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Abstract 

     In this research, we use solution phase method to fabricate PbSe that 

has different first absorption peak. The PbSe thin films are treated 

chemically in a solution of butylamine in acetonitrile to remove the surface 

oleate and the films are annealed in nitrogen. Subsequently, blend 

P3HT:PCBM composite (1: 0.8 wt %) dissolved in chlorobenzene was spin 

-casted at top of the PbSe thin film to fabricate solar cell device. In the 

experiment, we discover that change the solution of butylamine   

concentration, the immersion time and the annealing temperature and time, 

will affect the power conversion efficiency of solar cell. The thermal 

treatments of PbSe NC films were analysis by FTIR, TGA, and XRD; the 

result shows that oleate can be removed at certain annealing temperature, 

causing NCs growth and increasing the crystallinity. FTIR spectrum of 

modified PbSe thin films indicate that the amount of removal oleate 

increase with higher modified solution concentration and the longer 

soaking time. As shown by SEM image, the resulting modified films exist 

cracks. These cracks size become larger with increasing modified solution 

concentration, indicate that removed oleate attribute to decrease the 

distance of particles. Analysis by FTIR spectrum reveal an increasing 

amount of removal oleate at certain annealing temperature. The blend 
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PCBM:P3HT solution was then spin-cast on top of the PbSe thin film. 

Subsequently, by Near IR-UV-Visible spectroscopy, we obtained a broaden 

absorption region from UV-Visible to Near IR of PCBM:P3HT spin-cast on 

top of the PbSe thin film. 

     According to the analysis above, PbSe/PCBM:P3HT devices shows a 

better infrared power conversion efficiency and PCE than the devices 

without PbSe thin films.We attribute this enhancement to increased infrared 

power conversion efficiency and PCE as a result of the deposition of PbSe; 

the increasing absorption from UV-Visible to Near IR region and increasing 

crystallinity result from modification and annealing treatment of removal 

oleate.   
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( nanometer )�� � ÷øùú �� �± � $ m Àû�� � ü $ nm À

û�1 nm = 10-9 m ý � � � þj 10 � ( � � � �� � �@ B �� �

� �� � � � 	 
 �� $ Þ � 
 { � � �� ± � � � j � � � � � � �

" @ �� � � ­ � � � � � � �) � 1-1[2]" � � � � � � � � � �  

! � V � " � � � �� K � øU 

 

� 1- 1bF � 
 � #�[2]U 

1-2 � � � �� � � �� � � �� � � �  

    � � ì í$ � � �ì í % D A� �©12 �ì í & E F ­ ' � �

( Õ � ( � ( � ) * ì í+, - ì í+. ( &ì í+/ 0 ì í+��

�ì í+ 1 ì íþU 2 �ì íD |D � �12 ì í�|� \ �� �
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�*�� � ì í� 3 4 � � |� �ì íU 5 Aì í�� 
 �Ï K 6 ø

���78 � K 6 ø�÷ø�� � � (
 " � 9 j 1-100nm� ~ )�" :

� � � � ì íU ; � � 
 � < = �> �� � ì í�> ? *� �( � �


Ï � Á. � ? î @ ( A À B 6 � � ì í�0D)+C @ ' D @ ( A À� 6

� � ì í�1D)�� E � @ (A À� 6 � � ì í�2D)UF � � V �� A

:�� 6 ª� � ì í© G � H ì í�} ~ �Ï K 6 ø��D � K 6 ø

�÷ø I � � � J< j � � � øU� c � B 6 � � ì í A ÀK Ï 6 \

� < j � � |� U�� 6 � � ì í A Àì í�Ï 6 � ø���D � 6 (


" � L ø)M N O < j � � |� U G B �� � ì í" �78 � K 6 ø�

* j � � |� �ì í�@ � 1-2[1]U 

 

� 1- 2 � � î & P A> ? ( Õ [1]U 

1-3 � � � �� � � �� � � �� � � � � � 	� � 	� � 	� � 	  

    Q ì í� 
 º � W� � 6 øR� S u c T Û� U V $ � W & X # 
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<� � � Y Z � G [ �Ü n *À6 \ � E ]&> ? � ^ _ �� ` +a+ 

]�C E * b ]­ c ì D 5 d �[3,4]�Á<�% G e f D �À6 X #

+surface effect,+W &J< X #+quantum confinement effect,+� 
 X

#+size tunable effect,þU 

1-3-1 ����������������(surface area effect) 

     Q � 
 g h 7 � � 4 øR� i j j À� �% & k � � j î & l  

% & k � � � |� m n � � n j o p % &�À6 �% & q ú k n � � 

� d r * � s $@ t �5�� W n |�
V f � d ! E u |j c @ ì

í(bulk materials)[5]�À 1-1 Àûå æ � 
 g h R�À6 % & k � v å  

�m|� w ÁU x �À6 y z (surface defect)ü � � j {�Rz | z }  

(trapped)�]&' ]~ �K� � a d E F �   �5�^ � À6 � F � 

� D X ^ � ì í� W & X vU 

1-3-2 � � � � ��� � � � ��� � � � ��� � � � ��(quantum confinement effect) 

     Q � 
 � � {& � � � � +exciton Bohr radius,R�]&� � �  

� W � <� � � �]&� � �� � �|� å ì í� 
 �
 � � g  

m� � . � W �- I � 	� �  � ú � (blue shift)� � [6]U � �( & 

� � E � �� � ø�� � c ì o p % & k n " �]& k � � j � �  

|�� � ~ � � �� � � ø(density of states, DOS)|�� � Z � � � E  

� ��Q ì í� 
 
 � 7� � 4 øR�G � % & k h 8 � � � ø � ��
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� � ~ � m n   � � � � . � � @ t [7]�� 1-3 V ³ ì í� W  

­ � � � ø� ~ � ¡ ¢ U 

 

 

� 1-3(a)���� � W ­ � � � ø ¡ ¢ ��(b)� W ­ � � � ø & x �  

         > ? �   � � ��£ k ¡ ¢ [7]U 

1-3-3 				
 ��
 ��
 ��
 ������size tunable effect���� 

     ¤ ¥ � = W &T �Á @ +|� $ > ? �" � �Å Æ � � = � � ¦  

ø+{&� § ¨ � |� E © ª a« ¬ ú � þ � � Uå æ W &T î � m

|�K© ª a« �5 � #�© ª ­ G � ÷ � ÷� - I � 	��   � ¬

ú � (red shift) � � U�� 
 ï |�¬ ú � � � 
]ï ¸ æ �Ó " � W

&T �� 
 X #U 
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1-4 � � � � 
 �� � � � 
 �� � � � 
 �� � � � 
 �  

    � & � � ì í� C E r ® Q ����K¯ d �a] E F �G ° D

� [ ± ² �# $ ��U�B " a³ C ]´(photovoltaic cell)r µ ù 9 ¶ U 

    a³ C ]´% :· ¸ � ]´(solar cell)��Ó ¹ º � » ä � ¼ ½ �

RA � · ¸ � ä � ¾ » �K¯ ��j ¿ À Á Â � � Ã + $ � � ½ U1

2 D Ú · ¸ � ]´(organic solar cell) Ä 2 < Å ���K � » ÆÇX v

(power conversion efficiency)� È [8]�� Ú ì í É ) Kn È � Å F Ê & Ë

� v(intrinsic carrier mobility)̂ � KÌÍa]ÆÇX v[9]U � ü j D Ú

. ( &�ÎÏ � Ú ì í�K > ? @ � 1-45û�# $ � Ú ��� Ð È �

]& Ñ $ Ò (electron affinity)1 g ]&�­ D Ú . ( &��Ó Ô �

(ionization potential)> 0 � É � h 8 ]&]~ Ü > 0 (recombination) 

�Ú v�^ � z 6 �]Õ 1 g X v[10]UAlivisatos, A. P.þÔ j 1996Î

Ö × � Ø (CdSe)W &T ­ Ù Ú. ( &�I 3 � � ÌÍ ; Û �# $ a d E

F Ü | ½ Ý K]Õ ( Ô ­ 1 g Ú = E � � [11]� Þ � æ �× � Ø � � ß

(CdSe nanorod)Â A W &T �� P3HT Â A MEH-PPV ^ .Kà á G &

(fill factor)��( â m n ]&­ ]~ �1 g X v� É B ^ � K � » ÆÇ

X v[10,12]� � ¡ ã ä< å 
æ � �ÀU  
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� 1-4 D Ú . ( &ÎÏ � Ú ���ì í�· ¸ � ]´ÌÍ > ? �[10]U 

1-5 � 
 � � � � �� 
 � � � � �� 
 � � � � �� 
 � � � � �  

    � � �. ( &g » ��çù r � � �> ? � è D " é �]&� �

ê ]Õ 1 g �5� � � *� * j ë ì �U� @ �í î ï (bulk polyethylene)

�� � (band gap�Eg).ð 8.8eV[13]�" * j ë ì ì íU��ñ D ù ò

r ó ô � > � Å F E Ù Ú�]. ( &�Kr > ; � ç-çù r r > > �

õ D p � � ¾ ö �÷-÷*r > Á<� ò r �) j P � � *�]&� �

ø æ . ( &g ù 1 g ' ��. ( & ù ~ ú ï �5�ñ D �] E F U 

   Ù Ú. ( & û µ ù� � &� í î ü Uý ÷ ù � þ ( &� sp2 r ù >              

<(C-C=C-C=C-)U) j sp2 r > ��R�� � K þ % &]ò D � K �

q � �]&� Á � � � j sp2 6 Á<� q � r �� � � % &�� q �

r �]& � ] � � � � � V f � q � ]&{ � Æ ø æ ÷ ù r � 	�5

� Ù Ú. ( &��]ø]� W 	 � � +( & W +
 � � � þ G [ � � U  

   ° D C � > ? � Ù Ú. ( &] �  a]���E F �]~ � Ù Ú.

( &�� � 	 
 ø(hole mobility) ( � 10-1 W 10-7 cm2/(V s)[14-17]�]&
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� 	 
 v(electron mobility)( � 10-4W 10-9 cm2/(V s)[18]UThiophene�

É í 0 b� OP � � n � � Á ]~ 1 � X v � û � � Ù Ú. ( &[19]�

ñ D n È � · ¸ a© ª � � � Á �a � � � � � 
 aW¬> a � � U

K ( & ù t ® Q � � � c ��� � � � ö < � � �> x � � � V B Õ

ì íñ � Ð È ��] C E U G B K�D Ú � � ]x �+�a � Ð �$

D Ú · ¸ � ]´*\ D ± ² �# $ [20,21]U 

1-6 � � � � �� � � � �� � � � �� � � � �  

    OP ) j �  ! " # § � E Î $ % º % Ì & � ' � � Á % º ý G

( Ã �� � L �� » \ ) I � * + � Á � Ü  V $ U · ¸ � � � � D

 b�P " � � , ��� » ��� K Â � � Ã �$ � � ½ % � * + �

� » � G B - Î \ Ð � �� · ¸ � » �# $  ! �� . É ) m n · ¸

� » �# $ �� h �� ¹ º � » � & / U 0 1 ú j 2 � � � � � · ¸

3 4 5 ø � Q 6 � � Á Î o � � � K � � » �5�ß � · ¸ � � � Q

¾ » U · ¸ � ]´| 7 � ( � :1.8 � ì · ¸ � ]´ 2. � 0 b · ¸ � ]

´ 3. D Ú · ¸ � ]´[22-26]U 

    1. 
 � � � � � � �
 � � � � � � �
 � � � � � � �
 � � � � � � �  

     8 � ì · ¸ � ]´ ( <ù x 8 · ¸ � ]´+" x 8 · ¸ � ]´E

� x 8 · ¸ � ]´þÏ � U�ù x 8 · ¸ � ]´�a]Æ � X vû

.� V $ m < n ÷��K 3 Ù < Å � ( .U " x � · ¸ � ]´ 3 4 n
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µ ù Á < Å � 9 ��G D x Ì y z �] : � ]& � 	� � a]Æ � X

vn ; U � x � · ¸ � ]´ > ? � P < ���$ N < ���� ~ = æ

� � ( 0.5µm � x �8� � �) � x �8� � © a�  ]&-]~ �

��Ü # $ P$ N < ���5 > 
 � o > ] s � ( Ô ]&]~ �  ]

?� G K % Ì û @ A Á  � 
 ø
û � � � � � ã g Ò ��� � � .

· ¸ � ]´U 

     2. � � � � � � � �� � � � � � � �� � � � � � � �� � � � � � � �  

      � 0 b · ¸ � ]´ � | 7 ( � III-VB � 0 b@ C � D �$ II-VI

B � 0 b� E � Ø + F � Ø + G H D ×+ µ : CIGS,� E IV-VI � 0

b�× � I + E � I þU C � D � 0 b · ¸ � ]´�Kñ D n .�a

]ÆÇX v�� 3 Ù < Å n E � Ø + F � Ø � 0 b · ¸ � ]´.U×

� I + E � I � 0 b · ¸ � ]´� n j K � � 0 b · ¸ � ]´�Kñ

D � 
 a7¬> a � � � © ª � � � # $ m n ¬> a � � � © ª �^

� J � · ¸ � a]ÆÇX v�OP K· ¸ � a]Æ � X v � ð W 3.3%U 

     3. � � � � � � �� � � � � � �� � � � � � �� � � � � � �  

      D Ú . ( & · ¸ � ]´� ã ä K � L è � M � Ä 2 a]ÆÇX

v� n j 12 � Ú 8� · ¸ ]´�� K 2 N �+ 6 � E � n ; � X v

� Æ O P U�ý ñ D � Q E + F W Å +� R 3 4 +< Å � 9 +µ Æ |

6 \ 3 Ù þ ¯ T U G B � � m � B S � �Î $ ~ Û<� � ¾ » � ã �
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- I U T � K D Ú · ¸ � ]´�� 1986 m " ��� � � Ka]ÆÇ

X v � 1%�� Á 6 & � 15 m � ô U � m � - . �3 4 ! â $ D Ú (

&> ? _ � U ã ä�� 2005 m X vm n W � 5%V W U 

1-7 � � � � � � � �� � � � � � � �� � � � � � � �� � � � � � � �  

    � X Y ¥ 4 3 Ù � · ¸ � ]´ÌÍ�Kñ � �< Å + 3 Ù ¥ 4 µ

ù+Á � |6 \ 3 � � ¯ T UX Y ¥ 4 3 � � û � � Z t · ¸ � ]´�

K � W ÆÇX v � 1-5%[27,28]� < = K � � X v�m [ � G � y \ © ª

¬> a�� Ò UÓ �) j W ð � � *� · ¸ � W �K� ÷� ��ú �

700nm ��Ï ( � � �ú � 1000nm ��� � · ¸ � ]´û È � � �

(band gap)# ú j 750nm�[29]U 

    � ã { " ì í� 2 � © ª � � Û� ð W�¬> a � � Á �R
�

� � 
 a � � � e ] © ª ^ z � 700nm�.X � � Ú � � > x � � Ì

Í$© ª ­ 800nm� D Ú . ( & fullerene _  bÌÍ[27�30]U) j I `

W &T � É ) ^ _ � 
 |� � a � Ka d E F � Á © ª ú Û � ð W�


 a � � $¬> a � � (400-2400nm)�� I ` W &T � U $ � 3 � ¬>

a· ¸ � ]´U 
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������������ � � � � � 	 
� � � � � 	 
� � � � � 	 
� � � � � 	 
  

2-1 ��������	
��
��������	
��
��������	
��
��������	
��
 

2-1-1 �������� 

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

��� � � ��  !� �" � � #$ % & ' ( )*�+, - . / �

0 1 2 3 #� � �4 5 �67 8 � 9 �� : � � �; � < = ( �> ?

2 3 " @ A 5 B �CD E F@ B ( G H I �J KL M N #O P Q$ %

& ' ( )*#67 R S ��T ���U V �; W �$ % )*#)X

, Y Z [ \ ] ^ _ Y ` a _ Y T [ #�I �b 67 R S c d e fg�

CN � h i�j h 67 )*QCk lm n O o p q #67 R S r 

     (1)s t h (vapor deposition) 

       s t h u v 4 w x yz{ ; | N � v 4 }~ � �N � s t �

G h (Chemical Vapor Deposition�CVD)��j s t � G h (Physical 

Vapor Deposition�PVD)< � �b yN � s t � G h z+, v 4 �(io

� ��precursor) � � �#s ( ; | N � v 4 �� ' ( $ % )*Q�

j s t � G h � z+, ' ( 0 1 2 3 #� � � � �� � � ( Q+,

s ( �� �N � v 4 iz�� � � �� � �� � }� F' ( $ % )

*�� }u � � �� F' ( � � �� � � 0 1 � � " � � ' ( [31]Q 
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     (2)N � �� h (chemical colloid method) 

       CN � �� h 67 �� #' ( )*L � N   �' ( )

*�� ( �¡ y� v 4 �¢�p � � £ � ¤¥ ¦ § (stabilizing agent)C

¨ © $ % )*ª « �E F¬ ­)X �O �Q� � C¥ ¦ § ¬ ­)X

¢�® ¯� ( �¡ #° ± ² �³ ´ v 4 �yµ *#�¶ iz® ¯v 4

·¸ 
¹ º» }E ¬ ­)X #O �QRogach et al.[32]�¼ ½¾ � �C¿

À ° (thioacid) Á �¥ ¦ § �� ( �¡ y67 CdSe $ % )*·�b )X

� 2.1-3.2nm�Â �C¿ À (thioalcohol)Á �¥ ¦ § 67 CdSe $ % )*

·� )X }^ _ 1.4-2.2nmQ� Ã #¢�N � �� h c }5 �67 Ä Å

� )*(core-shell particle)�Æ CÃ h 67 $ % )*·�d Ç l$ % )*

¢È É Ê �¥ ¦ § Ë � �Ì Í l$ % )*� µ �Î �Ï Ð ¤b Ñ Ò �

yÓ �Ô   2 3 Q 

     (3)ÕÖ × h (reverse micellar method) 

       Ø Ù Ú Û Ü Ý Þ � § (surfactant)�lß � ¦ µ *#à �¡ u Ú

Û á â � ¤ß �Ü Ý Þ � § #ã t ä �å Ó �ã É à (water-in-oil)#Õ 

Ö × æ ç �èÕÖ × é µ *Î ê N � v 4 �| �$ % )*ë�à �¡

èì í ÕÖ × æ ç �á â CWo(Woî[water]/[surfactant])�� ï �� ð

| �#)*)X }, Wo �¬ ­b �I QÆ CÃ h | �$ % )*·�

ñM òÝ ó d Ç lÜ Ý Þ � § Ë � #ô õ Q 
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     (4)!N � h (electrochemical deposition) 

       C!N � R S | �$ % & ' ( )*·�}+, ¬ ­!ö ÷

º�v 4 ·¸ �v 4 �ø ù [33]�¬ ­)X ë�t ñú Á û ük �!ö

÷ ºý �� }� ý I #)X �þ �z!ö ÷ ºý �·�Ì � ·¸ é �

!= � | �#� Ä Y ý L ð � ë�)*#)X � � v 4 ·¸ � � �¯

�ëè® ¯v 4 �ø ù R Ý �Hodes et al.[33]�67 CdSe $ % )*#¼

½y¾ � �C CdCl2 Á � Cd+2 #�¶ ·��t ñ � 	 
 Y k �b )X

ý C Cd(ClO4)2·6H2O � Cd+2 #�¶ ð � �I �b þ �è� � µ * �


 )*#� � ���}� ý I �)X QÃ ¢67 w x y�� }+ � �

� � � R S � C!N � v 4 �| �$ % )*[34]�i+, Ò �® ��|

�' ( )*[35]Q 

2-1-2 � � � � �� � � � �� � � � �� � � � � (PbSe����PbS)				
 � � 

 � � 

 � � 

 � � 
  

     � � N   ��67 R h þ £ }� � : � � þ ( 6 � (glass host 

fabrication)[36-38]��¡ t (solution phase)[39-41]�s t (gas phase)[42]�� �

  �h (solid-state syntheses)[43]Q � � þ ( 6 � h � � � � | � � N  

��R h #��b d � }C�J � � | PbSe� PbS� � }  ¬ b )*

)X �I �� ! )*�I � " # $ Qb ö x � % l � � � � & N ' �

¤ PbSe�e l � � ( ) �Ã · � � * + , ¯� - + � � �e l � � .

/�0 1 * + 2 - + ¯� 3 + �45 PbSe 6 7 8 G � �[37]Q9� � þ
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( 6 � h � : í # � ; � < = �>z ? h @ � �Í A � µ � �� �

? h l � � N   �
b Ñ 2 3 �   Î ê d ñ�4 5 Q�¡ t 6 � h �

: B zè�¡ C D y E 5 8 F G H � | � � N   ��i� z E 5 Ì :

� *o � � Pb(S2CNEtPri)2è tri-n-octylphosphine(TOPO)y� I J � |

PbS[39]Q��¡ t �s t   �h � : í # � < = �>z ? h �J �  ¬

)*�I �9K L 6 M }C+, è�¡ t   �h y N 5 �� O � Û o

� �� P Q - í R S [44]Q 

2-2 � � � � �� � � � �� � � � �� � � � � (PbSe����PbS)	� �	� �	� �	� �  

    � T : U ð V � �$ % )* W p � � : . � X �� �� Y z4 Ý

Z 4 �� *fg Z 4 � [ \ Z 4 �� IV-VI]' ( � * = PbSe� PbS

ñM c � �- . �� �QPbSe� PbS � � � : . á ý Í � �� ���

� ^ _ ; 'X # ��L ` a * Z 4 QCk > 1. [ \ Z 4 2. _ * � ^

'X C� 3. L ` a * Z 4 b c d Q 

   1. � � � �� � � �� � � �� � � �  

      : B � * = �¿ N e � f N e �b gh� � �}q � i j��

PbSe � PbS á ý Í � � � R è�Ñ k gh� � �}q � _ l¢� i

j�'}+, ¬ ­)*�I �lb T : _ ; ghm  ¬ _ �l¢� _

yl¢� i j��n 2-1[40]� 2-2[41]Q, �FE � o �� p q K� � :

'C�z � èl¢� i j�ð C� �l¢� gh� PbSe� PbS $ % )
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*�}4 5 � p q K!r� � l¢� gh�C V s � ! , ´ Z tQè

| u R Ý � ��| � v w è�l¢� 700nm-1150nm � �gh� x �

l � y z { �| � | Y �P 5 zd }i < �� ��� Ã � ��l¢�

y z �$ % )*}C4 5 �| � | Y �| �P 5 " R Ý [41]Q 

   2. � �� �� �� � � � � �� � � �� � � �� � � �  

     Û $ % )*�'X I � _ * � ^ 'X ·�Ã ·$ % 2 3 é } ò �

| # ~ �� *fg Z 4 Q E 5 K L �  �h � � Â }C67 � )*'

X I � _ * � ^ 'X � II–VI ] � III–V ]' ( � * = �9��-

. � * = �Í A ! � a *#� Z �� � / # �� � Í A ! � a * �

p d { � �â �è� } � II–VI ] � III–V ]' ( � * = 2 3 y�

! � � ^ 'X � 1nm�ð C! � # � E F # ~ �� *fg Z 4 QIV–VI

]' ( � * = 2 3 PbSe� PbS t ý � : B ' ( 2 3 �b _ * � ^

'X # �� � � 46nm��4 2-1[45]��b !*�! � � � ^ 'X �

23nmQ, �- . # �� � ^ 'X � � á ý ��)*yc K � � # ~

�� *fg Z 4 Qñ·è PbSe� PbS 0 2 y�!*�! � ��� � �

z : M �ð C!*�! � � R x S # t � �� Ã è # ~ �fgyÓ �

: í # j � �� * = [37]Q 

   3. � � � � � �� � � � � �� � � � � �� � � � � � [46-48] 

      � � p q K!r, ´ Z t�R h � # L ø �� � É ß E 5 � �
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!r � � � � �K � (impurity band)� y¸ �K � (intermediateBand )�

ü� � !* � Ù (hot electron extraction)� L ` a * Z 4 (carrier 

Multiplication)[49-53]QL ` a * Z 4 � � � � � 1950��è' ( 0 2

y 7 � � F�b }+, � � p q !r�� !ö �C V s � ! , ´ Z tQ

A.J. Nozik � % V � $ % [ \ �' ( 2 3 �c � }+, � � � µ

(impact ionization II)� ~ L ` a * Z 4 Q� � � µ ; | èÛ ' ( 2 3

gh: í � *K� �2Eg ·�!* 7 _ ; �#�Ã !*+, , � _ �

1Eg�K� F � � �!*C   ¡ ¢ F � ��n 2-3(a)�Ã w x å � �

� � µ [47]Q £ ¤ e �   (Auger recombination)� � � � µ �t v w x �

b w x � _ *+, lK� ¥ ¦ _ � : í !*i! � �C   ¡ ¢ F � �

� | !*! � e �   �Ã · § � K� �!*i! � ò 7 _ ; F³ ¨ K

©��n 2-3(b)[47]Q, � £ ¤ e �   � ª ºá _ *! � � µ � « �ð C

L ` _ *K � � Z � Î ê ! � � µ �C � � p q K!r, ´ Z tQ 

 

n 2-1 d ñ � � � PbS�l¢gh� y z � ¬ [40]Q 
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n 2-2 d ñ � � � PbSe�l¢� gh� y z � ¬ [41]Q 

4 2-1 p q ' ( � � ^ 'X Q 

 

 

 

n 2-3(a) � � � µ w x � 5 ­ n(b)£ ¤ è�   w x � 5 ­ n[47]Q 
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2-3 PbSe����PbS � � � � � 	�
� � � � � 	�
� � � � � 	�
� � � � � 	�
(ligand exchange) 

   N 5 2003� V. L. Colvin®¯ [40]C� 2004� G. D. Scholes [41]ð ;

4��¡ t   �h �67 � �� PbSe� PbS�b 4 Ý z ° ã ° ± KÒ Q

ã ° z, T ² í ³ ð v �� � ³ ´ ± KÒ ��� � ³ ´ ò � 
 !*�

¥ µ �Ó � ¶ · È �ð C ¸ ¹ +, ± KÒ º ´ h (ligand-exchange)lã

° ± KÒ » ´ � ¼ ³ ´ ± KÒ �C ½ Î !*� ¥ ¦ Q : B p 5 � ± K

Ò º ´ h }� �Ck � ø : 

    1. � � � � � � 
� � � � � � 
� � � � � � 
� � � � � � 
 (Chemical treatments method)  

      2005 � D. V. Talapin[49]è ¾ s ¿ õ k l PbSe � � À Á è � Â

(hydrazine)�¡ yÎ ê N � Ã j �; K N � Ã j ��� �  !� � � �

9ò� K : . I Ä Q� Ã D. V. Talapin E 5 Å , Æ " T < È a _ T Ç È

ý � � PbSe � � �Ë È É - . I Ä Q I Ä z�� � ³ ´ ã ° 7 Ë � �

� �)*#¸ � Ê µ Ë Â ¯ ¼ � � � � ( G � Ì Í ® ¯ð Î ; �Q

2008� A. J. Nozik®¯ � Ï c N 5 d ñ Â ù ± KÒ Î ê N � Ã j { �

PbSe � � � | Ð �; K d ñ� Â ù Ë � ã ° �� zd ñ��� ! N �

Ã j Ñ �� � ñM Ò ò� K I Ä �9 d ñ� Â ù ð � �� I Ä �I d

: M ��n 2-4[50]Q 

     2.  !  ! " # $ % 
 !  ! " # $ % 
 !  ! " # $ % 
 !  ! " # $ % 
 (layer-by-layer dip-coating method) 

       A. J. Nozik[51]®¯ � 2008 � V � E 5 : È : È À Á Æ " h 6
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7 Ó ÷ � PbSe � � �Ã h m � LbLQLbL w x zè Ô Õ Ö y5 Ô × Ø

Ò Ù �« « � lÒ Ù À Á ¤ Ú � � PbSe�¡ �Â � « « � µ Û �Ü Ý

�e lÃ Ò Ù À Á F® �¡ yY Þ �#� ß ª � lÒ Ù � à � Ü Ý �

` Ô Î ê À Á F PbSe�¡ �® �¡ � á Á Y â Qñ·Ñ k c á ý Å ,

Æ " � LbL67 � ��� � � / � �; K � Â LbL� ã ä # å � �9

b 67 � �� PbSe � � á ý æ � I Ä � < ç Qñ� A. J. Nozik®¯ V

� 5 � � À Á Æ " � Ù è � Ô �è Ô Õ Ö yÎ ê LbL�w x [54]Q 

      3. & ' ( ) * + , - 
& ' ( ) * + , - 
& ' ( ) * + , - 
& ' ( ) * + , - 
 (solution-phase ligand exchange) 

       N 5 � � N � Ã j h � : È : È À Á Æ " h ® � PbSe i

PbS�� : í # � ; � < = �>z® ��J � PbSei PbS Ò z� � �

� � ��Ã : �- . � * = >? h 
b Ñ 2 3 Ï � Ð   �� Ã fg�

PbSei PbS�4 5 Q�¡ t ± KÒ º ´ h >? Ã < = ����¡ t ±

KÒ º ´ h é ê ë ì >zè�¡ �1 � k Î ê ± KÒ º ´ �b ã ä �

% l PbSei PbS � í è�� �§ y�Â �è î s k � ¤® �¡ ï ð :

ñ ·¸ � � �� ¤/ ò À 8 F � * = [55]QE. H. Sargent� 2005� E 5

�¡ t ± KÒ º ´ h l PbS�ã ° ± KÒ » ´ � octylamine�e l® �

�J �PbS-octylamine
MEH-PPV Ð   �67 �l¢� p q K!r[56]Q 

      }+, l PbSe� PbS4 Ý � � ³ ´ ã ° ± KÒ » ´ � ¼ ³ ´ �

± KÒ �^ � )*¸ � Ê µ � � � !*! � � ¥ µ �C V ¨ p q !r



 

 20 

, ´ Z tQ9ó : Û ô >lã ° ± KÒ » ´ � � p ¼ � ± KÒ ��}

Kò � �)* õ ` �ª « � � � �Ó ��� � � p d ö ì �ð C E. H. 

Sargent ®¯ � 2008 ��   �¡ t ± KÒ º ´ h �� � N � Ã j h �

J ÷ - í R S Q� % E 5 �¡ t ± KÒ º ´ h % l PbSe4 Ý �ã ° ±

KÒ » ´ � ² í ³ � octylamine�Â �+, Å , Æ " Ó �� � �e lÃ

� � À Á F benzenedithiol�¡ yÎ ê N � Ã j ��Ã : �d 9} @ ã

° ± KÒ » ´ � � p ¼ � ± KÒ � � � !* � á t� � }^ � � � N

� Ã j h ð � | � I Ä �Ó �á ý Ó ÷ �� � [57]Q 

 

n 2-4 PbSe � � M , d ñ Â ù N � Ã j �� SEMn[50]Q 
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2-4 PbSe����PbS	� � � � �  	� � � � �  	� � � � �  	� � � � �   

   , � p q � ¬ � : 'C��ghzèl¢� i j�� Ã �� K � �

Z � E 5 p q K�} N 5 � �l¢� i jgh�� * = 2 3 PbSe i

PbS� � � �üèl¢� i j�gh� V s p q K!r�� ! , ´ Z

tQPbSe� PbSñ· ø � �L ` a *� Z 4 � ! � }5 �¡ �w x  

��ð C PbSe�PbS è� !�ü��4 5 # ù ú � : B p q �� !�

ü� � � û ? � p q K!r(all-inorganic bulk solar cell)� ? � ¨ � *

Ð ü p q K!r(nanocrystal-polymer hybridphotovoltaic cells)�� ? �

¨ � *Ð ü p q K!r}� � ý ( Ð Ï / �� � p q K!r(hybrid 

bulk heterojunctions solar cells)� þ È / � � � p q K!r (bilayer 

hybrid solar cell)�Ck � k > d ñ� � � PbSei PbS � !�üÁ m Ì

D � Q 

2-4-1 . / 0. / 0. / 0. / 0 1 2 * 3 41 2 * 3 41 2 * 3 41 2 * 3 4 (all-inorganic bulk solar cell) 

     �� 2 3 W p � �g � i j I � a * ¥ ¦ ª t � � < = �� Ã g

­� �� ¨ � * p q K!r�� ! , ´ Z t�9? � 2 3 d � }+,

�¡ w x   �d ñ� [ \ �  ¬ b g � i j�ñ·è ? � 2 3 y a *

¥ µ ª t# ß Q� Ã 2005� A. P. Alivisatos ; W � �¡ w x 67 � û

? � p q !r� N 5 � ? � 2 3 � CdSe � CdTe�b K©}Ó � � �

II (type II)� p q K!r��n 2-5(a)�' á ý þ È � � �Ð Ï � � {
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Z t� | Ð �; K þ È � � �ü�� ! , ´ Z t ý � �� ! Û Ã �ü

M � � � p q K� ! Z t� ¨ }CE F 2.9%��n 2-5(b)ð 5 [27]Q 

     2008� E. H. Sargent®¯ E 5 PbSei PbS67 û ? � p q K!

r[58�59]�b y PbSe p q K!r� ¨ , ´ Z t}CE F 1.1%�Û ¤ z

� �l¢� 750nm·� , ´ Z t}CE F 3.6%�� T : í PbSe � *

= � : � � l¢� Z t� w 1%[57]Qñ� A. J. Nozik[54]®¯ +, LbL�

R h l PbSe67 � û ? � p q !r�b � � �n 2-6(a)ð 5 �b p q

K� ! , , ´ Z t}CE F 2.1%��n 2-6(b)Q 

 

n 2-5(a)CdSe � CdTe $ % � �K©n�(b)�ü I-Vn[27]Q 

 

n 2-6(a)�ü� � n�(b)�ü I-Vn[54]Q 
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2-4-2 / 0/ 0/ 0/ 0 - 5 6 � 7 8 9 :5 6 � 7 8 9 :5 6 � 7 8 9 :5 6 � 7 8 9 :  

     , �o Ý ð V F���� 2 3 � < = �g � i j I �!* ¥ ¦ ª

t � �� : B � 	 ¨ � *�!* ¥ ¦ ª tÒ z � � 10-4cm2V-1s-1�ð C

�� V ¨ �� ¨ � * p q K!r�� ! , ´ Z t� K L W p @ ? � 2

3 
 � 	 ¨ � *�   �67 �Ï � � � i þ È � � ��� p q K!rQ 

    1. ; < 7 = > ? @ A 1 2 * 3 4; < 7 = > ? @ A 1 2 * 3 4; < 7 = > ? @ A 1 2 * 3 4; < 7 = > ? @ A 1 2 * 3 4  

      2005 � E. H. Sargent ®¯ l® ��J � PbS-octylamine 


MEH-PPV Ð   �67 � ý ( Ð Ï / �� � �l¢� � : � � �Û ¤ z

� � � � 975nm·�� ! , ´ Z t� 0.006%[56]Qñ� E. H. Sargent®

¯ E 5 � � C � ® ¯�ü� � �}l�ül¢� , ´ Z t V s F

0.15%[60]�#� � �b Ñ ¼ ½®¯ c 
 � l PbSei PbS
�� ¨ � *

Ð   �67 � ý ( Ð Ï / �� � p q K!r[61-67]��ü� � � � �n

2-7 ð 5 [61]Q 

    2. B ! > ? @ A 1 2 * 3 4B ! > ? @ A 1 2 * 3 4B ! > ? @ A 1 2 * 3 4B ! > ? @ A 1 2 * 3 4  

       E. H. Sargent®¯ � 2005��l�� ¨ � * P3OT Å , Æ " è

� PEDOT:PSS� ITO��#� Å , Æ " � ® ��J � PbS-butylamine�

� �� � � 
 != �67 � þ È / �� � p q K!r��n 2-8[68]Q#

� G. D. Scholes®¯ N 5 PbSei PbS
 P3HT b �   �67 � þ È /

�� � p q K!r[69,70]Qb �ü� � z % l PbSei PbS�è � ° � �
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Ë � ã ° �#� Å , Æ " è ITO�' � � 200~260� : I ·�Â � Å ,

Æ " � P3HT' � � 100� : I ·�� �� � �O != �Ó �Õ� � �

p q K!r��n 2-9�� ! , ´ Z t� ¨ }E F 0.0198%[70]Q 

 

 

n 2-7�� ¨ � * P3HT Ï � ? � 2 3 PbSe� ý ( Ð Ï / �� � p q  

      K!r�ü� � n[61]Q 

 

 

n 2-8�� ¨ � * P3OT
 ? � � * = PbS� þ È / �� � p q K! 

       r�ün[69]Q 
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n 2-9�� ¨ � * P3HT
 ? � � * = PbS�Õ� � p q K!r�ü 

       n[70]Q 

2-5 ! " # $ % & '! " # $ % & '! " # $ % & '! " # $ % & '  

    K L � } � N 5 � ¨ � * p q K!r�2 3 �b gh � i j� Ò

� �}q � �9z � w : '� p q � ¬ � èl¢� i j�ð CÃ � ¼

½ � � 67 : í } � � E 5 p q � ¬ y}q � Fl¢� i j� ¨ � *

p q K!r Q 

      , � PbSe � * = � � � �}q � Fl¢� i j�gh�� }+

, ® ¯)* [ \ �I �  ¬ b g � i j�� � � �L ` a * Z 4 ��

Ã Ø b Ã � 	 �þ £ 2 3 �e � � P3HT/PCBM Þ N È �67 � Ð ü

� p q K!r�' � � +, l PbSe � * = ® �' � � �C V ¨ �ü�

! , ´ Z tQ 
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������������ � � � � �� � � � �� � � � �� � � � �  

3-1 ���������������� 

   1. Lead oxide 

     ���: PbO                � � : 1477� 

     ���: 223.20              � 	: 99.99%                      

     
 � � : Aldrich               

     
 � �� �� � � �  

   2. Oleic acid 

     ���: CH3(CH2)7CH=CH(CH2)7COOH      

     ���: 282.46              � � : 195� 

     
 � � : Aldrich              � 	: 90 % 

   3. 1-octadecene 

     ���: CH3(CH2)15CH=CH2       

     ���: 252.48              � � : 179 °C 

     
 � � : Lancaster            � 	: 90%                       

   4. Selenium 

     ���: Se                 � � : 684.9� 

     ���: 78.96               � 	: 99.999%                      

     
 � � : Aldrich              

     
 � �� �� � � �  
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   5. Trioctylphosphine 

     ���: [CH3(CH2)7]3P        � � : 287� 

     ���:  370.64             � 	: 90%                       

     
 � � : Aldrich 

   6. Toluene 

     ���: C6H5CH3            � � : 110-111 °C 

     ���: 92.14               � 	: 99.99%                      

     
 � � :TEDIA 

   7. Acetone 

     ���: CH3COCH3          � � : 56 °C 

     ���: 58.08               � 	: 99.99%                       

     
 � � : TEDIA 

   8. Methanol 

     ���: CH3OH             � � : 64.7 °C  

     ���: 32.04               � 	: 99.99%                       

     
 � � : TEDIA 

   9. Acetonitrile 

     ���: CH3CN             � � : 81-82 °C  

     ���: 41.05               � 	: 99.99%                       

     
 � � : Sigma-Aldrich   

     
 � �� �� � � �  
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   10.Butylamine 

     ���: CH3(CH2)3NH2        � � : 78 °C  

     ���: 73.14               � 	: 98.0%                       

     
 � � : Fluka 

    

   11.ITO � � � �  

     � � :10 � �                 
 � � :� � �   

3-2 ��������� �� �� �� �  

   1. ! " �� �#$ %     (Transmission Electron Microscopy�TEM) 

     & ' ( ) :FEI�TECNAI12 

     * + , - :! " �� �#$ % ./ � 0 1 2 � 3 4 5 6 78 9 :  

     ; 	<�� �= > ? @ �6 A� B <�� �C D E F G H �I J  

     K L M � N O �� � �P Q R S T �U <V W X Y Z A[\ �   

     ]^ _ ` a bc 5 �U d 6 e � B b 120KV�f�]g : h i . 

     ( j T � R k l m $ n / o �p f]q � �rs �t � �rs u 

     f�]v w x .n y 	z { R | } y ~ � [ 

     w x 
 � ���� v .��� � X �� .� � � ��� � � � � 

     �� �� � L � � � � .� � A�� <� e .�� % � �L � . 

     � � � � � �� �   � b¡ ¢ .n / �£ ¤ ¥ <�¦ �� � S §  

     ¨�  .w x © � �ª « z �  ¬f� v [  
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   2.­® �� �#$ %          (Scanning Electron Microscopy�SEM)  

     & ' ( ) :JEOL�JSM-6500F 

     * + , - : � �¯° s ? � �C <��± ² � �³ ´ �I µ ­¶  

     · ¸ �� � �C X ¹ º »k ¼ ¹ º ½ ¾ ¿ ­¶ �� � �C ¿ �X   

     ¹ º ½ ¾ � À Á ° ? Â Ã � �.Ä ) �µ ¹ º »k ¥ Åv  �Å      

     v Æ Ä ) <I � Ç S T <�Y Z A#W [\ �  È ¿ É Ê 10mm 

     6 e � B b 15KV�� �C � = 86µA�f�@ Ë Ì Í Î ¹ º ½ ¾  

     Ï Ð .� Ñ È Ò [ 

     w x 
 � ��  � Ó V �� .T � Ô �Ò � � � , - .� Õ A�  

     Ö Í : Ô × �Ø : .Ù Ú A��Û v w x � AÜ Ý <�H Þ SEM  

     � ß w x .½ ¾ Ï Ð [ 

   3. à o á -fâ á -ã ä o á á å � (Near IR-UV-Visible Spectroscope) 

     & ' ( ) :HITACHI , U4100  

     * + , - : �v w x ¼ ã ä o á .� � ��]v �w x � 

     1000nm¨ 2200nm ¥ æ .á � � uå �ç è h i bé ê ë ì �­ 

     ® e 	í : b� e [ 

     w x 
 � ���� v .��� � X �� .é ê ë ì � î � �¦ �     

     � � �� � � � ��S § ¨�  .w x © � �ª « z �  ç � ¬ 

     f� v [ 
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   4. ï ðñ ä o á å �               (FTIR Spectroscope) 

     & ' ( ) : PERKING�Spectrum 

     * + , - : �v w x ¼ ã ä o á ~ ä o á .! " R � � ��]v � 

     w x � 1250nm¨ 3500nm ¥ æ .á ! " uå òt ó Ë Ì ð�ô 

     õ s ï ðñ ä o á å � (ATR-FTIR)��v ö ÷ ø - ù 3250~2750  

     cm-1ú 1750~1250 cm-1.! " R � � 	��]û ü ö ÷ ø - ù . 

     ý þ �	[ 

     w x 
 � ��  � Ó V �� .T � � � � �   � E ¾ � � ATR 

     .y Î Åv  [ 

   5 d � � 	 X á rs � (High ResolutionX-ray Diffractometer�XRD) 

     & ' ( ) : BEDE�D1 

     * + , - : \ �  .È ¿ � B b 40 kv� � = b 2 mA�rs 		       

     20~55	�­¶ e 
 4 	/min�� � b� �  (Cu –Kα λ=1.54056Å ) 

     [f 
 � � 	X á rs (Grazing incident X-ray diffraction , GIXRD) 

     . � ��� ß � � ¥ n y n / �ð� � � 	 X á � s f � # � �  

       � � � ¥ rs Ä ) � � \ � � � �X   � � � [u 3-1b � �  

     	 X á rs � . � � � � �  u�µ X � s á C ! ¹ º ½ ¾ . "  

     	 K � �# ] X á H � ¹ º <2 � Þ H $ · �  � k ��v � f 

     % 8 & � #.  � rs Ä ) [t ó ' ( 2 � 3 ) �ô, 
 80W* 
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     + ¥ Microsource Tube � s ¯�¿ b X á � � ¥ � s ¯[ 

     w x 
 � �� ITOA�
 � PbSe   � �Ö �  � ¹ º Ó V ��  

     .T � [  

 

 

     u 3-1 Grazing incident X-ray diffraction �  u 

     , � @ ¯:- . / � � � � � 0 � � 1 2 3 À  p78 

   6 .7 4 � *                (Thermal Coater) 

     & ' : ULVAC , CRTM-6000 

     * + , - : 9 M � � 6 7�. 4 � 5 6 �d � = 7 J 4 8 �� 4  

     8 6 7¨ 9 J � 4 � Ý : . 4 ° ; 	�� Æ 4 ° [Ý : 4 ° t < 

     ;<� = n X y > A¾ [ ? 4 � h .i ��4 8 ! y > .É Ê� 

     T @ f A } ? U <. B C D 	� E f�i �Åv F G  @ H I [ 

     w x 
 � ��� 4 � � F . J K �S � 4 � *. L Î � �S � Ý  
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     : �4 8 A�í : � 
 ]R 4 � � F . D 	�M 8 L Î N B � X  

     2O10-6 torr <�P Q � � �6 74 8 Ö � Ý : 4 ° �t R V Ý :  

       � B C . S .[ 

   7. 7 T � � �          (Thermal Gravimetric Analyzer�TGA)  

     * + , - :� � Du Pont TGA-29507 T � � � �w x ¥ 6 7e 
  

     b 10�/min�Ö � U N = � 100 ml/min ´ v �Æ 7 V � W X �7 

     V � ; 	 Td � ] onset � �� ¥  

     w x 
 � � ' ( � Y � Z Î w x 2~10 mg�S § TGA Ù Ú  

   8. [ \ ] ^ *              (Spin Coater)  

     & ' : Laurell�WS-400B-6NPP/LITE 

   9. ± ² £ _                 (Vacuum Drying Oven)  

     & ' : Channel�VO-30L 

   10. J K v �í �  

� ` a b c á ¯  

     & ' :New port �66902 Oriel 150W Xenon lamp solar simulator  

     d � b c á ¯À e 8 f g � h # i j [� � ` a b c á ¯f] 

     � ' ( ç � Í : X k l . m K ¥ ´ � n o e p N � h q r [ð 

     � s N c t u " % f] ` a ? á ¯ v å � 	b AM1.5 w x n  

     y : .á ¯[  
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� á � 	Åv |   

     & ' :OPHIR thermalpie  

     ð�7 z { . � ��: �á . � 	��@ t u ` a b c á  

     ¯�f]ª « | E á ¯. � 	] R 8 # � } . � 	ú v å [  

� � � � � �   

    & ' :keithley �Model 236  

  - ~ q b9 � B ¯Ö Åv � B ú� = � � � 	 10f A,10µV[ 
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������������ � �� �� �� �  

4-1 ���������������� 

 

PbSe������������������������ 

���� ITO � 	 
 � �� 	 
 � �� 	 
 � �� 	 
 � � PbSe 
 �
 �
 �
 �  

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

� � � � � �  ! " " # $ %� � � � � �  ! " " # $ %� � � � � �  ! " " # $ %� � � � � �  ! " " # $ %

���� 

� UV-Visible absorption 
� TEM 

���� 

� SEM 
� FTIR 
� XRD 

� SEM 
� UV-Visible absorption 

� � � � �  
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4-2 ��� ���� ���� ���� �  

4-2-1 PbSe������������������������ 

   (1)	 
 � �  


   �� 6.4g (8mmol) Se � � �� � � �� �� Ar�� � 7.2ml 

       TOP�� � �  130°C � Se��  ! ( " A)# 


   �� 0.892g (4mmol) PbO � � $ � � � �� �� Ar�� �  

       2.825g(10mmol)OA% 12.283g ODE�� � � 180°C�� PbO� 

       �  ! � " & ' ( (  " B)# 


   �)� * + " A , - . �  " B�)/ 0 �1 2 150°C�� PbSe 

       3 4 5 �6 7 (8 9 6 7 : ; < = � >? @ A )�B)$ � � �  

       �� C � DE" F G / H I J - K L # 

     ��M N  " O �� � 5 �P Q R S ; T R U V W X �Y �) 

       Z 8 9 +8 9 [ \ ] �^ _ X ` �a bc d e f [ ; g h i  

       jkl m n # 


   � o p ���� 
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 (2) 	 
 q r s 

 

4-2-2 PbSe 
 � � � � � � � �
 � � � � � � � �
 � � � � � � � �
 � � � � � � � �  

(1) 	 
 � �  


� t uv w x y z � ITO { | } ~ � PbSe � �  


�� Ar�) PbSe � � ; 150°C�200°C% 250°C�� 30�Y  


� o p ���� 

 
 

In Ar 
� � 180�C 
� PbO��  !  
 " B 
 

6.4g(8mmol)Se+7.2ml TOP 0.892gPbO+2.825gOA+12.283g ODE 

In Ar  
� � 130�C 
� Se��  !  
 " A 

 " A , - . �  " B 
1 / 2 150�C 8 9 5 �6
7 C � DE" F G / H I

J - K L # 

� � 5 �P Q R S ; T R U

V W X �Y �̂ _ X ` �a b

)e f [ c d kl m n # 

���� 
� UV-Visible absorption 
� TEM 
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(2) 	 
 q r s 

                       
 
 
 
 
 
 

             s 4-1 PbSe � � ��q r � � s# 

4-2-3 PbSe 
 �
 �
 �
 � & ' ( )& ' ( )& ' ( )& ' ( ) ( � � � * �� � � * �� � � * �� � � * � ) 

    (1) 	 
 � �  


    � t uv w x y z � ITO { | } ~ � PbSe � �  


    �� Ar��) PbSe � � C � � � � � 0 (1~4M)butylamine in  

        acetonitrile � � 6 7 (1hur)�� bu acetonitrile � � � � � � 

        B; g h i jkl � � �  

      �� Ar��) PbSe � � C � � � � � 0 (1M)butylamine in  

        acetonitrile � � 6 7 (0.5~24hur)�� bu acetonitrile � � �  

        � � �B; g h i jkl � � �  

      �� Ar��)� � b+ PbSe � � �� ; 150°C�200°C% 250°C    

        �� 30�Y  


    � o p ���� 

 

� Ar � � � 

  
�� ; 150°C�
200°C % 250°C
�� 30�Y  

���� 
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� Ar � � � 

C � 2� � "  

�
�

 

   

(2) 	 
 q r s 

                                                       
                              
 
                                                                          

 
 
 

 
 
 
 
 
 
 
                 
             

                s 4-2 PbSe � � � ��q r s� � s# 

4-2-4 + , � �+ , � �+ , � �+ , � �  

1.ITO � � +� � � � � � �  

 (1)�   )¡ ¢ s£ ¤ + ITO � � ��� u ITO � ¥ ¦ �R U � D  

   E�§ DU �¨ © uª « ¬ ­ ® p � � 30�Y �a bu¯ ° F ±     

   ² l # 

 (2)³ u´ µ ¶ - · ¸ ¹ º z » ¼ ITO � � � � �: ; ) ITO � � ½ z  

  ¾ ¿ [ À Á # 

2.) PbSe  �Â Ã (octane) ; v w x y +Ä Å � ITO } ~ � � � # 

� Ar � � � 
 
�� ; 150°C� 
200°C% 250°C�
�� � 6 7  

���� 
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3. � Ar��) PbSe � � �� C � � � � � 0 (1~4M) butylamine in  

  acetonitrile � � 6 7 (1hur) ; T � � � 0 (1M)butylamine in  

  acetonitrile � � 6 7 (0.5~24hur)�� bu acetonitrile � � � � � � B 

  ; g h i jkl � � � # 

4.)¤ Æ � Ç b+ PbSe � � � � 150°C 15�Y �; À Á � � È É Ê +  

  ¦ # 

5.) 0.8:1+ PCBM:P3HT v w x y � PbSe � � } �BË Ì } 100nm 

 Í +Î Ï Ð Ñ Ò # 

6. � Ë Ì �3 b�� � 150°C10�Y �a bÓ Ô Õ Ö 8 9 × Ø Ù � @ ±  

 O +Ú ¸ Ù Û �Ü Ý » ¼ Þ ß à á # 

7. � � Þ ß �â ã ¶ ; T ä µ ¶ �+¶ Ñ w å � � # 
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������������ � � � � �� � � � �� � � � �� � � � �  

5-1 �������� PbSe � � � � � � 	 
 � � 
� � � � � � 	 
 � � 
� � � � � � 	 
 � � 
� � � � � � 	 
 � � 
  

    ��������(solution phase)	[41]
� �
 � � ��� ��

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

*+, ( ) -. / 0 1 �� ��� 2&�� � � � ��� � %��

'3 4 ( ) *+ T=148~1505C%6 7 8 9 �� ( ) -. 45~120:;<

( ) -. = 45~48 :%
� � ��� = 3.5nm ! PbSe "#$ %>?

5-1(a)%
� @ ��#A B =C A ;<( ) -. = 110~120:%�� =

8.5nm ! PbSe "#$ %>? 5-1(b)%D-�E <�#� F� 4 ��

-%�#A B G HC A I J �K L A !A B ;MNOP Q ( ) *+

148~1505C%PbSe"#$ G R � S T %&S T =�� 8.5nm%< PbSe

"#$ � F 8.5nm-%U V W ( ) -. X  30:%PbSe"#$ Y�

G Z [ \ � ;]D^ � � �� _ �! PbSe"#$ %̀ a W ( ) *+

b c %<( ) *+b c d T=153~1575C%( ) -. = 130~135 :%


� e F�� = 9.5nm! PbSe"#$ %>? 5-1(c)%
� �E �#� 

F_ �!f g h%A B G J ��i j B %P k ^ l ]= �m !�#

n o l �pqc !( ) *+r s �%t � u G v ��#A B �i j ; 

    wt s �! PbSe "#$ xy Near IR-UV-Visible z "%>?

5-2(a){(b)%
@ �n o | } �
 s ��� � �� � 1430~2350nm
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! PbSe"#$ ;� -�� Near IR-UV-Visible ~ z � � � � �� f g

! PbSe"#$ %
@ ��� = 3.5nm! PbSe"#$ %&�� � =

1430nm�<�� = 8.5nm%�� � = 1900nm�<�� � d 9.5nm%

&�� � = 2350nm;MN
� �E �� H 3.5nm� d 8.5nm( � �

� 5nm)-%� l H 1430nm � �d 1900nm( � � � 470nm)%� l <

�� H 8.5nm� d 9.5nm( � � � 1nm)-%� � l H 1900nm � �

d 2350nm(� � � 450nm)%P k ^ l ]=� 2350nm !�#%&�

#A B �i j %R � �#! � G F� 12-13nm%t � � u G � � d

2350nm; 
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              (a)                            (b) 

 
                             (c) 

? 5-1���� ( ) *+�( ) -. t � � ! PbSe"#$ � TEM? 

      (a)( ) *+ T=148~1505C{( ) -. 45~48:�� = 3.5nm% 

      (b)( ) *+ T=148~1505C{( ) -. 110~120:�� = 8.5nm%  

      (c)( ) *+ T=153~1575C{( ) -. 130~135:�� = 9.5nm; 
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1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200

 

 

A
bs

or
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nc
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                           (a) 

1000 1500 2000 2500
0

1

 

 

A
bs

or
ba

nc
e(

a.
u.

)

Wavelength(nm)

2350nm

 
                             (b) 

? 5-2 PbSe"#$ ��� � � � � Near IR-UV-Visible�� � � ? 

     (a)���� *+ T=148~1505C � �� ( ) -. t � � ! PbSe" 

     #$ (b)��qc *+ T=153~1575CN( ) -. X  F 130~135 

     :t � � ! PbSe"#$ ; 

Pa
rt

ic
le

  
si

ze
 

large 

small 



 

 44 

  

5-2 �������� PbSe � � � � � � 
� � � � � � 
� � � � � � 
� � � � � � 
  

    ws �� ! PbSe"#$ ��� � '%� � O ITO � A � PbSe�

�%��!� +
� � J PbSe "#$  +¡ ¢ 0 %MN�� PbSe  

+A �!��£¤ ¥ ¦ Y�� § ;? 5-3=�� "#$  +A �!PbSe

��� SEM%HD?
@ � PbSe��l ¨ PbSe"#$ © ª A �« B %

Z ¨P � PbSe « © ª A � PbSe ��%]D��� G �E ¬ ­;¨?

5-3(a){(b){(c)�(d)!pq® %
�E < +H¯ Fc -%A � PbSe

��! PbSe « G ° / ° �%MN PbSe « �. !¬ ­YG ° / ° �;

? 5-4 =�� "#$  +t A �! PbSe ��� SEM ± ² ³ ¤ ?%D

?´µ < PbSe += 50mg/ml{100mg/ml{150mg/ml� 200mg/ml-%

A �!��� +6 7 = 70¶20nm{160¶30nm{260¶10nm� 300¶20nm%

]D
· < PbSe +¸ c %t ¹º ! PbSe��� +¸ � ; 
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? 5-3�� "#$  +t A �! PbSe��� SEM?(a) 50mg/ml%(b)  

      100mg/ml %(c) 150mg/ml% (d) 200mg/ml; 

(a) (b) 

(c) (d) 
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? 5-4=�� "#$  +t A �! PbSe��� SEM ± ² ³ ¤ ? 

      (a)50mg/ml%(b) 100mg/ml %(c) 150mg/ml% (d) 200mg/ml; 

 
 
 
 
 
 
 
 
 
 
 
 

(a)Thickness=70����20nm (b)Thickness=160����30nm 

(c)Thickness=260����10nm (d)Thickness=300����20nm 
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5-3 PbSe � � � � � � � � � � 	 � � � �� � � � � � � � � � 	 � � � �� � � � � � � � � � 	 � � � �� � � � � � � � � � 	 � � � �  

    O��'%n o s ��/ ! PbSe"#$ £¤ l » ¼½¾ ¿À%¼

½l ¨Á Â Q Ã t Ä �! Ã Å ¾ ¿À%]= Ã Å G Æ Ç È#!É

Ê% t � n o ` a � r ¼½ ¾ ¿À% , l �� ¾ ¿À Ë Ì 	

(ligand-exchange)w¼½¾ ¿ÀÍ Ì �Î Ã Å ¾ ¿À;OÏ Ð '%Arthur 

J. NozikÑ&Ò Ó Ô Õ PbSe��Ö× � r Ø ¼½¾ ¿À!Ù Ú %Û Ü

Ö× Ý �¿r Ø ¼½%� Þ ß R T [50];Edward H. SargentÑ&Ò Ó Û

Ü Oà á ® � PbS ��xyÖ× %¿â � ���!ãÈä � 2å #!

æ � ä [29,71];]Dn ç � PbSe ��6 7 Oèá ® xy 1505C{2005C

� 2505CÖ× 30 6 é %Ô Õ Ö× ê h!× ë ì 4 Ñí î6 ï ; 

5-3-1 PbSe � � � � � �� � � � � �� � � � � �� � � � � � FTIR � 	 
 � �� 	 
 � �� 	 
 � �� 	 
 � �  

     ��ð�ñ ò ó � � � ô (FTIR)%õ z PbSe ��Oèá ® Ö×

1505C{2005C� 2505C 30 6 é h¾ ¿À!J ö;¼½!× ë k ^ l

¨ C-H � COOH P ÷ Q ò ó � ø ù ¾ ¿ÀÄ �%C-H ¾ ¿ÀO

2750cm-1~2950 cm-1 G R ÷ Q ø ù ú %M COOH ¾ ¿ÀO 1350cm-1~150 

0cm-1YR ÷ Q ø ù ú [50,51,55,58];¨? 5-5%
@ �Ö× *+= 1505-%

C-H� COOH ¾ ¿À!ø ù û ü +Ñý Ö× !þ ��%�� R Ü ´ �

� �%]D
 � � D*+!Ö× � ¼½r Ø � 	 Ð q�;<Ö× *+

F� 2005C� 2505C-%C-H� COOH ¾ ¿À!ø ù û ü +Ü ´ � �



 

 48 


%¨D
· <Ö× *+ � � 2005C -%
� r Ø q�¼½%MNp

qÖ× 1505C{2005C� 2505C! C-H� COOH ¾ ¿À!ø ù û %


� @ �<Ö× *+° c %¼½�� r Ø "° �; 

1000150020002500300035004000

Wavenumber ����cm-1
����

d. 250oC anneal in Ar

c. 200oC anneal in Ar

b. 150oC anneal in Ar
a. no anneal

�-COOH-
�

s
�-COOH-

�
a

(C-H)
s(C-H)

a

T
ra

ns
m

itt
an

ce
(%

)
 a.

b.

c.

d.

 

     ? 5-5 PbSe��ý Ö× 2Oèá ® Ö× �� *+! FTIR?; 
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5-3-2 PbSe TGA � � 
 � � �� � 
 � � �� � 
 � � �� � 
 � � �  

     V � PbSe"#$ �èá ® xy TGA z "%6 7 O 1505C{2005

C� 2505C
* 30 6 é ;? 5-6 � � � £µ %*+ 1505C-%� "�

R � � 0.78%%<*+ � c d 2005C-%� " � � 2%%M<*+[ \

� � d 2505C%� " � � 6.4%;¨D
· O
� 30 6 é -%<� � *

+° c � " � � ° �%Ñ? 5-5 �� ) 
· � P � � �! � "=� Ø

!¼½t v �;]D
Û Ü PbSe ��!Ö× Ý �¿â r Ø ¼½¾ ¿

À%� �Þ ��; 

20 40 60 80 100 120 140 160 180 200 220 240 260
80

85

90

95

100

W
ei

gh
t(

%
)

TemperatureoC

a. 150oC

b. 200oC

c. 250oCa.99.2%
b.98%

c.93.6%

 

? 5-6 PbSe"#$ �èá ® %6 7 xy 1505C{2005C� 2505C
�  

      30 6 é � � ! TGA?; 
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5-3-3 PbSe � � � � � �� � � � � �� � � � � �� � � � � � XRD � � � � � �� � � � � �� � � � � �� � � � � �  

     wOèá ® 6 7 Ö× 2505C� 3505C 30 6 é ! PbSe��%� r

xy XRD!z ";��Scherrer equation>® � (5-1)%
� � � �PbSe

!�� [50]: 

d= (KS�)/( β2� cos �)                        (5-1) 

d=�#! � � %�= � � È# � � %KS=(4/3)( /6)1/3=A B ]#%

β= ! c " %�= # $ % & ; 

} ¨D ' � 
ç � t ( z F! 200 ( � ¤ � � � PbSe �#! � � �

�%>? 5-7%ý Ö× ! PbSe &�# � � = 6.0nm%Ö× *+ 2505C

! PbSe�# � � = 6.4nm%<Ö× *+� � d 3505C-%PbSe�# �

� =� d 18.3nm;]D
· PbSe��} � Ö× h%G v � PbSe"

#$ � %MNÖ× *+° c �#!� ° Ü ´; ) ó ¨D?Y
@

� PbSe��Ö× h%&× * í J � % Ö× *+° c × * í ° � ; 
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        d. anneal 350oC
         c. anneal 250oC
         b. without anneal
         a. standard PbSe powder diffraction pattern
        

In
te

ns
ity

2theta

200

220111

311 22218.3nm

6.4nm

6.0nm

d.

         ? 5-7 PbSe��ý Ö× �Oèá ® Ö× �� *+!XRD?; 
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5-3-4 PbSe � � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �  

     � �  += 150mg/ml! PbSe��� + , � %wD���èá ®

6 7 Ö× 1505C{2005C� 2505C 30 6 é %Ô Õ PbSe��Ö× ê h�

2�� Ö× *+� &� - í î!Ù Ú ;? 5-8 ´µ < PbSe ��Ö×

h%&� � � ��� û G ò � � %.Ö× *+° c %ò � � E / ° Ü

´%MN� � �� û YG J ! " �;Ñ? 5-7�� ) %
· � Ö× h�

� � ��� û G ò � � NJ " l ]=Ö× v � PbSe"#$ � %Ö×

*+° c �#� � ° �%t � ò ó � _ Ü ´[50]; 

1200 1400 1600 1800 2000 2200

A
bs

or
ba

nc
e(

a.
u.

)

  

 

Wavelength ����nm����

  initial

  150oC anneaning 30min in Ar

  200oC anneaning 30min in Ar

  250oC anneaning 30min in Ar

 

? 5-8 PbSe��ý Ö× 2èá 'Ö× �� *+!Near IR-UV-Visible� 

     � � � ?; 
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5-3-5 PbSe � � � � � � � � � �� � � � � � � � � �� � � � � � � � � �� � � � � � � � � �  

     ¨ FTIR
Û �Ö× ¿â r Ø PbSe��� !¼½¾ ¿À%]=¼

½¾ ¿À!r Ø G v � PbSe"#$ �. ! 0 1 � �%Mã2 © ª %]

D
¿G � J PbSe ��!£¤ ¥ ¦ 2� +% 3 �� SEM õ z  +

100mg/ml PbSe ��Ö× ê 2�� Ö× *+�£¤ ¥ ¦ Ñ� +!J

ö;O? 5-9(a)�(b)!pq® %�E <Ö× *+= 1505C -%&£¤

¥ ¦ Ñý Ö× ! PbSe��þ 4 í ��%P l ]= 5-3-1 5 t 6 Ü !D

*+!Ö× � �r Ø ¼½! 	 Ð q�;pq? 5-9(a){(c)�(d)%
õ

7 F<Ö× *+b � d 2005C-%PbSe�� 8 9 �� � pqÜ ´!¬

­%P l ]=Ö× v �¼½!r Ø %� � PbSe"#$ �. ! 0 1 %ã

2 PbSe © ª M¹º ¬ ­; : Ö× *+[ \ b � d 2505C%D- PbSe

��G �E _ �!¬ ­%P l ]=Ö× *+b c G � �¼½!r Ø

"%]D¹º _ ; � !© ª %Mã2 _ �!¬ ­; 

     ? 5-10= PbSe��Ö× ê 2�� Ö× *+! SEM ± ² ³ ¤ ?%

D?
� Ñ? 5-9� < = Û %� § �E <Ö× *+F� 2005C � � -%

G �E ¬ ­%MN*+° c ¬ ­° Ü ´;pq? 5-10
� @ �Ö× �

PbSe��� +!Ù Ú > �%� FÖ× *+� � d 2505C � +u G ? @

� �%MN¨? 5-9� 5-10
�E Ö× � h%PbSe��£¤ J !pq

A B ; 
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? 5-9 PbSe��ý Ö× 2èá 'Ö× �� *+! SEM?(a)ý Ö× %(b) 

      Ö× *+ 1505C %(c) Ö× *+ 2005C% (d) Ö× *+ 2505C; 

 
 
 
 
 

(a) (b) 

(c) (d) 
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? 5-10 PbSe��Ö× ê Ñèá ® Ö× �� *+! SEM ± ² ³ ¤ ? 

       (a)ý Ö× %(b)Ö× *+ 1505C %(c) Ö× *+ 2005C% (d) Ö 

       × *+ 2505C; 

 
 
 
 
 
 
 
 

(c)Thickness=220����10nm (d)Thickness=190����10nm 

(b)Thickness=220����20nm (a)Thickness=220����20nm 
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5-4 PbSe ��������	
���
��������	
���
��������	
���
��������	
���
 

    ]=ê ¤ t b F! PbSe"#$ £¤ l » ¼½¾ ¿À%¼½G Æ Ç

È#!É Ê%]D` a Ø r ¼½¾ ¿À%MÖ× �¿r Ø �C 6 !¼

½%t � n D E ��¾ ¿ÀË Ì 	(ligand-exchange)'!ö - F G 	%

w PbSe�� H I O� î�� butylamine in acetonitrile'r Ø ¼½%�

xy� îh!× ë ì 4 Ñí î6 ï ;J hZ ç � � î�
 ! PbSe��

xy�� *+!Ö× %�xy� K !× ë ì 4 Ñí î6 ï %� ® xy

6 ï ! PbSe�� + L = 100mg/ml; 

5-4-1 PbSe � � � � �� � � � �� � � � �� � � � � FTIR � 	 
 � � � �� 	 
 � � � �� 	 
 � � � �� 	 
 � � � �  

     Oèá M N ® %w PbSe �� H I O� î�� butylamine in 

acetonitrile'r Ø ¼½%= O · � � î� +� H I -. � ¼½r Ø !

Ù Ú %n o ç � ��  +(1M)�� -. (0.5~24hur)���  +(0.5~4M)

�� -. (1hur)! P Q %xy FTIR z ";? 5-11�� � î +�� H

I -. ! FTIR?%õ 7 ¼½¾ ¿À!ü +J ö%
�E � î� +b

c -%C-H� COOH ¾ ¿Àø ù û !ü +Ü ´ � � 
%P R S n o ¼

½r Ø ". � î� +b c M� �;? 5-12�� � î� +�� H I

-. ! FTIR ?%¨D?
�E H I -. � �-%C-H � COOH ¾ ¿

Àø ù û !ü +Ü ´ � 
%£µ H I -. °  ¼½r Ø "° �;} ¨

� � !��
e · %� î� +�� î-. Ý �G Ù Ú ¼½r Ø "; 
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150020002500300035004000

�-COOH-�a
(-COOH-

�a
(C-H)

s(C-H)
a

Wavenumber ����cm-1
����

T
ra

ns
m

itt
an

ce
 (%

)

 f. 4M BA 1h
e.  3M BA 1h
d. 2M BA 1h
c. 1M BA 1h
b. 0.5M BA 1h
a. initial

a.

b.

c.

d.
e.

f.

 

? 5-11�� � î +(0.5~4M)�� H I -. (1hur)! FTIR?; 

4000 3500 3000 2500 2000 1500

Wavenumber ����cm-1
����

Tr
an

sm
itt

an
ce

 (%
)

�-COOH-
�a

�-COOH-
�

a

(C-H)
s(C-H)

a

e.1M BA  12h
d.1M BA    4h
c.1M BA    1h
b.1M BA 0.5h
a.initial

a.

b.

c.

d.

e.

 

    ? 5-12�� � î +(1M)�� H I -. (0.5~12hur)! FTIR?; 
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5-4-2 PbSe � � � � � � � � �� � � � � � � � �� � � � � � � � �� � � � � � � � �  

     � îh%]=¼½¾ ¿À!r Ø %
¿G � J PbSe ��!£¤

¥ ¦ 2� +% 3 �� SEM õ z PbSe � îh£¤ ¥ ¦ Ñ� +!J ö;

? 5-13=�� � î +�� H I -. ! SEM%pqý � î�� îh!

SEM ?%�E � îh���E Ü ´!¬ ­%MN +° c ¬ ­° �;

<� î� + � � 3Mh%OT ä 8000 ® >? 5-13%@ F!¬ ­ > �%

� : õ 7 T ä 1000 !? 5-14%
�E � C U ! ITO � V l W X Y

PbSe; : � ? 5-13Ñ 5-9 ¡ pq%
�E � îv �!¬ ­pÖ× t ¹

º !¬ ­� > �%P 
¿l � îv �r Ø ¼½! Z +�� �Ö× r Ø

! Z + [ > �%]Dã2 PbSe"#$ �. ! 0 1 \ Z ] Î %¹º _ ;

� !© ª %t � u �E pq�!¬ ­;pq? 5-15�� � î +��

H I -. ! SEM?%
� �E H I -. X  F� �-h%G ^ ¬ ­J

�� $ $ %� _ ` M a H I -. � ¬ ­!Ù Ú > �; 

    ? 5-16�? 5-17= SEM ± ² ³ ¤ ?%¨P ÷ b ?
@ �� î 

+� H I -. � PbSe��!� +Ù Ú > �%>£ 5-1{5-2´µ � +J

ö"O 20nm c%� 
�E <� î� +° c , H I -. °  %PbSe

��£¤ G J !_ A B ; 
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              (a)                           (b) 

    
              (c)                           (d) 

    
              (e)                           (f) 

? 5-13�� � î +�� H I -. (1hur)! SEM?(a)ý � î% 

       (b)0.5M%(c)1M%(d)2M%(e)3M%(f)4M; 
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             (a)                            (b) 

? 5-14(a)=? 5-13(e) H I 1hur + 3M! 1000T SEM?%(b)=? 

       5-13(f) H I 1hur + 4M! 1000T SEM?; 

   

? 5-15�� � î +(1M)�� H I -. ! SEM?(a)0.5hur%(b)1hur% 

      (c)4 hur%(d)12 hur; 

(a) (b) 

(c) (d) 
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    (a) Thickness=160����30nm         (b) Thickness=160����20nm                    

    

   (c) Thickness=150����20nm          (d) Thickness=150����20nm 

    

   (e) Thickness=150����10nm           (f) Thickness=150����10nm 

? 5-16�� � î +�� H I -. (1hur)! SEM ± ² ³ ¤ ?(a) ý �  

       î%(b)0.5M%(c)1M%(d)2M%(e)3M%(f)4M; 
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£ 5-1 � î� +Ñ��� +! K d  

 

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

Initial(0M) 160¶30nm 

0.5M 160¶20nm 

1M 150¶20nm 

2M 150¶20nm 

3M 150¶10nm 

4M 150¶10nm 
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? 5-17�� � î +(1M)�� H I -. ! SEM ± ² ³ ¤ ?(a)0.5hur% 

      (b) 1hur%(c)4 hur%(d)12 hur; 

£ 5-2 H I -. Ñ��� +! K d  

 

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

0.5hur 150¶20nm 

1hur 150¶20nm 

4hur 140¶10nm 

12hur 140¶10nm 

 

(b)Thickness=150����20nm 

(c)Thickness=140����10nm (d)Thickness=140����10nm 

(a)Thickness=150����20nm 
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5-4-3 PbSe � � � � � � � �  � � � � � � � �  � � � � � � � �  � � � � � � � �  � � � � ! � � � �� � � � ! � � � �� � � � ! � � � �� � � � ! � � � �  

     ¨�� îÑÖ× L �¿r Ø C 6 !¼½[50]%t � n e w PbSe �

� H I O� î�� 1M butylamine in acetonitrile Á f �-Ø r C U ¼

½%J hZ xy�� *+!Ö× � Á 6 é %g h ¿â r Ø _ �!¼½;

? 5-18�� FTIRpq� î� 2� îhÖ× ! PbSe��%�E <Ö×

*+= 1505C -% C-H � COOH ¾ ¿À!ø ù û Ñ� îý Ö× !ü

+þ ��%�� R Ü ´ � � �;<Ö× d 2005C � � %C-H� COOH

¾ ¿À!ø ù û ü +Ü ´ � � 
% i �Ö× *+ � � 2005C -%Ý �

p� R � îý Ö× ! PbSe��¿â r Ø _ �!¼½; 

     = O Ô Õ � î�hZ xyÖ× !��� - í î%��'V � Near 

IR-UV-Visiblexy~ z ;? 5-19´µ � îhZ Ö× G v �� � � ��

� û ò � � NJ " %.Ö× *+° c %ò � � E / ° Ü ´%P Ñ 5-3-4

5 j k !× ß � § %G v ��� û ò ó � �J " l ]=Ö× v � PbSe

"#$ � %Ö× *+° c �#� � ° �%t � ò � _ Ü ´[50]; 

     �� SEM õ 7 PbSe��� îhÖ× �� *+!£¤ ¥ ¦ %>?

5-20%�E Ñ 5-3-5 5 t Õ k !× ß � § %<Ö× *+= 1505C-%&

£¤ ¥ ¦ Ñ� îý Ö× ! PbSe ��þ 4 í ��% � FÖ× *+ � �

2505C-%¬ ­u G ? @ J �� $ $ ; 
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15002000250030003500

(C-H)
a

�-COOH-
�s

�-COOH-
�a

(C-H)
s

e. butylamine250oC in Ar

d. butylamine200oC in Ar

c. butylamine150oC in Ar
b. butylamine
a. initial

T
ra

ns
m

itt
an

ce
 (%

)
 

Wavenumber ����cm-1
����

a.

b.
c.

d.

e.

 

? 5-18 PbSe��� î�� îhOèá ® Ö× �� *+! FTIR?; 

1200 1400 1600 1800 2000 2200

  
 

A
bs

or
ba

nc
e(

a.
u.

)

Wavelength ����nm����

  initial
  butylamine

  butylamine150oC

  butylamine200oC

  butylamine250oC

 

? 5-19 PbSe��� î�� îhÖ× �� *+!Near IR-UV-Visible?;         
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? 5-20 PbSe��� î�� îhÖ× �� *+! SEM?(a)RT%(b)150 

       5C% (c)2005C%(d)2505C; 

 
 
 
 
 
 
 
 
 
 
 
 

(a) (b) 

(d) (c) 
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5-5 ��������	��������	��������	��������	
 � �
 � �
 � �
 � � 
 �
 �
 �
 �  

    ���� � l m ¿È n o Q t V �! PbSe � � � ��  =

1658nm%>? 5-21%o Q = p q × ë ¨� M® = r ÈS {PCBM:P3HT

��{PbSe��� ITOÈS ;Ì � �� �m 1658nm! PbSe¿ s [61]%

� � o Q !¿ s >? 5-22 t µ %È#H PbSe ��É d PCBM:P3HT

��% J hÉ d r ÈS %MÈ t ¨ PCBM:P3HT��É d PbSe��%

J hÉ d ITOÈS ; 

    o Q � � L 	 u e w PbSe ��% H I O 4M butylamine in 

acetonitrile � �-%Z � v á ® � � 1505C 30 6 é % J h w I � � �

p x = 0.8p 1! PCBM:P3HT��;V � Near IR-UV-Visible z "ý

y � r ÈS ! PbSe/PCBM:P3HT��Ñ PCBM:P3HT z q ���� -

í î%>? 5-23%�E � � PbSe��h
� ü PCBM:P3HT��O


{ � dò ó � | !�� ü +%� ¨�n o t V �! PbSe�� l �%ã

2 PbSe��!� � � ��� û l 
%t � O�� � � ' } 	@ { ; 

     �h�� SEM õ 7 ý y � r ÈS ! PCBM:P3HT� PbSe p q �

��± ² ³ ¤ × ë %>? 5-24(a);¨D? } 	6 ~ � PbSe �

PCBM:P3HT! � � %�¿@ F÷ q × ë %� q = PbSe/PCBM:P3HT%

M® q = ITO%P 
¿l ]=n o t V �! PbSe += 50mg/mlã2

� + l �%t � } 	õ z F6 q ;w� � P Q ! PbSe/PCBM:P3HT�
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� � y � r ÈS %� V � SEM õ 7 &± ² ³ ¤ × ë %>? 5-24(b)%¨

D?
@ F� q × ë %¨® M� 6 7 = ITO{PbSe/PCBM:P3HT ��

� r ÈS %� + � � = 131.3nm{121.9nm� 134.4 nm%� l ]= � �

F G ! � � v � r ÈS ± ¤ �E � � � A !B � ; 

500 750 1000 1250 1500 1750 2000
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

A
bs

or
ba

nc
e 

(%
)

Wavelength ����nm����

1658nm
 PbSe in C2Cl

4

 

 

     ? 5-21 � � o Q t V �! PbSe� Near IR-UV-Visible?; 
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? 5-22 o Q ¿ s µ � ?; 

    

400 600 800 1000 1200 1400 1600 1800 2000
0.0

0.2

0.4

0.6

0.8

1.0

1200 1400 1600 1800 2000

A
bs

or
ba

nc
e(

a.
u.

)

  

 

PbSe/P3HT:PCBM

Wavelength ����nm����

 Wavelength ����nm����

A
bs

or
ba

nc
e 

(%
)

 P3HT:PCBM
 PbSe/P3HT:PCBM

 

      ? 5-23 PbSe/PCBM:P3HT��Ñ PCBM:P3HT z q ��� 

             Near IR-UV-Visible?%�?= PbSe/PCBM:P3HT�� 

             �� � 1000 -2000nm Near IR-UV-Visible?; 
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(a) 

 
(b) 

? 5-24 PbSe/PCBM:P3HT��(a)ý � y r ÈS (b)� y r ÈS � SEM 

      ± ² ³ ¤ ?; 

130nm ITO  

134nm Al 

120nm PbSe/PCBM:P3HT  

120nm PbSe/PCBM:P3HT  

ITO 
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5-6 �������� � � � 
 ��������� � � � 
 ��������� � � � 
 ��������� � � � 
 �  

    OD � 5 '%k ^ l ç � � î� +{ H I -. �� îhÖ× �

� !*+�-. � �� � ø È n � ÈI Ì Þ ä �Ù Ú �� Õ k %� ®

t V �! PbSe  += 50mg/ml%� � � ��� � = 1658nm;¨�

w I � � PCBM:P3HT ���ý � î! PbSe ��� %G � � PbSe �

�%t � } 	� � ý � î! o Q ; 

5-6-1 ��������	
��
�������������	
��
�������������	
��
�������������	
��
����� 

     u e n o � � �� � î� +(1M)�� H I -. (0.5~24hur)��

� � î� +(1~4M)�� H I -. (1hur)! PbSe ��%wP � ��¡

� o Q %z "� ÈI Ì Þ ä ;? 5-25=�� � î� +�� H I -.

! I-V?%¨D?2£ 5-3
� @ � H I -. � Þ ä !Ù Ú > �%Ø �

H I -. X  d 12�-%Î � È � u G R pqÜ ´� �%� -Ñ 8 �

È � G � @ � �%V � ÈI Ì Þ ä H 0.019%� c d 0.037% ; : =�

� � î� +�� H I -. ! PbSe�� o Q %
¨? 5-262£ 5-4�

E  +� Þ ä !Ù Ú q�%. � î� +� �%Î � È � Ü ´� �N

8 � È � YG � @ � � ;<� î +H 1MF 4M-%Î � È � Ñ 8 �

È � 6 7 � � 1.60 mA/cm2� 0.11V% 3 Þ ä H 0.02% � c d 0.169%;


¨ FTIR e · <� î� +° c , l H I -. °  ¼½r Ø ° �%ã

Èä � �%ã2 Î � È � � � %t � � ÈI Ì Þ ä u G b � ; 
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-0.10 -0.05 0.00 0.05 0.10 0.15 0.20

-4

-2

0

2

1M  0.5h
1M     1h
1M     4h
1M   12h

 

 

C
ur

re
nt

 D
en

si
ty
�� ��m

A
/c

m
2 �� ��

Voltage(V)

? 5-25�� � î� +(1M)�� H I -. (0.5~12hur)� I-V?; 

 

£ 5-3�� � î� +(1M)�� H I -. (0.5~12hur)� I-V � � � � ? 

H I -.  Voc[V] Jsc[mA/cm2]   FF[%]   η [%] 

  0.5 h    0.04    1.56   30.66   0.019 

   1 h    0.04    1.60   31.31   0.020 

   4 h    0.04    1.68   29.78   0.020 

  12 h    0.06    2.21   28.91   0.037 
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-0.1 0.0 0.1 0.2 0.3

-4

-2

0

2

4

C
ur

re
nt

 D
en

si
ty
�m

A
/c

m
2 �

Voltage(V)

 

 

 1M  1h
 2M  1h
 3M  1h
 4M  1h

     ? 5-26�� � î �   +(1~4M)� � HI-. (1hur) � I-V?; 

 

£ 5-4�� � î �   +(1~4M)� � HI-. (1hur) � I-V � � � � ?; 

� î �   + Voc[V] Jsc[mA/cm2]   FF[%]   η [%] 

   1M    0.04    1.60   31.31    0.020 

   2M    0.09    1.85   33.64   0.054 

   3M    0.11    2.37   35.26   0.092 

   4M    0.15    3.20   35.27   0.169 
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5-6-2 �����	
��
����������	
��
����������	
��
����������	
��
����� 

     p q £ 5-3Ñ 5-4%
� E < � î � = 4M HI � � -! o Q %&

�ÈIÌ Þä Jc%]Dn o wD P Q ! PbSe�� O v á ®¡ �� *

+,�� -. !Ö ×;? 5-27 2£ 5-5 ´ µ Ö ×*+= 1505C{2005

C � 2505C 
� 156é%� E . *+� � %Î � È � � 8 � È � L G

® � %NÎ � È � ® � "l p q Ü ´ !%3�ÈIÌ Þä H 0.169%®

� d 0.020%;» ®/ wÖ ×-. $  d 306é� 456é%� § � E

. *+� c%Î � È � {8 � È � 2�ÈIÌ Þä L G® � %> ? 5-28

� 5-292£ 5-6� 5-7; 

     : O� � *+Ö ×�� -. %
� E < Ö ×*+= 1505C%� �

-. H 15 6éX  F 30 6é-% 8 � È � ÑÎ � È � L G� � %3

�ÈIÌ Þä H 0.169%bcd 0.248%%� : wÖ ×-. 
 \ � � d

45 6é%� E 8 � È � ÑÎ � È � L G® � %NÎ � È � ® � "l p

q Ü ´ !%t � Þä � �d 0.188%%> ? 5-302£ 5-8;< Ö ×*+

= 2005C % . Y � � -. � � F 30 6é%Î � È � G® � N 8 � È

� Y G� @ �� %Þä GH 0.048%� �d 0.039%%
 \ w� � -. X

 d 456é-%8 � È � �GZ ® � �l Î � È � G[ \ �� %3J

hÞä ® � d 0.031%%> ? 5-312£ 5-9;wÖ ×*+b � d 2505C%

> ? 5-322£ 5-10 t µ %
� E � � -. H 156éX  F 306é-%
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8 � È � �G� J �l Î � È � G® � %3Þä H 0.020%® � d

0.016%%< � � -. [ \ $  d 456é-%8 � È � ÑÎ � È � L G

? @ ® � %JhÞä G � �d 0.015%; 

     ¨ � � ×ß 
� E Ö ×�� *+
* 15d 456é-%t R o Q

. *+� c%Î � È � { 8 � È � L G® � %&' Î � È � !® � "

p q � %]D�ÈIÌ Þä G � �;< 3 4 *+Ö ×�� -. %
�

E Ø O 1505C � � -. H 15d 306é! o Q %Î � È � { 8 � È �

2�ÈIÌ Þä L G� � %& � o Q Þä L l � �;]=Ö ×�� PbSe

�� � !¼ ½ � - ^ � # �  %N� � �� × * í %�� � # �. !

� Ç Ñ 0 1 %� � å # � � Z ä �ã Èä %3 Î � È � � � %]D 150

5
* 30 6é! o Q Þä Gbc;�< Ö ×*+,l -. 
 \ � � %

D-Gv � ÈÆ � � %Þä �� [29,71-77]; 
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      ? 5-27 PbSe�� �� *+Ö × 156é� I-V?; 

 

£ 5-5 PbSe�� �� *+Ö × 156é� I-V � � � � ?; 

  *+ Voc[V] Jsc[mA/cm2]   FF[%]   η [%] 

  1505C    0.15    3.20    35.27   0.169 

  2005C    0.11    1.68    26.23   0.048 

  2505C    0.06    1.18    28.14   0.020 
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      ? 5-28 PbSe�� �� *+Ö × 306é� I-V?; 

 

£ 5-6 PbSe�� �� *+Ö × 306é� I-V � � � � ?; 

   *+ Voc[V] Jsc[mA/cm2]   FF[%]   η [%] 

   1505C    0.19    3.57   36.52   0.248 

   2005C    0.09    1.53   28.15   0.039 

   2505C    0.06    1.09   25.08   0.016 
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   ? 5-29 PbSe�� �� *+Ö × 456é� I-V?; 

 

£ 5-7 PbSe�� �� *+Ö × 456é� I-V � � � � ?; 

   *+ Voc[V] Jsc[mA/cm2]   FF[%]   η [%] 

  1505C    0.18    3.11   33.65   0.188 

  2005C    0.09    1.41   24.64   0.031 

  2505C    0.05    1.06   27.72   0.015 
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       ? 5-30 PbSe�� 1505C Ö ×�� -. � I-V?; 

 

£ 5-8 PbSe�� 1505C Ö ×�� -. � I-V � � � � ?; 

 � � -.  Voc[V] Jsc[mA/cm2]   FF[%]   η [%] 

  15min    0.15    3.20   35.27   0.169 

  30min    0.19    3.57   36.52   0.248 

  45min    0.18    3.11   33.65   0.188 
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   ? 5-31 PbSe�� 2005C Ö ×�� -. � I-V?; 

 

£ 5-9 PbSe�� 2005C Ö ×�� -. � I-V � � � � ?; 

 � � -.  Voc[V] Jsc[mA/cm2]   FF[%]   η [%] 

  15min    0.11    1.68     26.23   0.048 

  30min    0.09    1.53   28.15   0.039 

  45min    0.09    1.41   24.64   0.031 
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       ? 5-32 PbSe�� 2505C Ö ×�� -. � I-V?; 

 

£ 5-10 PbSe�� 2505C Ö ×�� -. � I-V � � � � ?; 

 � � -.  Voc[V] Jsc[mA/cm2]   FF[%]   η [%] 

  15min    0.06    1.18   28.15    0.020 

  30min    0.06    1.09   25.08   0.016 

  45min    0.05    1.06   27.72   0.015 
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5-6-3 PbSe ��������� � � � � � 	 
 �� � � � � � 	 
 �� � � � � � 	 
 �� � � � � � 	 
 � IR 	 � 
 � � � � �	 � 
 � � � � �	 � 
 � � � � �	 � 
 � � � � �  

     ¨ � � � � � � 
e · %< � î � = 4M HI � � -� Ö × 150

5C 
* 30 6é-%�ÈIÌ Þä =J� ;� l p q O� � � � P Q

®%V� PCBM:P3HT � � ! z q �� Ñ PbSe/PCBM:P3HT p q ��

� l m ¿ È n %O�ÈÌ Þä � !þ 4 ; 

     u e � � � � � � p x � PCBM:P3HT z q �� 2J� Þä !

PbSe/PCBM:P3HT p q �� %Jh67 ¡ � o Q ;z " o Q � � l m

�!IÌ Þä %> ? 5-332£ 5-11%
� � E PbSe/PCBM:P3HT p q

�� o Q ! 8 � È � {Î � È � �   ¡ ]# L G� � %3�ÈIÌ Þ

ä H 0.248%� � d 0.100%%;JhwD o Q Ñ ¢ PCBM:P3HT o Q �

r z " IR �IÌ Þä %> ? 5-34 2£ 5-12%
� E � î NÖ ×h!

PbSe/PCBM:P3HT p q �� o Q %& 8 � È � {Î � È � �   ¡ ]#

L p PCBM:P3HT z q �� o Q c%3& IR�ÈIÌ Þä H 0.0002%

� � d 0.0035%; 

     ¨ £ 5-11 � 5-12 
� e · PbSe/PCBM:P3HT p q �� � q �

PCBM:P3HT z q �� o Q %& l m �IÌ Þä � � O 2.4 T%IR�I

Ì Þä � � O 17 T% £ M PbSe �� �t � ¿ â R Þ� x ¤ ` �ÈI

Ì Þä % ¥ s t R í î Ñ×ë 6ï %
� ¦ K � � ® § ]: 

1. � ¨ Near IR-UV-Visible�� 
� e · %PbSe"# $ !�� ��  H
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 { � ¨ © dò ó � ª « %M PCBM:P3HT !� � ª « k ^ l � O


{ �%&Oò ó � � R > @ 
 !� �%×s PbSe�� Ñ PCBM:P3HT

�� 
� E 
 { �dò ó | !� �� ü O ;£ 5-12 ç � ò ó �!�È

IÌ Þä %
� @ � � O PbSe�� %
� V IR�IÌ Þä � � 17 T; 

t � PbSe"# $ � � O PbSe/PCBM:P3HT o Q Oò ó � ª « !� �%

]Mb � o Q �ÈIÌ Þä ; 

2} FTIR� SEM!6ï 
� e · %� ¨ � î 
w PbSe£¤ !¼ ½ ¾

¿ À r Ø %�� � # �. ! 0 1 ;]=¼ ½ ¾ ¿ À GÆ Ç È# !É Ê %

O PbSe£¤ A � ¬ ­ q %]D� ¨ ¼ ½ ¾ ¿ !r Ø %
� � � ã È+%

bc�È � ; 

3.H XRD� SEM!ì 4 %� E PbSe�� Ö ×hGv � � # �  %�

� � # �. � Ç � 0 1 %× * í GJ � ; 
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       ? 5-33 PbSe/PCBM:P3HTÑ ¢ PCBM:P3HT o Q � I-V?; 

 

£ 5-11 PbSe/PCBM:P3HTÑ ¢ PCBM:P3HT o Q � I-V � � � � ?; 

 PCBM:P3HT 
   (0.8:1) 

Voc[V] Jsc[mA/cm2]   FF[%]   η [%] 

PbSe/PCBM:P3HT    0.19    3.57   36.52   0.248 

 PCBM:P3HT    0.017    2.91   20.18   0.100 
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  ? 5-34 PbSe/PCBM:P3HTÑ ¢ PCBM:P3HT o Q � IR� I-V?; 

 

£ 5-12 PbSe/PCBM:P3HTÑ ¢ PCBM:P3HT o Q � IR� I-V � �  

   � � ?; 

  PCBM:P3HT 
    (0.8:1) 

Voc[V] Jsc[mA/cm2]   FF[%]   η [%] 

PbSe/PCBM:P3HT    0.15   0.07   33.66   0.0035 

 PCBM:P3HT    0.04   0.03   23.24   0.0002 
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������������ � �� �� �� �  

    � � � 
� V� � � � (solution phase)	[41]%� 
 s � � �� � �

� � � ��  ! PbSe "# $ %� � � ö - F G 	w PbSe �� HIO

� î � � butylamine in acetonitrile ' r Ø ¼ ½ %Z wD�� O v á ®x

y Ö ×%Jh w I� � � PCBM:P3HT �� %� � � l m ¿ È n ;®

� � � � ! ¯ ° 6ï ×ß %
e F� ® ± $ × k : 

� PbSe�� ×ë ì 4 Ñí î 6ï  

1. PbSe�� Oèá ®x y �� *+!Ö ×%
� r Ø ¼ ½ � ã 2 � #  

  �  %�� � # �. ! 0 1 %v � � � � � � ��  ò � � %MN 

Y G� � × * í ; 

2. � ö - F G 	w PbSe�� HIO� î � � butylamine in acetonitrile 

  ' r Ø ¼ ½ r Ø ¼ ½ %
� � 
 r Ø ¼ ½ ¾ ¿ À %�� � # �. ! 

  0 1 %�]=� î �   +,HI-. �� %v � ¼ ½ r Ø "���  

  £¤ ¥ ¦ �� ; 

3. � î ² ! PbSe�� }¨ FTIR ì 4 %� E ¼ ½ ø ù û ü +�
 %� 

 ( z �F ³ À !ø ù û %MN¨ SEM
� E � î h�� G� E > �  

 !¬ ­ %P k ^ l ¼ ½ ´ r Ø t v � !%̈ Ï Ð � 
· l ¨ � ³ À �  

 µ O PbSe!  + l � %]D FTIR } 	 ( z F%Nö - F G 	k ^ l  

 r Ø ¼ ½ ��l Í Ì ¼ ½ [50]; 
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4.w� î h PbSe�� Oèá ®x y �� *+!Ö ×%
� � � ¼ ½ !

r Ø "%� § Y Gv � � � � � � ��  ò � � ; 

� l m ¿ È n o Q IÌ Þä 6ï  

1. < � î �   +° c,l HI-. °  %
� � ¼ ½ r Ø "%]D
b 

 c PbSe�� !ã Èä % ¶ x �ÈIÌ Þä %&' � � î �   + 4M 

   HI � � -! o Q Þä Jc%3D E D P Q ¡ =J� ö� î · � ; 

2. w� î h PbSe�� O v á ®x y �� *+!Ö ×%&' � 1505C 

  
* 306é=J� Ö × P Q %: Ö ×-. ,*+
 \ � � %D-È 

  Æ G� � v � ã Èä ® � [29,71-77]; 

3. ¸ R PbSe�� ! l m ¿ È n %] PbSe�� O
 { �d ¹ ò ó � | R  

  � �%� � � î �Ö ×
� r Ø �ã È!¼ ½ ¾ ¿ À � � � �� × 

  * í %V PbSe/PCBM:P3HT o Q !�ÈIÌ Þä p PCBM:P3HT�  

  � o Q c% H 0.100%b � d 0.248%%� � 2.4 T%� - IR�IÌ  

  ä H 0.0002%� � d 0.0035%%� � 17.5 T; 

4.D º » ' ! o Q �ÈIÌ Þä ¼ £ ½ ¯ %l ]= PbSe�� !� �ü  

 +p PCBM:P3HT�� 
 %
H? 5-23!� ��� ?@ � � � PbSe 

 �� k ^ l � � ò ó � ª « !� �ü +%
 { � ª « !� � ¼ £ k ^  

 l ¨ PCBM:P3HT 	 Ð !%t � : ^ b � �ÈIÌ Þä %j ` a � �  

 PbSe�� !� �ü +%� b � PCBM:P3HT
 { �dò ó �!� �; 
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