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Abstract 

In this study, using density functional theory and Boltzmann equation, the thermoelectric 

properties of perfect and porous phosphorene nanosheets are calculated and compared at different 

temperatures including 100, 200 and 300 K. The results show that the maximum seebeck 

coefficient at 300 ° K for porous nanosheet is about twice the corresponding amount of the perfect 

one. A good thermoelectric material should have a high electrical conductivity as well as a low 

thermal conductivity. Although the electrical conductivity of the perfect sample is higher than 

that of the porous one at all studied temperatures, the electronic contribution of the thermal 

conductivity related to porous phosphorene is less than the thermal conductivity of the perfect 

one. At all studied temperatures, the maximum figure of merit (ZT) in porous phoephorene, is 

higher than the ZT in the perfect nanosheet. The results of this study indicate that two-dimensional 

porous phosphorene is a promising material for thermoelectric applications and even 

demonstrates a better performance than the perfect 2D-phosphoren. 

Keywords: porous phosphorene, phosphorene nanosheet, thermoelectric properties, seebeck 

coefficient, thermal conductivity, power factor, figure of merit 
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�� �	%�=1� 0/$*?� �'��� �� ���� 	 *�� ��%/�< �����:$ 

M.�: 0� W8' �;� `	� ���� ��8.[p �: 0/ ;��� �	%�=1�

*�� ���� *�� (�  	�'����< �����:$  �;&' `	� ����

� 0�?%Y %L' �� %M] (41�O):0� �� 0Q%Y� .�8� �8p

2����� �O�' 4R�' 	 <��/ �%M�? 0�15: ��%=' ���	�$�� 

��� ��'$T �%� ��� �'����<��� �����:$ � o�6�:;'�8  

%�=1�8�%  N�8O$>  �8�C �� �� ���� W8' 	� %�

��2�$% 51�O�' o�6�:  W8'n  	p �����.: .;./  

����<=� (� 0/ �8p2 :� �;��&�U$%V ��8� >-�� 

�	;3� �� >$��� 02f.� >$ ��   _�%��q 

��%��Y:� <�3�� �� ��0� .�8� ��;2� �� 0/ :.P� #$�

:� �7�Q�' :51�O�' *�� :$X�� >-�� U$%V 0� ��8 

.*?�$  ��$> '���'��� �7?� ��$� <��C ��;P  ���� ��

�7?�$� �:$;�� 0� 0/1��< �$��� �%MC �	%�=1� ~	( ���

 ��: ' �����'��� %V �8Q .*��$U ��>- f��� �-p� 

� ∝ � �
�����

	 
�
 <��C ��;P  t8=P� �� U��.�� ��

�7?� �� �K1 *��$� <��C ��;P  �8Q ������ k� %l

�7?�$� �:$�;�� %V$U ��>- � �/:�8��' �� .�0�  ��

<=�2 R� %V$U ���>- %��/ ��;2�� ��� ��� 300 

 0� *-�'200  	100 8/ 0S��$#  .����&�� ��;2� #$%�

 0R�	 8'�' 	 <��/ �%M�? 0R�	 8'�' �� >-�� U$%V

 ���� �� <66�� �%M�?100 0� #$8/ 0S�� U� % 

 �� %��%�32.695 10
V

K

  	32.791 10
V

K

 :� .;���

 :1�C �� *�� U��.�� ��� �� _�7? �� >-�� U$%V

0 
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��' �� 0/ �;��&� �K1 ���� �=[ *-�' ��� �� ���'���

:�.�&�� �8�� R�	 8'�' �� >-�� U$%V�  <��/ �%M�?

��%/ �;�� :@S8  <��R ���/ ���� �$�7?� �� �� *��

:1�C �� 0�$�2� �� ���/ #$� �<66�� �%M�? �� 0/

�/ �%M�?�/ ����� <� .*�� %  ���� ��300  0S��

.�&�� #$8/�  <66�� �%M�? 0� i8�%� >-�� U$%V

 �	;C µV/K2000  ��;2� %��%� 	� e�-$%2  0/ *��

 :.P$ <��/ �%M�? �� 0��&�µV/K 1000 :�.;���  

  
o1�  

  

  
Z  

  


�+2. q  ���8�'��_�% >-�� U$%V o1� �� : �%M�? 0R�	 8'�'

Z <��/: 0R�	 8'�'�'��� U�C%� <66�� �%M�?�< �����:$.  

   

 (� :��' ��� <��C ��$%S ��7�� :=$%�=1� :Y;.'���

 ��&' >$%�=1�8�%  ��8� �� �� _��%C 0S�� ��$��%Y

:�<=� �� .;��3  <��/ �%M�? :=$%�=1� :Y;.'���3-

 <66�� 	 o1�3- Z%� �� :$����� <��'��� U�C

 ������100 �200  	300 �;� ���.*��  

  
o1�  

  
Z  


�+3. q  ���8�'��_�% :=$%�=1� :Y;.'��� o1� �� : 0R�	 8'�'

Z <��/ �%M�? :�'��� U�C%� <66�� �%M�? 0R�	 8'�'�< 

�����:$.  

  

R�	 8'�' 	� %� ��%��  :Y;.'��� <66�� 	 <��/ �%M�?

 W8' �� :=$%�=1�n  0  W8' 	p  0  _	�M��

 �� ��� U�C%� :=$%�=1� :Y;.'��� _�%��q  .*��

 �	;C �  #�$�� ������300  ��� *�� 7�Q�' ����� 0S��

 �  X�� ������ �� :��%�800 :� ��&' #$8/ 0S�� ;��

0� ��� �$�7?� ��<��C �$�7?� <�1� :Y;.'��� ���� ���

0� :=$%�=1�:� �$�7?� :$��' _�8] 	� %� ��%� .;��$

R�	 8'�'� �(�� �� :Y;.'��� ��7�� <66�� 	 <��/ ��
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 \8C0  :� %M] o�6� ������ �� �(�� #$� .;���

R�	 8'�' ��%��  �	;C �� <��/ �%M�?

 0.3, 0.39    :�:1�C �� ;��� 0R�	 8'�' ��%� 0/

g�7� �(�� #$� <66�� �	;C �� 	 % 

 -0.62, 0.62    _�%��q  �(�� #$� (� ;P� .*��

 <��'��� �� :Y;.'��� 0R�	 8'�' 	� %� ��%� :$�����

0�0R _�8]��� 	 �� *1�C �� 0/ �*�� :�	�.�� ���

�	� 	 _�%��q  0.��� <66��� �+ Z	�.  0� *-�' ��

>Q8/ <��/ �%M�? :Y;.'��� ��;2� #$%�&�� .*�� % 

 W8' :51�O�' 	 <��/ �%M�? *1�C ��n ��

2eV    �� %��%�19
7.088 10 (1/ ms)   ���� ��

100  	 <66�� �%M�? *1�C �� 	 #$8/ 0S��

 W8' :51�O�'p  ��1.73eV    �� %��%�
191.79 10 (1/ ms)   ���� ��100 .*�� #$8/ 0S��  

  
o1�  

  
Z  


�+4. q  ���8�'��_�% : ��%C *$�;� o1� �� : �%M�? 0R�	 8'�'

Z <��/ :�'��� U�C%� <66�� �%M�? 0R�	 8'�'�< �����:$.  

  

 �8'�R (� ���M��� �� :'	%�=1� : ��%C *$�;� ���;$	

��'�%?( / LT)e   :� #��P .�8�  ��%L' y�31 (�

 U��.  *��lL �:� �;���' 7�'�81 �;[ 0/ %��%� ��8�

 �� *�� 

1                 

22
8 2

2.44 10
3

Bk
L W K

T e

 


       
            

</ : ��%C *$�;� (� :���R :'	%�=1� : ��%C *$�;�

( )  :'	%�=1� *��R 	� (� <=&�� 0/ *��( )e  	

 :'8'8?( )l 0/ *�� :$�'�8  %B'���>$ %�  (�

�	%�=1��%MC 	 �� ��:� ��%Y \�2�'� ��;���0� . <�1�

 _�-��3� ��8� ���C 	 : �-��3� ,��.� *$�	;3�

 �:'8'8?0� ��	
� #$� �� �@� �@.  �U$%2  ��8.[

 ������ .*�� �;� 0-��3� :$��%Y *$�;� :'	%�=1�

 :��%� ��8�100 �200  	300     .;��� :� #$8/ 0S��  

<=� ��4  <��/ �%M�? : ��%C *$�;� :'	%�=1� �@�

 ������ �� :$����� <��'��� U�C%� <66�� 	100 �

200  	300 �;� ��� .*�� 	 <��/ *1�C 	� %� ��

 *$�;� ��� �$�7?� �� <66�� �;�� �$�7?� : ��%C

��%/0� 0/ *��<��C ��;P  �$�7?� <�1���' �� �� �'���

:� ��� �$�7?� ��R�	 8'�' : ��%C *$�;� .;����  �%M�?

R�	 8'�' 0� *-�' <66���  :���  ��%� <��/ �%M�?

 �;�� :@S8  <��R ���/ �:��%� ��8� ������

��%/���� .*�� ��8� �;� ����� ed-R 0/ �8p

 �;$� >$%�=1�8�% :.�$�� : ��%C *$�;� ����� \+

;.���� 0� 0S8  �� 0���' ��:� <=� �� 0/ *MY ��8 

<��'��� :���  �� 	 #�$�� ������ *$�;� :$����� ���

 <��/ �%M�? 0� *-�' <66�� �%M�? :'	%�=1� : ��%C

#�$�� .*�� %   



   ����� ��	
� ����� ��������	� ���12����� �2 ������� 1401                                                  16    

 

  
o1�  

  
Z  


�+5. q  ���8�'��_�% ��8  �8�/�?  8'�'(Z <��/ �%M�? 0R�	 8'�'(o1� ��

�'��� U�C%� <66�� �%M�? 0R�	�< �����:$.  

%������ >$ ��8  �8�/�? :��$(�� ��%�  :$���/

 0f��� �� 0/ *�� ��8� :=$%�=1�8�% 2
(S )  o$%P 

:�0f��� #$� �� .�8� 	 :=$%�=1� :Y;.'���S 

:� >-�� U$%V .;���<=� 0� 0S8  ��5 (�� ��� 

 %M] ��8  �8�/�? �%M] :$����� <��'��� \8C :=Q8/

:� %�=Q8/ �(�� #$� ��� �$�7?� �� 0/ *�� .�8�

:� �;��&� #�.n�� <��'��� >Q8/ _�%��q  �� �8�

 :@S8  <��R _�%��q  J86��� ��8  �8�/�? �:$�����

:� W8' :51�O�' 	� %� �� .�8�n  	p  8'�' *1�C ��

 �;�� �$�7?� ��8  �8�/�? ��� �$�7?� �� <��/ �%M�? 0R�	

:� 0R�	 8'�' 0� <��/ �%M�? 0R�	 8'�' <$;-  �� .;./

 ���/ ������ :���  ��%� ��8  �8�/�? <66�� �%M�?

��%/ �;��.*��  

  

  
o1�  

  
Z  


�+6. q  ���8�'��_�%  U$%V:B��$�� o1� �� : <��/ �%M�? 0R�	 8'�'

Z :�'��� U�C%� <66�� �%M�? 0R�	 8'�'�< �����:$.  

 *-�'
2S T


  *�� :=$%�=1�8�%  :B��$�� 4O��

 �� 0/ZT :� ���� �$��'���� .�8� ����� <-R 0/ �8p

;�  0f��� #$� �� :'8'8? �@� (� �&Q : ��%C *$�;�

:� :�8� :'	%�=1� *$�;� <��� �@.  %�/ ~%6� 	 �8�

:� �$ X�� :�O ������ ��%� U$%2  #$� �0Q%Y� .;���

 ������ �� �%$( �*�� :18-R <��R U$%2  #�$�� :�O

) #�$�� :�OT<1000� ( ed�[ 0=-� �/ _���P �� <�1�

�8'8? �@��2�'� �@� #$%�&�� 	 *�� 7�Q�' �� _��%C \

0�;@[� �	%�=1� �7�' X�� :�O ������ �� .*�� ��

�	%�=1� *$�;� �� �;�[ �@� ����� 0�6�B'�%� ���

;.��� : ��%C�  :'8'8? ���;� %r/� ����� #$� �� �%$(

�8'8? :Y;./�%� u[�� 0/ *�� �;� \�P?:� �� 	 �8�

d�[e �8'8? N�O *@S >$ �� :�' ��0� ;.'�8  :�8O

\�2�'� .;.�� A��'� �� _��%C  �:��%� ��8� ������ ��
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 #��100  � 300:�' � �*?%Y �;$��' �� :'8'8? �@� ��8 

0� ����{� � ���� :��%� *���� <�1� ,R�	 ��  _�-��3�

 ��X�� ;C� %V$U ��$B��: (�� #$� �� ���  :$���

:� 46&�.;./  

<=� ��6  <��'��� 0� *-�' :B��$�� U$%V _�%��q 

����� 8'�' 	 <��/ �%M�? 0R�	 8'�' *1�C 	� ��%� :$

 ������ �� <66�� �%M�? 0R�	100 �200  	300  ���

�;����� .*�� �� >-�� U$%V ;� ����� ed-R 0/ �8p

 :B��$�� 4O�� _�%��q  �K1 ���� �=[ *-�' ���

 ���?� 0� ��� �� >$%�=1�8�%  �����
�  :.P$ ����� :B���

�%��q  _��I7S 0� ��� �� :$��%Y 	 :=$%�=1� :Y;.'��� _

<��'��� ��.o�6� :$����� ��� �� *R� �� <=�6 

�;��&� �: ���?� �8�ZT �7?� ��$� �'��� 0� ����< 

�����:$ � 0/ *�� 0����	:;'�8  �P� ��: �'����<��  ��

�7?�$� �7?� ����$� O%� �� 	:  ���/$;��.  

&��8'�' �� :B��$�� U$%V ��;2� #$%�  �%M�? 0R�	

0� <66�� �%M�? 0R�	 8'�' 	 <��/ %��%� U� % 03/1  	

07/1  ���� ��300 :� #$8/;.�� ��&' 0/ ;���� 

0R .*�� �%M�? Z8O : ��%C �%=�[ 0� i8�%� ���

#@� �<66�� �%M�? �� :B��$�� U$%V �%M�? (� % 

0� *�� <��/��8p U$%V <66�� �%M�? �� 0/

(�� �� :B��$���  0,0.8   	 0.8,0    ��;2�

:1�C �� ���� �� 0.�&�� �(�� #$� <��/ �%M�? �� 0/

 0,0.3   	 0.4,0   :��$�2� ��%� .;���� 

(�;'� �%�@��  �� 0.�&�� :B��$�� U$%V 	 >-�� U$%V

0R�	 8'�' *1�C 	�  ������ �� <66�� 	 <��/ �%M�?

100 �200  	300 <��'��� ��%� #$8/ 0S�� ���

 W8') *-r� :$�����n W8'):M.� 	 (p\	;S �� (1 

���� .*�� �;� J��7Y:� �;$� \	;S (� 0/ �8p ��8�

 *1�C 	� �� 0.�&�� :B��$�� U$%V 	 >-�� U$%V

 W8'n  	p  03M]8'�' ��%� :��%� ��8� ������ �� 	

 <��/ �%M�? �� 0��&� %$��2� (� ��� <66�� �%M�?

:�.;���  

�:'� 	 <0���'7  

   @$%L' (� ���M��� �� ��	
� #$� ���  :1�BQ :P�� 

(DFT) ��� 	� 8/+ N�8O �`% 7�18� ;/ 	 8�%}�� A8�'

 :=$%�=1�8�% M�? 0R�	 8'�' 	 <��/ �%M�? 0R�	 8'�' �%

 <66�� .;� 0�$�2� 	 0-��3�  

 %� ��R�	 8'�' *1�C 	��  0R�	 8'�' 	 <��/ �%M�?

 ���/ >-�� U$%V ���� �$�7?� �� <66�� �%M�?

��%/ �;��*��.  ���� �� >-�� U$%V 0.�&��300 

S���  �%M�? %��%� 	� �	;C <66�� �%M�? �� #$8/

 (� ��� <��/ �%M�? �� :=$%�=1� *$�;� .*�� <��/

:� <66�� �%M�? :=$%�=1� *$�;�;��� :1�C �� 0/

 <66�� �%M�? 0R�	 8'�' :'	%�=1� : ��%C *$�;�

 ������ :���  ��%� <��/ �%M�? 0R�	 8'�' 0� *-�'

��%/ �;�� ���/ :��%� ��8�.*�� !'B'�C %V$U 

��$B��: ;.�� ��&' 0/� :B��$�� ���� %�=1�8�% $> 

�� �� *��� ������ ��%� ��8�: �%�� R�	 8'�'� 

� <66�� �%M�?�%�& � <��/ �%M�? (�:���T$��' #$� .; 

:� ��&' �%M�? <r� �;P� 	� <66�� ��8� (� 0/ ;��

:� <66��0� ��8  _�PfR ��(�� �$�7?� �8L.�

.�8�' ���M��� >$%�=1�8�%   
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D	 21 ..�&���  ������ �� <66�� 	 <��/ �%M�? 0R�	 8'�' :B��$�� U$%V 	 >-�� U$%V200�100  	300 #$8/ 0S��.   

 
    max /S V K    

���	 ����  T(K) 

 

      Type  
100  200  300  100  200  300   


��$ �����  n-type 19/2626  73/1505  09/976  9869/0  9666/0  9407/0  

p-type 23/2712  50/1532 64/1094  9928/0  0120/1  0330/1  


���� �����  n-type 53/2727  66/2811  59/2054  9898/0  9941/0  9869/0  

p-type 59/2769  15/2779  78/2004  9984/0  0090/1  0640/1  
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