell, Japan; êiL: Keithley 2601, Keith-
ley, USA; 1ì^�: AM1.5, 100 mW/cm2[7]) Ú>z
Æ{|ÌÿÁ (EIS, Zenium Zahner, Germany).

2.3 ���¡¡¡ÈÈÈ DSC ���ÇÇÇ������²²²������...

�â��U>³1>=z�Ç (η) �O�ú
ª (�§ (1)) ��, W¿Ïf (FF) ��Ç (η) ¤
�'©W¿Ïf�±�â�§ (2) O���, Ù
¥ VPmax Ú IPmax ©OL«��õÇ^�e�>
ØÚ>6�, W¿Ïf�õ/Ly�>³NX¥M
)�Gé>{ (Rs) �©´>{ (Rsh) é>³�Ç
�nÜK� [8].

η =
Pmax

Pin
=

FF · ISC · VOC

Pin
× 100%, (1)

FF =
Pmax

ISC · VOC
=

IP max · VP max

ISC · VOC
. (2)

3 DSC NX¥, IO1ì^�e [7], /�-
u��pU>f5\��zv��N¤�U?
��m~ê� 10−11—10−13 s, ��zv��N
� � ¥ > f * Ñ D Ñ � � m ~ ê� 10−3 s, �
�zv��N��¥>fDÑ� I−3 ��m~ê
� 10−2 s[9]. éu DSC NX, ��zv//�/>)�
.¡?, >f�EÜ�©k�, =©´>{�~�,
�� 103 Ω·cm2[10]. Ï, ©´>{éW¿Ïf�K
��©k�, AO´éu�¡È DSC, �©´>{
�', Gé>{é>³W¿Ïf�K�ÓÌN [11].
DSC �Gé>{dî0>{ (�)7á»>4>
{!�>Ä�>{Ú�>>{)!é>4/>)�.
¡�>Ö=£>{!>)�¥ I−3 �UdA*Ñ>
{|¤ [12].

�â��>³W¿Ïf�ïÄ [8], ���'u
W¿Ïf��§ (3). Ù¥, rs ½Â�8�zGé
>{; FF0 ½Â�>³Gé>{ªCuÃ¡��^
�e, >³NX�4�W¿Ïf, éu DSC, FF0 �
�� 0.75 � 0.85[10]. 8�zGé>{ (rs) �±�

â�§ (4) O���, Ù¥ Rs L«>³NX�G
é>{; Rch L«��U>³�A5>{, �±Ï
L�§ (5) ?1O�. A5>{ (Rch) �?�Úd
�§ (6) ��, ½Â αch �A5>{��Ïf, ¦
A5>{ (Rch) �±ÏLm´>Ø (VOC) Úá´>
6 (ISC) ?1O�. ò�§ (4), (5), (6), �\�§ (3),
���'uW¿Ïf (FF) ��§ (7).

FF = FF0(1 − rs), (3)

rs =
Rs

Rch
, (4)

Rch =
VP max

IP max
, (5)

Rch =
VP max

IP max
=

1
αch

· VOC

ISC
, (6)

FF = FF0

(
1 − Rs · αch

ISC

VOC

)
. (7)

Uì¢S1ì¡Èé>³�Ç?1O� [13],
K\�1õÇ (PIn) �±L«��§ (8). Ù¥, n

L«�¤�¡È>³�ü�ê; Sunit L«�¡È
>³¥z�ü��AÛ¡È; PIn-per-ua L«ü 
¡Èþ�\�1õÇ, Uì AM1.5 �1ìIO,
� 100 mW/cm2.

PIn = PIn-per-ua · n · Sunit. (8)

3 ó ²½ � � ¹ e, � ¡ È DSC ¥
� ü � � 5 U � C, ò ¿ é > ³ ¥ m ´ >
Ø (VOC-parellel)!á´>6 (ISC-parallel)!Gé>
{ (RS-parallel) ©O^ü�ê (n)!�ü���m
´ > Ø (VOC-unit-min)! � ü � ² þ á ´ > 6 �
Ý (JSC-unit-ave)!�ü�¹5¡È (Sunit-active)!
�ü�Gé>{ (RS-unit) L«��§ (9)—(11);
ò G é > ³ ¥ m ´ > Ø (VOC-series)! á ´ >
6 (ISC-series)! G é > { (RS-series) © O ^ ü �
ê (n)!�ü�²þm´>Ø (VOC-unit-ave)!�ü
���á´>6�Ý (JSC-unit-min)!�ü�¹5¡
È (Sunit-active)!�ü�Gé>{ (RS-unit) L«�
�§ (12)—(14).

VOC-parallel = VOC-unit-min, (9)

ISC-parallel = n · Sunit-active · JSC-unit-ave, (10)

RS-parallel =
RS-unit

n
, (11)

VOC-series = n · VOC-unit-ave, (12)

ISC-series = JSC-unit-min · Sunit-active, (13)

RS-series = n · RS-unit. (14)
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�
�Ð/©Û�¡È DSC �5U, Äu�
§ (15) Ú (16), �O
Xã 1 ¤«��¡È DSC A
Û�., Ù¥, Lunit Ú Wmodule ©OL«>³��
ÝÚ°Ý; Winterval L«��ü�>4á��m�
m�°Ý; Lunit-active Ú Wunit-active ©OL«ü�
¥>4á���ÝÚ°Ý. Ó�, �âAÛ�.¥
AÛëþ�'X, �±���§ (17) Ú (18).

Lunit =Winterval + Lunit-active, (15)

Wmodule =n(Wunit-active + Winterval), (16)

Sunit-active =Lunit-active · Wunit-active

=(Lunit − Winterval)

×
(

Wmodule

n
− Winterval

)
, (17)

Sunit =Lunit · Wunit = Lunit ·
Wmodule

n
. (18)

ò�§ (7)—(11), (17) Ú (18), �\�§ (1), �

±��ÄuAÛ�.�¿é>³�Ç�§ (19); ò
�§ (7), (8), (12), (13), (14), (17) Ú (18), �\�
§ (1), �±��ÄuAÛ�.�Gé>³�Ç�
§ (20). �²��.�§¥Ä��XÚ~þ, ¥�
L«¹5¡È'~é�Ç�K�, "��)Ò¥�
c�Ú���©On)�Uþ��)Ü©ÚUþ
�SÜ�ÑÜ©.

ã 1 �¡È DSC AÛ�.

ηParallel =
FF0

PIn-per-ua

(Wmodule − nWinterval) · (Lunit − Winterval)
Wmodule · Lunit

×

(
VOC-unit-min · JSC-unit-ave − RS-unit · αch ·

(
Wmodule

n
− Winterval

)

× (Lunit − Winterval) · J2
SC-unit-ave

)
× 100%, (19)

ηSeries =
FF0

PIn-per-ua

(Wmodule − nWinterval) · (Lunit − Winterval)
Wmodule · Lunit

×

(
VOC-unit-ave · JSC-unit-min − RS-unit · αch ·

(
Wmodule

n
− Winterval

)

× (Lunit − Winterval) · J2
SC-unit-min

)
× 100%. (20)

3 (JÚ?Ø

3.1 >>>³³³���555UUUÚÚÚ���ÇÇÇ������[[[OOO���

3.1.1 �¡È¿éÚGé DSC �5UÚ�
Ç��[O�

� â Arakawa � < [14] � � � � ¡ È ¿ é
> ³ (P-DSC) Ú Fukui � < [15] � � � � ¡ È
G é > ³ (S-DSC) � ¢ � ê â, J � � ' �Ô

nëþÚAÛëþ, Ó��½Ù�ü��>{
� (RS-unit) ©O� 0.2—0.6 Ω Ú 0.8—1.2 Ω, �
L 1. òL 1 ¥ P-DSC Ú S-DSC �ÔnëþÚ
AÛëþ©O�\�§ (19) Ú (20), O���>³
��Ç©O� 7.28%—8.17%Ú 8.34%—8.65%, ÿ
Á� 8.01%Ú 8.4%3�[O�����S, �L 2
¥ P-DSC Ú S-DSC �êâ. �âO��ÚÿÁ�
'�, Ä�@��Ç��²��.·^u�¡È¿
éÚGé�/�¯z��>³.
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L 1 ÔnëþÚAÛëþêâ

Ônëþ AÛëþ

ëê�â
VOC-unit JSC-unit RS-unit αch Wmodule Winterval Lunit n

/V /(mA/cm2) /Ω /cm /cm /cm

P-DSC ¿é 0.71 16.80 0.2-0.6 1.27 10.00 0.15 10.00 9

S-DSC Gé 0.71 18.90 0.8-1.2 1.15 5.40 0.10 5.10 9

H-3DSC

Gé>³ 0.65 10.50 2.64 1.40

3.60 0.30 6.30 3¿é>³ 0.65 10.80 2.85 1.45

SÜü�
��� 0.65 10.69 2.63

1.33
²þ� 0.65 10.94 2.69

H-7DSC

Gé>³ 0.67 10.71 2.31 1.43

8.40 0.30 8.80 7¿é>³ 0.67 11.11 3.71 1.20

SÜü�
��� 0.65 10.59 2.13

1.34
²þ� 0.66 10.86 2.21

W-1DSC

SÜü�

0.71 2.96 6.50 1.04

5.00 0.30 7.00

1

W-2DSC 0.68 6.53 4.10 1.15 2

W-3DSC 0.70 7.38 3.18 1.32 3

W-4DSC 0.70 7.05 3.06 1.26 4

W-5DSC 0.70 6.77 2.49 1.21 5

L 2 �¡È DSC O��Ç!ÿÁ�Ç9 ��

ëê�â
η/%  �� = ÿÁ� − O�� /%

O�� ÿÁ�

P-DSC >³
0.20 8.17

8.01
−0.16

RS-unit/Ω
0.60 7.28 0.73

S-DSC >³
0.80 8.65

8.40
−0.25

1.20 8.34 0.06

H-3DSC-S
SÜü� 2.88

2.95
0.07

Gé>³ 2.81 0.14

H-3DSC-P
SÜü� 2.91

2.55
−0.36

¿é>³ 2.68 −0.13

H-7DSC-S
SÜü� 2.74

2.61
−0.13

Gé>³ 2.63 −0.02

H-7DSC-P
SÜü� 2.70

1.83
−0.87

¿é>³ 2.00 −0.17

3.1.2 �¡È�ü�ÕáªG¿é DSC �
5UÚ�Ç��[O�

�O
>³(�Xã 2 ¤«��¡È�ü�
ÕáªG¿é DSC(H-DSC), ��
ü�ê©O
� 3 Ú 7 � H-DSC, ©O^ H-3DSC Ú H-7DSC L
«. d«�.�>³�<�ÀJ5/?1Gé!¿
éÚG¿·Üë�, ÿÁ�ÔnëþÚ>³�O�
AÛëþ�L 1 ¥ H-3DSC Ú H-7DSC Ü©. >³
�¿éÿÁ�Ç�L 2 ¥ H-3DSC-P Ú H-7DSC-
P Ü©; >³�GéÿÁ�Ç�L 2 ¥ H-3DSC-S
Ú H-7DSC-S Ü©.

�âÔnëþ��âØÓ, >³�Ç��[O
�©�ü«�ª: 1) �â�SÜü�ÕáÿÁ�Ô
nëþ?1O�; 2) �â�SÜü��m¿éë�
½Géë��, ÿ����>³Ônëþ?1O�.
�Ç�O��, 9ÙÔnëþ�â, �uL 2.

�âL 2 ¥�êâ?1é'��, éu H-
3DSC Ú H-7DSC Gé��ÇO�,ÃØæ^�S
Üü�ÕáÿÁ�Ônëþ, �´Géë��ÿ�
���>³Ônëþ, �Ç�ÿÁ�ÚO����
�þ3 ±0.14%±S.

�âL 2 ¥�êâ?1é'��, éu H-
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3DSC Ú H-7DSC ¿é��ÇO�, æ^�SÜü
�ÕáÿÁ�Ônëþ, �Ç�ÿÁ�ÚO���
��©O� −0.36%Ú −0.87%; æ^¿éë��ÿ
����>³Ônëþ, �Ç�ÿÁ�ÚO���
��3 ±0.17%±S.

ã 2 �¡È�ü�ÕáªG¿é DSC (�«¿ã

éu H-3DSC Ú H-7DSC, SÜ�ü�Õáÿ
Á� RS-unit-ave ©O� 2.69 Ω Ú 2.21 Ω, �â
�ü�¿é�ÿÁêâ, O�Ñ RS-unit-ave ©O
� 2.85 Ω Ú 3.71 Ω. `²¿éë��, �Udu	
����m�ë�¯K, E¤�âSÜ�ü�Õá
ÿÁ�ÔnëþO� H-3DSC Ú H-7DSC �¿é
�Ç�¢Sÿ���Ç �L�.

�âO��ÚÿÁ��'�, �±Ä�@��
Ç��²��.·^u�¡È�ü�ÕáªG¿
é/�¯z��>³.

3.2 ÔÔÔ nnn ëëë þþþ ÚÚÚ AAA ÛÛÛ ëëë þþþ ééé >>> ³³³ ��� ÇÇÇ
���KKK���

3.2.1 Ônëþé>³�Ç�K�
3�Ç��²��.¥,Ônëþ�)�ü�

�m´>Ø (VOC-unit)!á´>6�Ý (JSC-unit)!
Gé>{ (RS-unit) ÚA�>{��Ïf (αch). �
â � § (19) Ú (20) � �, η � VOC-unit ¤ � ',
η � RS-unit Ú αch ¤ � '. ü � � á ´ > 6 �
Ý (JSC-unit) 3�§¥�3uUþ��)Ü©Ú
Uþ�SÜ�ÑÜ©, é>³��Ç�3��ü�
�nÜK�, ��=«K�ÓÌNI��ìÙ¦ë
þ?1nÜ�ä, Ó�uyü$SÜü��Gé>
{�±k�/ü$SÜü��á´>6�Ýé�
Ç�K��^.

Ï, 3?�Úmu#á�ÚU?á���ó
²�Ó�, �±ÏLU�(�¢y�¡È DSC �
SÜü�5U�Jp, AO´SÜü�m´>ØÚ
á´>6�Ý�Jp.

3.2.2 AÛëþé>³�Ç�K�
3�Ç��²��.¥, AÛëþ�)>³�

°Ý (Wmodule)!>³��Ý (Lunit)!��ü�>
4á��m�m�°Ý (Winterval) Ú>³�ü�
ê (n). 3¢SA^L§¥, Wmodule Ú Lunit É¢
S�m���,  ´Q½�; Winterval �>³µC
ó²�', 3�½�µCó²^�e, ��Q½�.
ùpÌ�?Ø�U�g,ê�ü�ê n é�Ç η

�K�, ù«K��)���§¥�AÛëþé�
Ç���K�, ÚÏLK�Ônëþ?é�Ç�
m�K�.

ã 3 ü�êé 5 × 7 cm2 � W /�¡ÈGé DSCÔnë
þ�K�

ã 4 ü�êé 5 × 7 cm2 � W /�¡ÈGé DSC �Ç�K�

·��OÚ��
�ØÓü�ê� W /Gé
�¡È DSC AÛëþ�A�>³ü�, ©O^ W-
1DSC, W-2DSC, W-3DSC, W-4DSC Ú W-5DSC L
«,ÔnëþÚAÛëþ�L 1. ±8�z�Ônë
þ (normalized physical parameters) ��ÏCþ, ü
�ê n ��gCþ�ã, ?Ø>³ü�ê n é�§
¥Ônëþ�K�, Xã 3 ¤«. �âã 3 ��, �
Xü�ê n �O\, � n éA�z��ü��°Ý
ü$!�ÝØC, FTO �>Àæ�>{eü, ¦ü
�� RS-unit wÍü$; � n éA�z��ü��
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°Ýü$, >f3 FTO �>ÀæL¡DÑåle
ü, ¿�ü�� RS-unit ü$, ¦ü�� JSC-unit w
Í,p; VOC-unit Ú αch vkwÍ�Cz.

�â�Ç��§ (20), ��ü�ê n é>³5
U�nÜK�, ©O±�Ç� η Ú8�z��Ç
� (normalized efficiency) �ÏCþ, n �gCþ�
ã, �ã 4. �âã¥��Czª³�±uy, é
u 5 × 7 cm2 � W /�¡ÈGé DSC, ü�êd 1
O\� 5 �L§¥, �Xü�ê�O\, >³��
Ç�²wþ,.

Ï, �Ä��ü�AÛëþéÔnëþ�K
�, 3¦^�>4á�!á���ó²!µCó
²!¢SA^�m�½�^�e, �±ÏL�Ç
��²��.(½�`��¡È/�¯z��>
³ü�ê, ?(½�SÜü��AÛº�, l

ÏLAÛº���O¢y�¡È DSC �N�Ç
�J,.

4 ( Ø

�©±A�ÔnëþÚAÛëþ��\:, }
Áïá
�¡È DSC �Ç��²��.. ÏLÿ
ÁÚ©Û¿é!GéÚ�ü�ÕáªG¿éA«
�.��¡È DSC �ÔnëþÚAÛëþ, �â
�Ç�O�(JÐÚ�y
�²��.�·^5.
©ÛÔnëþÚAÛëþé>³5UK��Ó�,
ÏLëþ��'5, ©Û¢SA^¥�¡È>³5
U�`z�{. �&ïÄ(Jò��O�¡È DSC
��.(�ÚJp>³�ÇJø�'��â,�/
�¯z��>³�A^Ä:ïÄC½�½�Ä:.
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Abstract
Based on some physical and geometric parameters, the influence of internal resistance on the cell performance is analyzed and

a semi-empirical mathematical model of the efficiency is built for some configurations of large-scale dye-sensitized solar cells. Three
configurations of large-scale cells are investigated, in which the independent units are connected in series and in parallel, as well as in
series-parallel. The efficiencies of the three-type large-scale cells are calculated according to their physical and geometric parameters.
The applicability of the model is analyzed by comparing the calculated efficiencies with the measured ones. The influences of the
physical and geometric parameters on the cell performance are investigated based on the semi-empirical mathematical model. It is
found that the optimization of the performance of large-scale cells can be carried by analyzing the influences of physical and geometric
parameters using the semi-empirical mathematical model.
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