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��{ ½Z¬¬v» Ê¸Ì�§ ÊfyÂ� �]ZÀ»�ÅZ¯, dÌ ¼m�ËY�§Y Ä] ÄmÂe Z] Ã�Á�»Y
É��¿Y ,¾Ë�´ËZm ¾Ë�f^�ZÀ» Ä¯ |À�Z] Ê» ¾Ë�´ËZm É��¿Y ÉÂnf�m

|�Z] Ê» �Ì¿ �Ë~a |Ë|ne ,½{Â]��f�{ �{ �] ÃÁÔ� Ä¯ |�Z] Ê» É|Ì��Ây .
�É��¿Y cÔË|^e �{ Ä¯ |Àf�Å É|Ì¸¯ ÊËZÅ�Y�]Y É|Ì��Ây ÉZÅ µÂ¸�

|ÀÀ¯ Ê» ¶Ë|^e Ê°Ë�f°·Y É��¿Y Ä] Y� �Â¿ É��¿Y ,ÊËZf·ÁÂf§.
�ÄÀË�Å É|Ì��Ây ÉZÅ µÂ¸� Ä �Âe |¿Á� ÉÁ� �Ìa�·Zq ¾Ë�f³��] Ã�Á�»Y

d�Y É|Ì��Ây É��¿Y ÉÓZ] Ã|� ¹Z¼e.
�½ZÆm �{ É|Ì��Ây ÉZÅ µÂ¸� Ã|� ¹Z¼e ÄÀË�Å ½{�ÁM ¾ÌËZa ÉY�] ªÌ¬ve

{�Ì³ Ê» c�Â� �Ì�» Á{ �{ :µÂ¸� Ã{�Z] ½{�] ÓZ] Á �f¿Y��Y ÄÌ·ÁY {YÂ» ÄÌÆe
É|Ì��Ây .

�É|Ì��Ây µÂ¸� Ã{�Z] ½{�] ÓZ].{�Â» {YÂ» , µÂ¸� ªÌ«{ dyZÀ� ¹�¸f�»
|�Z] Ê»  Ê¿Z�¿ ÄËÓ ÉZÆ�Á� Á Ã{Z¨f�Y.
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µÂ¸�É��¿Y ,ÊËZf·ÁÂf§ É��¿Y cÔË|^e �{ Ä¯ |Àf�Å É|Ì¸¯ ÊËZÅ�Y�]Y É|Ì��Ây ÉZÅ�Â¿

 Ê» ¶Ë|^e Ê°Ë�f°·Y É��¿Y Ä] Y�|ÀÀ¯

µÂ¸�É|Ì��Ây

8
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�É|Ì��Ây µÂ¸� �Y É��fz» ÄrzË�Ze

�1839 :Z] c�ÁZn» �{ ¾ÌeÔa |Ë�¸¯ {Á�f°·Y Ã|ÅZ�» Z] d�¿YÂe µ�°] ¹Z¿ Ä] ÉÂ�¿Y�§ |À¼�¿Y{
{�¯ ÊËZ�ZÀ� Y� Ã|Ë|a ¾ËY,|� Ê» �Â¿ �ÌiZe dve ,�Zf·Á {ZnËY Ä] �nÀ» Ä¯ dÌ·Á�f°·Y.

�1905 :t�� �Y ZÆ¿Á�f°·Y kÁ�y ÉY�] Ê§Z¯ É��¿Y�¨À] LY�ÁZ» ZË Ê]M  �Â¿  Ä¯ {Y{ ½Z�¿ ¾Ìf�Ì¿Y
|À¯ Ê» ºÅY�§ Y� �¸§.

�1930 :½Y�´Ë{ Á cZ» µÁÂ¿ ,Ê°eZ� �f·YÁ ��Âe É{ZÅ Ä¼Ì¿ �¸§ ÉZÅ ÄËÓ |� É�ÂXe µZ� ¾ËY �{
|� ��Y�³.

�1942 :�Â¿ Ê¿Â°Ì¸Ì� ÉZ¿Z�� Ä¼Ì¿ µZ�eY Z] É|Ì��Ây µÂ¸� ¾Ì·ÁYn Áp ¶�Y� ��Âe-�Y ¶ÅY
|� ÄfyZ� ¶] ÃZ´�ËZ»�M .1954 :Á ¾ÌaZq ��Âe Ê�·ZyZ¿ ªË��e Z] Ê¿Â°Ì¸Ì� É|Ì��Ây µÂ¸�
d§ZË Ä �Âe�¿Y�Z°¼Å

�1970 :�ËY�§Y É|Ì��Ây µÂ¸� Ä �Âe ,�]ZÀ» ½Y�v] ÉZ�f«Y Ä] Á  d¨¿ d¼Ì«�ËY�§Y Z]
{�¯ Y|Ìa É�Ì´¼�q .d�³ �Y|Ë|a É|Ì��Ây µÂ¸� �Y Ê¨¸fz» ÉZÅ ¶�¿ \Ìe�e ¾Ë|].

�2003 :|ÀfyZ� Y� |»Zm d·Zu  ®ÌWZf·Á Âf§ Ä �« ¾Ì·ÁY ½Z¬¬v».
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½Â°Ì¸Ì� �] ÊÀf^» É|Ì��Ây ÉZÅ µÂ¸�Ê·Zf�Ë�¯
�½Â°Ì¸Ì�Ê·Zf�Ë�¯ ®e(c-Si)
�½Â°Ì¸Ì�Ê·Zf�Ë�¯ Ê¸a(poly-Si) Ê·Zf�Ë�¯ |Àq ZË(mc-Si)

�Ì£­�Z¿ ÄËÓ ½Â°Ì¸Ì� �] ÊÀf^» É|Ì��Ây ÉZÅ µÂ¸�
Ê·Zf�Ë�¯)¥�Â»M(

 ­�Z¿ ÄËÓ É|Ì��Ây ÉZÅ µÂ¸�  GaAs

Ê·M {YÂ» �] ÊÀf^» É|Ì��Ây ÉZÅ µÂ¸�:
�µÂ¸�Ä] �Z�u É|Ì��Ây ÉZÅ²¿�(DSSC)
�µÂ¸�É|Ì��Ây ÉZÅ�¼Ì¸a
�µÂ¸�ÉZÅ µZf�Ë�¯ �] ÊÀf^» É|Ì��Ây ÉZÅ�ËZ»

 µÂ¸�ÉZÅÉ|Ì��Ây ­�Z¿ ÄËÓ Á |ËY�Â¸e ºÌ»{Z¯
�» ºË|ÀËY ºÌ·Z³ |ÌÀ¸� É{

µÂ¸��] ÊÀf^» É|Ì��Ây ÉZÅ  Ê»Âf¿YÂ¯ �Z¬¿
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ϒϳΩέ
ϝϮϠγ Ϟδϧ
̵ΪϴηέϮΧ

ϝϭ΍ΪΘϣωϮϧ ϦϳήΗΎϳ΍ΰϣΐϳΎόϣ

1
ϝϭ΍ Ϟδϧ
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13

µZ�93

By: Dr. Jabbari

Solar Cells-©�] Ê�|ÀÆ» �{ Ã�ËÁ huZ^»



­�Z¿ ÄËÓ É|Ì��Ây µÂ¸�®Ë (TFSC) ÄËÓ ®ÌËZf·ÁÂf§ µÂ¸� Ä] Äq�³ ,
­�Z¿ (TFPV) Z] Ê°Ì¿Á�f°·Y ½Z�¼ÅZ¿ Ã{Z» Á{ µZ�eY �Y ,d�Y ¥Á� »
d�Y Ã|� ÄfyZ� �Z] É�Z�Y|m dÆm �¿Z» ®Ë ½{Y{ �Y�« Á �´Ë|°Ë

��Â�]Ê¸¯µÂ¸�É|Ì��Ây¶°�f»�Y®Ë�Ë�,ÄËÓ|Ì�¯Y
É{ZÅ ¥Z¨� (TCO),ÄËÓ Ã�nÀa,ÄËÓ ,[}Zm µZ�eY 
ÊËZÆf¿Y Á �]Y� ZÅ Ê» |�Z].  

��Å ¹Y|¯ �Y {YÂ» �z] ÉZÅ ¦¸fz» �Y ��¿ Ê¯�Ì§ Á  
ÊËZÌ¼Ì� Z] �´Ë|°Ë cÁZ¨f» |Àf�Å Ä¯ �Y ¾ËY ��¿ �] 
{�°¸¼� Ê¸¯ �Y�]Y �ÌiZe �Y~³ d�Y.  
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�ÄËÓ�Ë�
  ��¿ �Y É�Ë� ÉZÅ ÄËÓ Z] ,d]Zi Ê°Ì¿Z°» ��¿ �Y d�Y ¹�Ó Á |�Z] Ê» �iY º¯ L�m ®Ë ÄËÓ �Ë�

�Y�]Y dyZ� Ê� �{ Á ª^�À» Êe�Y�u �Z�^¿Y \Ë��d¯�u Ê]|�Z] .  É|Ì��Ây ÉZÅ µÂ¸�
|¿Â� Ê» �Y{ ¶°� c�Â� Á{ Ä] ­�Z¿ ÄËÓ :ÄËÓ Á� Á ÄËÓ �Ë�  .

�ËY�MÄËÓ Á�ÉY: �Ë�Ã|� Ã{Á|¿Y Z¿Z�� |Ì�¯Y ªË�� �Y �Z^e�Y Á d�Y ¥Z¨� ÄËÓ)Äf�£M
Ã|� ({{�³ Ê» {ZnËY ÄËÓ�Ë� Ä]

�ËY�MÄËÓ �Ë�ÉY: ÉY Ä�Ì� ÄËÓ �Ë� Ä] Ã|� Ã{Á|¿Y É�¸§ ZË �¸§ ÄËÓ �Ë�/  Ä¯ d�Y É�¼Ì¸a
|À¯ Ê» {ZnËY {Ây �Ì¿ Y� �Z^e�Y.

15

�ÄËÓdËY|ÅÃ|ÀÀ¯¥Z¨�: (TCO)ÉY�]{ZnËY�Z^e�YZ]

d»ÁZ¬» ­|¿Y �{ Ä¸Ì�Á Á µZ��Y �j¯Y �Â¿ {�Ây�] Ã|� Ä] ÄËÓ [}Zm  
Ã{Z¨f�Y Ê» {{�³. |Ì�¯Y ÉZÅ dËY|Å Ã|ÀÀ¯ ¥Z¨� �Â�] Ê¸¯ Ä¼Ì¿  

ÉZÅZ¿Z�� ºÅ �Y�e �Â¿ Z] ÊËZ¿Z�� [Ây Á dÌ§Z¨� ÓZ] �{ ¦Ì� ÊW�»  
|Àf�Å. �{ ÄÌ^� É�Z� ¾ËY ÄËÓ Z] ÄmÂe Ä] ¶v» �Y�« ¾f§�³ ¾ËY ÄËÓ  
Ê³�ËÁ ÊËZÅ |À¿Z» dÌ§Z¨� ,ÓZ] ÊËZ¿Z��  Á ¾f�Y{ ¥Z³ É�YÂ¿ ®Ë{�¿ 

Ä] ÄËÓ Ã�nÀa �Y dÌ¼ÅY ÊËÓZ] �Y{�Ây�] d�Y

�ÄËÓ Ã�nÀa : �{ ®Ë heterojunction Ä] �Â� �Zy dÆm  

¶Ì°�e ®Ë µZ�eY Z] ÄËÓ [}Zm É�Â�] Ä¯ ½Y�Ì» É{ZË� �Y �Â¿ Ä] 
ÄÌuZ¿ µZ�eY Á ÄËÓ [}Zm ÃY� |Å{.
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[}Zm ÄËÓ

heterojunction|�Z] Ê»�{ ÁTFSC  ¶»Zu �Y Ê «YÁ |Ì·Âe ZÆÀe ÄËÓ ¾ËY �{ Ä°ÀËY ��Zy Ä]
|�Z] Ê» ºÆ» �ZÌ�] |f§Y Ê» ©Z¨eY �Z].

ÄËÓ[}ZmÉY ÄËÓ{Â� Ê» Ã{Z»M É|Ì��Ây µÂ¸� �{ ®ÌËZf·ÁÂf§ Ã{Z» ½M �{ Ä¯ d�Y.
|�Z] ÄËÓ |Àq ZË ®e |¿YÂe Ê» [}Zm ÄËÓ ,½M {�]�Z¯ Á Ã|� Ã{Z¨f�Y {�Â» Ã{Z» Ä] ÄmÂe Z].

É{YÂ»[}Zm ÄËÓ �{ Ä¯TFSC¶»Z� |¿Â� Ê» Ã{Z¨f�Y �ZÌ�]:Amorphous Silicon (a-
Si),Cadmium Telluride (CdTe),Cadmium Indium Gallium Disulphide,

Copper Indium Galium Diselinide (CIGS),Gallium Arsenide (GaAs),Á
¶j» Ê·M ÉZÅ �¼Ì¸apolyphenylene vinyleneÁcarbon fullerenesZÆ¿M cZ¬f�» Á

   Z] ZÆ¿M É�Z³�Z� �Z�Y �] ZÅ ÄËÓ �ËZ� {YÂ»�Àm Ä¯ {�Y{ dÌ¼ÅY ½ZÀr¿M [}Zm ÄËÓ [}Zm ÄËÓ
{Â� Ê» [Zzf¿Y ÄËÓ ¾ËY.

{{�³ Ê» [Zzf¿Y [}Zm ÄËÓ Z]�Y Ã�ËÁ d»ÁZ¬» Á Ê°Ì»ZÀË{Â»�e É�Z³�Z� Z] ÄmÂe Z] Ã�nÀa ÄËÓ .

16

 µZ�eY ÊËZÆf¿Y
 {ZnËY�Z^e�Y Ê¼ÅY Z] ÄËÓ heterojunctiond�Y. �Z^e�Y ÊËZÆf¿Y ÓÂ¼ » ÉY�] Ä^� 

ZÅZ¿Z�� �Â¿ p{�]�Z¯ {�Y{ Á �¸§ Ã{Z¨f�Y Ã|� |ËZ] ÊËY�Z¯ É�eÓZ] �Y Ä^� Z¿Z�� Äf�Y{ |�Z].
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ÉZÅ µÂ¸�
É|Ì��Ây
­�Z¿ ÄËÓ
CdTe Á
CIGS

µÂ¸� ÉZÅ É|Ì��Ây ÄËÓ É�Â¸]|Àq �{ �Y�Z] ®Ì¿Zf·ÁÂf§ Ä] ¶Ì·{ ÊËM�Z¯ ½Z�  
ºÅÁ ¾ÌÀq ÄÀË�Å É |Ì·Âe Ê¼¯ Ä¯ |¿�Y{ �Y t�� ÄmÂe ÊËÓZ] |¿�Y{�Ây�] .½ZÌ»�{  

µÂ¸� ÉZÅ É|Ì��Ây ÄËÓ ­�Z¿ ¦¸fz» µÂ¸� ÉZÅ É|Ì��Ây CdTeÁ 
Cu(In,Ga)Se2Z] |¿ÂÌa ,½Â´¼ÅZ¿ Ä¯ �] ÉÁ� �Ë� ÄËÓ dz� )Ä�Ì�( Á ZË ¶ËÂ§ 

¥Z� ¿Y �Ë~a |�� Äf§ZË ,|¿Y Ä] ¾Ë�fÆ] {YÂ» ®Ì¿Á�f°·Y É�Â¿ Ä] ½YÂÀ� ÄËÓ [}Zm  

�Â¿ pÁ ÄËÓ d¨m ½M �Y �Â¿n Z] ¥Z°� |¿Z] Ã{�f�³ �ZÌ¿ |¿�Y{. ÄËÓ |Ì�¯Y É{ZÅ 
¥Z¨� )(TCO Á ÄËÓ É�¸§ �Â�z» Ä] \Ìe�e Ä] ½YÂÀ� cÓZ�eY Ê°Ë�f°·Y ÊËÂ¸m 

Á Êf�a {�Â» Ã{Z¨f�Y �Y�« Ê» {�Ì³.

18

�ZfyZ� Ê��� ��¬» �Y Ê°ÌeZ¼�"superstrate"Á"substrate"­�Z¿ ÄËÓ É|Ì��Ây µÂ¸� ÉY�]CdTeÁCIGS
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¾µÂ¸� É|Ì��ÂyCIGS
¾µÂ¸� ÉZÅ É|Ì��Ây Cu (In, Ga) Se2,Ä] ¶Ì·{ ÊËM�Z¯ ÓZ] Á ¥��» {YÂ» º¯ ÄÀË�Å 

kYÁ� É�f�Ì] |¿�Y{ .CIGSÊ°Ë |Ì»Y�Y �z] ¾Ë�e {YÂ» [~m Ã|ÀÀ¯ ÉY�] º¸Ì§ ­�Z¿ 
®Ì¿Zf·ÁÂf§ )PV( Ê» |�Z] Y�Ë� ®Ë Ä¼Ì¿ É{ZÅ Z] |¿Z] É��¿Y ºÌ¬f�» Eg)( Ê» |�Z] 

\Ë��Á[~mÊËÓZ]{�Y{.ÃÁÔ��]¾ËY|¿Z]É��¿Y�YÊ»|¿YÂe�{®Ël¿�Ê Ì�Á�Y

)ev 1.0Ze 1.68( Z] �ÌÌ¤e d�¸£ Ga�{ º¸Ì§ ºÌ�Àe {Â� .  

¾µÂ¸� É|Ì��ÂyCIGS
¾µÂ¸� ÉZÅ É|Ì��Ây Cu (In, Ga) Se2,Ä] ¶Ì·{ ÊËM�Z¯ ÓZ] Á ¥��» {YÂ» º¯ ÄÀË�Å 

kYÁ� É�f�Ì] |¿�Y{ .CIGSÊ°Ë |Ì»Y�Y �z] ¾Ë�e {YÂ» [~m Ã|ÀÀ¯ ÉY�] º¸Ì§ ­�Z¿ 
®Ì¿Zf·ÁÂf§ )PV( Ê» |�Z] Y�Ë� ®Ë Ä¼Ì¿ É{ZÅ Z] |¿Z] É��¿Y ºÌ¬f�» Eg)( Ê» |�Z] 

\Ë��Á[~mÊËÓZ]{�Y{.ÃÁÔ��]¾ËY|¿Z]É��¿Y�YÊ»|¿YÂe�{®Ël¿�Ê Ì�Á�Y

)ev 1.0Ze 1.68( Z] �ÌÌ¤e d�¸£ Ga�{ º¸Ì§ ºÌ�Àe {Â� .  

19

¾µÂ¸� É|Ì��Ây CdTe
¾ºÌ»{Z¯ |ËY�Â¸e ÉY�Y{ `³|À] Ã|ËY Ê·M P^Ë�¬e Ä] Ã�Y|¿Y 5/1 ½Á�f°·Y d·Á d�Y Ä¯ ½M Y�  

Ä] Ã{Z» [}Zm Ê^�ZÀ» �{ µÂ¸� ÉZÅ É|Ì��Ây ¶Ë|^e Ê» |À¯. ¾ÌÀr¼Å ºÌ»{Z¯  
,|ËY�Â¸e Ä] ¶Ì·{ Ã�Y|¿Y cY�} |Àq É�f»Á�°Ì» ÉY�Y{ µÂ� [~m ÊÅZeÂ¯ Ê» |�Z]. ¾ËY 

Ä·P�» \^� �ÅZ¯ ¾f§ZË \Ì¯�e�Z] �{ ��» Ä¿Y{  ZÅ Ê» {Â�.

¾µÂ¸� É|Ì��Ây CdTe
¾ºÌ»{Z¯ |ËY�Â¸e ÉY�Y{ `³|À] Ã|ËY Ê·M P^Ë�¬e Ä] Ã�Y|¿Y 5/1 ½Á�f°·Y d·Á d�Y Ä¯ ½M Y�  

Ä] Ã{Z» [}Zm Ê^�ZÀ» �{ µÂ¸� ÉZÅ É|Ì��Ây ¶Ë|^e Ê» |À¯. ¾ÌÀr¼Å ºÌ»{Z¯  
,|ËY�Â¸e Ä] ¶Ì·{ Ã�Y|¿Y cY�} |Àq É�f»Á�°Ì» ÉY�Y{ µÂ� [~m ÊÅZeÂ¯ Ê» |�Z]. ¾ËY 

Ä·P�»\^��ÅZ¯¾f§ZË\Ì¯�e�Z]�{��»Ä¿Y{ZÅÊ»{Â�.
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 Á �ZfyZ� Ê���]
µÂ¸�{�°¸¼�  É|Ì��Ây

CdTe Á CIGS
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ÉY ÄrË�{ ÄËÓ

¾�{ µZu ��Zu Ê¸�Y ¾Ë�e Ã{Z» ÉY Ä¯ Ä] ½YÂÀ� {Á�f°·Y ÊËÂ¸m �{ dyZ� µÂ¸� É|Ì��Ây 

CdTe{�Â»Ã{Z¨f�Y�Y�«Ê»,{�Ì³SnOxd�Y.¶°�»¾ËYÃ{Z»ÊËZ¿Z��º¯½MÊ»|�Z].Z]
Ä§Z�Y½{�¯,ºË|ÀËY|Ì�¯Y�¸«ºË|ÀËY)ITO(¶Ì°�eÊ»{{�³ÁZ]Ä§Z�Y½{�¯¾Ë�Â¸§F)(Ä]
|Ì�¯Y�¸«Ã{Z»SnO_x: F (FTO)Ä]d�{Ê»|ËM.

¾ Ã{Z» É�´Ë{ Ä¯ Ä] ½YÂÀ� Ã{Z» µZ�eY ÊËÂ¸m �{ dyZ� µÂ¸� É|Ì��Ây PÅZ³ {�Â» Ã{Z¨f�Y �Y�«  

Ê»,{�Ì³|Ì�¯YÉÁ�)ZnO(Ê»|�Z].Ã�Á�»YµÂ¸�É|Ì��ÂyCIGS�YIn2 SnO3 (ITO)Á
ZËP]ÁZÀf»�YZnO_Á{Ã|���ÂeAlÄ¯Z]²ÀË�eZb�YRFÄËÓÊ¿Z�¿Ê»{Â�Ã�Æ]Ê»{�].

¾�{ µZu ��Zu Ê¸�Y ¾Ë�e Ã{Z» ÉY Ä¯ Ä] ½YÂÀ� {Á�f°·Y ÊËÂ¸m �{ dyZ� µÂ¸� É|Ì��Ây 

CdTe{�Â»Ã{Z¨f�Y�Y�«Ê»,{�Ì³SnOxd�Y.¶°�»¾ËYÃ{Z»ÊËZ¿Z��º¯½MÊ»|�Z].Z]
Ä§Z�Y½{�¯,ºË|ÀËY|Ì�¯Y�¸«ºË|ÀËY)ITO(¶Ì°�eÊ»{{�³ÁZ]Ä§Z�Y½{�¯¾Ë�Â¸§F)(Ä]
|Ì�¯Y�¸«Ã{Z»SnO_x: F (FTO)Ä]d�{Ê»|ËM.

¾ Ã{Z» É�´Ë{ Ä¯ Ä] ½YÂÀ� Ã{Z» µZ�eY ÊËÂ¸m �{ dyZ� µÂ¸� É|Ì��Ây PÅZ³ {�Â» Ã{Z¨f�Y �Y�«  

Ê» ,{�Ì³ |Ì�¯Y ÉÁ� )ZnO(Ê» |�Z]. Ã�Á�»Y µÂ¸� É|Ì��Ây CIGS�Y In2 SnO3 (ITO)Á 
ZË P]ÁZÀf» �Y ZnO_Á{ Ã|� ��Âe AlÄ¯ Z] ²ÀË�eZb�Y RFÄËÓ Ê¿Z�¿ Ê» {Â� Ã�Æ] Ê» {�]. 
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¾cZ^Ì¯�e Ä¼Ì¿ É{ZÅ Z] dËY|Å Ê³|ÀÀ¯ �Â¿ nÁ ¥Z°� |¿Z] ¾Ì] 2 Á 3/6 ½Á�f°·Y d·Á Ä] ½YÂÀ�  
ÄËÓ ÄrË�{ ÉY ÉY�] µÂ¸� ÉZÅ É|Ì��Ây CIGSµZ¼�Y Ê» {Â�. Z] ¾ËY ,µZu CdSÄ] �Â� 

Ã{�f�³ÉYÄ]½YÂÀ�ÄËÓ�§Z]{�Â»Ê���]�Y�«Äf§�³d�Y,

¾ Z] ÄmÂe Ä] ²ÀÌaÁ{ É�Ë~a {Á|v» Á \Ë�� [~m ÉÓZ] CdTe,Ã{Z¨f�Y �Y cYÁ{Y Z] ½Z»|¿Y� ÓZ] 
�Y �Â¿ ¾�°¿ZmÂ¼Å Ä] �Â�À» ÄËÓ ÄrË�{ ,ÉY ½Y|Àq [Y~m d�Ì¿. �ZfyZ� ½Â´¼ÅZ¿ Z] n-CdSÁ 

p-CdTe\¸£Y Ä] �Â�À» ½Z»|¿Y� ÓZ] Ã{Z¨f�Y Ê» {Â� .
¾ÄËÓ ZnO ®Ë Ä¼Ì¿ É{ZÅ Z] ¥Z°� |¿Z] ºÌ¬f�» Ä] Ã�Y|¿Y 3/44eVd�Y Ä¯  Ä] ½YÂÀ� �§Z] 

{�]�Z¯ {�Y{.

¾cZ^Ì¯�e Ä¼Ì¿ É{ZÅ Z] dËY|Å Ê³|ÀÀ¯ �Â¿ nÁ ¥Z°� |¿Z] ¾Ì] 2 Á 3/6 ½Á�f°·Y d·Á Ä] ½YÂÀ�  
ÄËÓ ÄrË�{ ÉY ÉY�] µÂ¸� ÉZÅ É|Ì��Ây CIGSµZ¼�Y Ê» {Â�. Z] ¾ËY ,µZu CdSÄ] �Â� 

Ã{�f�³ ÉY Ä] ½YÂÀ� ÄËÓ �§Z] {�Â» Ê���] �Y�« Äf§�³ d�Y,

¾ Z] ÄmÂe Ä] ²ÀÌaÁ{ É�Ë~a {Á|v» Á \Ë�� [~m ÉÓZ] CdTe,Ã{Z¨f�Y �Y cYÁ{Y Z] ½Z»|¿Y� ÓZ] 
�Y �Â¿ ¾�°¿ZmÂ¼Å Ä] �Â�À» ÄËÓ ÄrË�{ ,ÉY ½Y|Àq [Y~m d�Ì¿. �ZfyZ� ½Â´¼ÅZ¿ Z] n-CdSÁ 

p-CdTe\¸£Y Ä] �Â�À» ½Z»|¿Y� ÓZ] Ã{Z¨f�Y Ê» {Â� .
¾ÄËÓ ZnO ®Ë Ä¼Ì¿ É{ZÅ Z] ¥Z°� |¿Z] ºÌ¬f�» Ä] Ã�Y|¿Y 3/44eVd�Y Ä¯  Ä] ½YÂÀ� �§Z] 

{�]�Z¯{�Y{.
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[}Zm ÄËÓ

¾CIGS\¸£Y Ä] ¶Ì·{ �ZfyZ�Ê·Zf�Ë�¯�Y Ä]Ê³{Z�Ê» |¿YÂe �{ ®Ë ¦Ì� 
Ã{�f�³ �Y cZ^Ì¯�e ÄÌÆe {Â� |¿Z]Á `³CIGSÄf�]Ä] d^�¿ ]Ga] / [In+Ga],

Ê»|¿YÂeÄ]�Â�Äf�ÂÌa¾Ì]1/04Á1/68½Á�f°·Y,d·Á�ÌÌ¤e|À¯.
¾Ã{Z» CdTeZ] ¥Z°� |¿Z]1/44 ½Á�f°·Y ,d·Á dÌ¸]Z« [~m ½ÂeÂ§ ÉZÅ É�Â¿ Z] µÂ� 

kÂ» �f¼¯ �Y 810 Â¿Z¿ �f» Y� Y�Y{ d�Y.  

¾CIGS\¸£Y Ä] ¶Ì·{ �ZfyZ� Ê·Zf�Ë�¯ �Y Ä] Ê³{Z� Ê» |¿YÂe �{ ®Ë ¦Ì� 
Ã{�f�³ �Y cZ^Ì¯�e ÄÌÆe {Â� |¿Z]Á `³ CIGSÄf�] Ä] d^�¿ ]Ga] / [In+Ga],

Ê» |¿YÂe Ä] �Â� Äf�ÂÌa ¾Ì]  1/04 Á 1/68½Á�f°·Y ,d·Á �ÌÌ¤e |À¯ .
¾Ã{Z» CdTeZ] ¥Z°� |¿Z]1/44 ½Á�f°·Y ,d·Á dÌ¸]Z« [~m ½ÂeÂ§ ÉZÅ É�Â¿ Z] µÂ� 

kÂ» �f¼¯ �Y 810 Â¿Z¿ �f» Y� Y�Y{ d�Y.  

22

¾ÄËÓ�§Z] ¾Ì]Z» TCOÁ CdSh�Z] {Â^Æ] {�°¸¼� µÂ¸�É|Ì��Ây {{�³
¾ÄËÓ�§Z]µZ¼fuY¶Ì°�e|¿ÂÌaÊ¸v»¾Ì]Z»TCO/CdTeY��ÅZ¯Ê»|Å{
¾�ZfyZ� {�Â» ��¿ �f¼¯ | f�» �ÁZne �ËY{� |ÅYÂy {Â]
¾Ä] �Â� Ê Ì�Á cÔ°�» d»ÁZ¬» É�YÂ» Y� �ÅZ¯ |ÅYÂy {Y{
¾ÄËÓ �§Z] Ä] �Y ¾Ì] ½{�] �Z�§ ¾Ì] ÄËÓ ÉY ®¼¯  Ê» |À¯
¾h�Z] {Â^Æ] Ê³|À^�q �{ µÂ¸� Ê» {Â�.  

¾ÄËÓ �§Z] ¾Ì]Z» TCOÁ CdSh�Z] {Â^Æ] {�°¸¼� µÂ¸� É|Ì��Ây {{�³
¾ÄËÓ�§Z]µZ¼fuY¶Ì°�e|¿ÂÌaÊ¸v»¾Ì]Z»TCO/CdTeY��ÅZ¯Ê»|Å{
¾�ZfyZ� {�Â» ��¿ �f¼¯ | f�» �ÁZne �ËY{� |ÅYÂy {Â]
¾Ä] �Â� Ê Ì�Á cÔ°�» d»ÁZ¬» É�YÂ» Y� �ÅZ¯ |ÅYÂy {Y{
¾ÄËÓ �§Z] Ä] �Y ¾Ì] ½{�] �Z�§ ¾Ì] ÄËÓ ÉY ®¼¯  Ê» |À¯
¾h�Z] {Â^Æ] Ê³|À^�q �{ µÂ¸� Ê» {Â�.  

�§Z] ÄËÓ
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µZ�eYÊf�a

¾É�e�]|¿ÂÌa Ê¼ÅY �{ |¿ÂÌa CIGS / Mo�ËY�M MoSe2Y� Ä] ½YÂÀ� ®Ë ¥|Å ºÆ» 
Ê§� »Ê»|À¯.

¾ÏÂ¼ » ÊeZ^Ì¯�e |À¿Z» Cu/Au,Cu/graphiteZË \�q dÌ§Y�³ _Á{ Ã|� Z] ÃÂÌm 
Á ,�» ZnTe_Á{ Ã|� Z] �» Á �¸§ É�Z¯ Ô� ZË ,¶°Ì¿ Cu/MoÉY�] µZ�eY 

Êf�a/�¸§ É�Z¯ �Z°] Ã{�] Ê» |¿Â�. Z]ÁZÀf», µZ�eY Êf�a ½Á|] �» |À¿Z» Ni:P,
ZnTe,AuZËSb2Te3/Ni�Ì¿ {�Â» Ê���] �Y�« Äf§�³ d�Y.

¾,½|^Ì·Â» Ä] ¾ËY ¶Ì·{ Ä¯ \Ë�� �Z�^¿Y ®Ë{�¿ Ä] ºÌ»{Z¯ |ËY�Â¸e ,{�Y{ Ê» |¿YÂe �Ë� 
ÄËÓ Ê^�ZÀ» |�Z] Á cÔ°�» É�f¼¯ ÉY�] |ÀËY�§ ÉZÅ Z] ÉZ»{ ÓZ] {ZnËY |À¯.
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¾ÄÌ¸¯ É�Á�ÉZÅ {ÂmÂ» ÉY�] ÄËÓ Ê¿Z�¿ ÄËÓ ÉZÅ ­�Z¿ Ä] Á{ c�Â� ÊËZÌ¼Ì� 
ÁÊ°Ë�Ì§ºÌ�¬eÊ»{Â�.
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Fundamentals of Solar Cell
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{{�³ Ê»É�ÁM{ZË �Ë�c�Â�] ZÆÀe ¶Ì¸ve dÆm �ZÌ¿ {�Â»É�Á�»�]YÁ�

Intrinsic Semiconductor
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Extrinsic Semiconductor

Drift Current
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Diffusion Current
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Optical Absorption and Recombination in Semiconductor
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Absorption coefficients are approximately expressed as

for direct gap semiconductor

for indirect gap semiconductor

Generally, the absorption coefficient of an indirect gap semiconductor is
much smaller than that of direct gap semiconductor because the absorption
or the emission of phonon is involved in accompanying a change in
momentum of electrons at the absorption of photons
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Recombination in Semiconductor

Direct recombination
is dominates in direct band gap semiconductors . This process is an inverse of absorption.

Under thermal 
equilibrium 
conditions
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In the case of low-injection level

is called the minority carrier (hole) lifetime

Next trap states near the midgap (Fig. 6(b))

the capture cross section of the hole trap
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In Auger recombination (Fig. 6(c)), one electron gives up its extra energy to another electron 
in the conduction band or the valence band during the recombination, resulting in the 
excitation of an electron to a higher energy level.
The excited electron will give up this excess energy as heat when the excited electron relaxes 

to the band edge

Because the Auger process involves three particles,

A is the Auger constant which strongly depends on temperature

Because a semiconductor is abruptly terminated, the disruption of the periodic potential 
function results in the energy states within the energy band gap at the surface
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When an n-type semiconductor is irradiated uniformly by the light to create excess
carriers, the gradient of hole concentration yields a diffusion current, which is equal
to the surface recombination current as shown in the following equation

Continuity Equation



µZ�93

By: Dr. Jabbari

Solar Cells-©�] Ê�|ÀÆ» �{ Ã�ËÁ huZ^»

35

Photoconductive Effect
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In the steady state the generation rate =the recombination rate
the continuity equations for electrons and holes are expressed as

BASIC PRINCIPLES OF p–n JUNCTION SOLAR CELL
Just for review
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Depletion Region
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Ideal Current–Voltage Characteristics under Dark
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Diffusion current density
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Photovoltaic Properties
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The photovoltaic parameters are evaluated under standard test
conditions: the air mass (AM) 1.5 spectrum with an incident
power density of 1000W/m2 and a temperature of 25C. In order
to improve the efficiency, it is necessary to maximize all the three

photovoltaic parameters, such as Voc, Isc and FF
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Output Parameters of p–n Junction Solar Cell

1-Short-Circuit Current

in the emitter
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Considering the surface recombination velocity Sn of the excess 
electron at the front surface
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Similarly, the continuity equation in the base
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The upper limit of the open-circuit voltage can be approximately expressed as

Fill Factor and Conversion Efficiency

Approximately expressed by
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Energy Losses of Ideal Solar Cell

several reasons 
for the limited 
efficiency of an 
ideal p–n 
junction
solar cell

The photons with the energy less than the band gap energy (hf<Eg) are
not absorbed in the semiconductor even if the thickness is sufficiently thick

Second is the excess energy loss, which occurs because the energy of
the photon above the band gap energy is wasted in the form of heat

third reason for the : a p–n junction is incapable of fully utilizing the 
maximum voltage

fill factor is smaller than unity. When the maximum power is extracted 
from the solar cell with the optimal load, the operation voltage is 
smaller than the open-circuit voltage

Therefore, only the energy shown by 
the shadow in Fig. 21 can be 
converted into electrical energy.
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Energy Losses of Real Solar Cell

is usually lower than that of the ideal solar cell

The three 
major 
factors

1- reflection loss To decrease
the reflectivity

antireflection coating or texturing the surface 

The metal grid on the front surface 

2- The recombination loss

3- The series and 
shunt resistance
losses.

The material parameters are the minority
carrier lifetime and the mobility of carriers.

9some losses occur when the diffusion length 
is not sufficiently long. If deep levels or other 
lattice defects such as dislocations or grain 
boundary are present in the material, the 
diffusion length is reduced.
9 High-impurity doping also reduces the 
diffusion length. 
9The open-circuit voltage is degraded because 
of the increase of the saturation current by the 
lattice defects.
9The large surface recombination at the front 
and back surface degrades the open-circuit 
voltage and the short-circuit current
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The origin of the series resistance is the resistance of semiconductor

bulk, contact, interconnection, etc

The shunt resistance is caused by lattice defects and leakage current through the 

edge of the solar cell

When the thickness of the solar cell is not sufficiently thick, some portions of the photons 
are transmitted through the solar cell material, causing the loss

It is difficult to obtain an ideal material quality under 
limited procedure production costs. 

In order to increase the efficiency toward 
the ideal one, it is necessary to reduce the 
sum to losses.
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BASIC PRINCIPLES OF SOLAR CELL USING NANOCRYSTALLINE MATERIALS

Fundamental Properties of Nanocrystalline Materials

(a) when the number of atoms is around 1e3 –1e5, the bulk lattice
structure exists but the electric properties are modified from the bulk and 
(b) when the number of atoms is 30–1e3, the bulk lattice structure is not 
found and the properties are entirely molecules. 

When the dimension of the semiconductor crystallite is smaller than the
de Broglie wavelength of charge carriers of the semiconductor, the quantum
size effect occurs. Therefore, the quantum size effects are dependent on the
effective mass of the charge carriers.
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An analytical approximation for the lowest excited 1 s state is given by

Finally, with the decrease of crystal size the transition energy approaches the highest 

occupied molecular – lowest unoccupied molecular (HOMO–LUMO) levels 

which are observed in molecule

the surface effects – which are usually neglected in the bulk semiconductor 
become notable with the decrease of crystal size because the number of 
surface atoms becomes comparable to those in the crystallite.
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Energy Band Structure

When the radius of the crystallite is smaller than the thickness of the space charge layer, the
potential drop in the semiconductor becomes limited.
Under these conditions, all the donors are ionized and there are electrons left in the conduction
band of the semiconductor. The potential drop between the center and the surface of the
crystallite is given by

potential drop is very small compared to the 
band gap, and sometimes negligible
when the crystallite size is small. When the 
donor concentration is very high, the potential 
drop cannot be ignored even in the case of 
small crystallite.
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Light-Induced Charge Separation

In the case of small crystallite, the band bending is very small. 
Therefore, the light-induced electrons diffuse toward the surface or 
recombine with holes or are captured by the trap levels. 

The average transit time from the interior of the semiconductor 
particle to the surface is approximately expressed as

Usually when the crystal size is small, the charge carriers can reach the
surface before the recombination because td is shorter than the relaxation time.
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the photo generated electrons recombine
with holes at the valence band. Therefore,
the ability of light induced charge
separation is governed by the band
position of the materials

the light-induced electrons
are transferred from crystallite B to 
crystallite A
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The light-induced charge separation takes place not only at semiconductor/ semiconductor 
interface, but also at semiconductor/adsorbed molecule interface, organic material/organic 
material interface, semiconductor/ quantum dot interface, etc

Ê¼f¿YÂ¯ Ã{�Z]=
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Collection of Light-Induced Charge Carriers

There are several losses during the transport of carriers.
1- When the conductivity of the nanocrystalline material is not high, there is

an energy loss during the transport of electrons in the high-resistive materials to
the electrode.

2- The back reaction of separated charge carriers toward the fundamental
state also reduces the external quantum efficiency.

3- The recombination with the localized energy levels created by defects or
impurities causes current leakage.
Therefore, it is necessary to reduce these losses for high energy conversion
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