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$^�Ý�¼²¡Å�³�{Ú2ÂFÝCq, éO�ª�, Ag Ú Zn �ð ¶ CdS ��¬�¬N(�!>
f(�Ú1Æ5�?1
O�, ©Û
Ù>f�©Ù�(��'X, �Ñ
�,c� CdS NX�0>¼êÚEò�
Ç¼ê. ïÄL², �k Ag � CdS ¬N�ÇßÝO�, ¬²wJpá��>�Ç,  Zn �,ØUC CdS ¬N16
fßÝ; Ag, Zn �,NX1Æ�YþCÄ; ÏL©Û�,c� CdS ¬N�0>¼êÚEò�Ç¼ê, )º
NX�
u1Ån.

'�c: �Ý�¼nØ, Ag, Zn �, CdS, >f(�, 1Æ5�

PACS: 72.80.Ey, 71.55.Gs, 71.15.Mb

1 Ú ó

1z6 (CdS) ´ II-VI x°�Y��Ná�, d
uäkNõ`É�1ÆÚ>Æ5�, Ùd3�A
^cµÉ�<�2��'5. X CdS ��3Da
ì!��U>³!1&ÿì!-1á�!1Å�
ì�Ú��58¤1Æì��+�kX2��A
^ [1,2]. ¢S¥, ��Ná�3)�L§¥¬�)
"�, duù«"�´>-¹�, "�Ú16fm
�3�p�^, ¦�"���3¬îK���
Ná��>ÆÚ1Æ5U. ,��¡ÏL�O�
±|^"�5Uõ��Ná��>ÆÚ1Æ5U.

CdS Ï~k8��n ¶Úá���ð ¶ü«
(�, n ¶(�� CdS 31¯ì��¡�3d3
A^, <�é§��,?1
2��ïÄ [3−7]. é
ð ¶(� CdS 9Ù�"��A5�'5�Ø´
éõ [8,9], Desnica � [10,11] ïÄuy, � Cl ���
�±Jp>�Ç��>Æ5��n�� n . CdS

��Ná�. Ó�ïÄ
 Cu, Ag Ú Au �, CdS ¬
N>f5�UC��*Å� [11]. ·�±cïÄu
y3ð ¶(�� CdS ¥ Mg, Cu O  Cd �,þ

� CdS � p.�,J, � Cu � Mg ´�Ð� p.
�,J [12]. S, Cd � �±¦Ù1Æ5U�Cz
Ì�8¥3$Uþ«, �1ÆáÂ>u)²w�C
z [13]; ?�ÚïÄuy Ag, Zn O  Cd �,�U
éÐUõ CdS >ÆÚ1Æ5U, �'�1�5�n
ïÄ�����.

�©^²¡Å�³�{éð ¶(�� CdS

¬N¥�\,� M (M = Ag, Zn) ?1�¬�?n,

lnØþO�
ü«�,�¹e CdS á��>f
(�Ú1Æ5U. ©Û
Ù>f�©Ù�(��'
X; ¿�\ïÄ
�,éNX�>5U�K�;ï
Ä
�,c� CdS ¬N�1Æ5�, )º
NX�
u1Ån.

2 nØ�.ÚO��{

2.1 nnnØØØ���...

ð ¶ ( � � CdS á u F43m � m +, ¬
� ~ ê � 5.8304 Å[14], � f � I ´ Cd(0,0,0)

Ú S(0.25,0.25,0.25). �©O��.´3 CdS ü¬
�Ä:þ�E 2× 2× 2 ��¬�Xã 1 ¤«, Ù¥
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n�¬N CdS ¥ Cd—S ��þ� 2.525Å,Cd—S �
�m���� 109◦47′. �,��f Ag, Zn O�¬
cþ��� Cd �f����,�¬�(��.,

3 2×2×2 ��¬�¥, Ag, Zn �,ßÝþ� 1/35,

z©ÇßÝþ� 2.86%.

ã 1 CdS �¬��.

2.2 OOO������{{{

lÞO�ó�´dÄu�Ý�¼nØ�þf
åÆ§S CASTEP �¤� [15]. æ^²¡ÅÄ�³
�{, én�Ú�,�� CdS �¬� (2 × 2 × 2)

?1AÛ(�`z, ��Ú�'³d2ÂFÝC
q (GGA-PBE) ?1£ã, ´8c��O(�>f
(�O��nØ�{ [15,16]. 3¬N±Ï5³|
¥, æ^n�±Ï5>.^�, òõ>fNX^²
¡Å¼êÐmL«. �¦þ~�²¡ÅÄ�ê, æ
^�^�³5£ãlf¢�d>f�m��p�
^, ²¡Å�äU (Ecut)À�� 350 eV. Ùp�«
�È©O�æ^ 4×4×2 � Monkohorst-Pack[17] A
Ï K ��:é Brillouin ¦Ú, ±�yNXUþÚ
�.3O��²¡ÅÄY²þ�Âñ. 3gU|
$�¥, æ^
 Pulay �Ý·Ü{, gU|��z
��f 2 × 10−6 eV. 3é�.�(�`z¥, æ^

 BFGS �{, `zëêk 4 �, =�fm�p�
^å�ÂñIO�� 0.05 eV/Å; ü�fUþ�Â
ñIO�� 2×10−5 eV; ¬NSAå�ÂñIO�
� 0.1 GPa; �f�� £ÂñIO�� 0.002 Å,

(�`z�¤�IO´o�ëê��½`uÂñ
IO. O��k`z CdS �¬�(�, 3`z(�
�Ä:þ�, Ag, Zn ¿O��,�¬N�>f(
�Ú1Æ5�.

2.3 111ÆÆÆ555������nnnØØØ£££ããã

NX3��Å�eé1>|��5�AdE
0>~ê ε(ω) = ε1(ω) + iε2(ω) ½ö^Eò�Ç¼

ê N = n + ik 5£ã, Ù¥ ε1 = n2 − k2, ε2 = 2nk.

duO�>f¥ÃØ´�m�´�S�[ªÇÑ
��L(fªÇ, �¦^��{´ü>fCq�
{, �=�Ä>f-u, lþfåÆ�*:w, �m
�[1áÂL§´>f3Ë�>^|�6�^e
l$U��[�pU�L§. l���[VÇ�½
ÂÚÚÑ'X�í�Ñ¬N0>~êJÜ�

ε2(ω) =
C

ω2

∑
C,V

∫
BZ

2
(2π)3

|MCV(K)|2

×δ(EK
C − EK

V − ~ω)d3K,

Ù¥, eI C,V ©OL«��Úd�, BZ L«1�
Ùp�«, K ����, |MCV(K)|2 �ÄþÝ
�,

C �~ê, ω ��±ªÇ, EK
C Ú EK

V ©O���Ú
d����U?.

3 O�(J�?Ø

3.1 Ag, Zn ���,,, CdS >>>fff(((���

3.1.1 ¬N(�
é CdS ¬N±9ü«�,�¹?1(�`z,

`z��¬�ëêXL 1 ¤«.

L 1 CdS 9 Ag, Zn �, CdS �¬�ëê�

¬�~ê CdS CdS:Ag CdS:Zn

O��/Å 4.1810 4.1140 4.1332

¢�� [18]/Å 4.1220 – –

Cd—S ²þ��/Å 2.5250 2.5370 2.5523

M—S ��/Å – 2.4635 2.4019

lL 1 ¥�±wÑ, N� CdS ¬�ëê�n
ØO��®k¢�êâÎÜ [18], 3Ø�#N��
S. l`z��(J�±wÑ Ag, Zn �,� CdS

¬�~þþC�, �éu Ag �,NX¬�~þ
Cz�\²w. Ì�´du Ag+, Ag2+, Zn2+ �
lf�» 0.13,0.89, 0.74 Å, þ' Cd2+ �lf�
» 0.97 Å�, 3�� Cd �f�� S/¤�r�l
f�, ù� Ag, Zn � S/¤� Ag—S Ú Zn—S �
�� Cd—S ��á, l~�
¬�~þ, Ó�ù

~����q���,NX¥� Cd—S ���
��,NX¥ Cd—S ����, X CdS: Ag NX
¥ Cd—S ²þ��� 2.5370 Å,  CdS ¥ Cd—S

²þ��� 2.5250 Å, ��,�±�¬�u)Û
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ÜÆC. XL 1 ¤«, ²þ M (Ag,Zn)—S ���á
u Cd—S ��, `²¬�¥ M (Ag, Zn)—S �^�
r.

3.1.2 NX���Ý
ã 2(a)—(c) �Ñ
 CdS ¬N±9ü«�,�

¹�oN��Ý. dã 2(a) ��, CdS ¬N�>f
¤?U?� 4 |, =� 1!� 2!� 3 Ú� 4, ©
OéAã 2(a) ¥I5� 1, 2, 3, 4. � 1 °Ý��
� 1.80 eV, ©Ùk S �f� 3s �>f, �k�þ Cd

�f� 5s, 5p 9 4d �>f�©Ù3ù�«�; Cd

�f� 4d �>fÌ�©Ù3� –7.49 eV(=� 2)

?, �wÑÙ¸�ékb, w«Ñ�r�Û�5, �
Ù¦d��mÃ²w��p�^; � 3 °Ý��
� 4.78 eV, ù�«�©Ù Cd 5s5p �Ú S 3p �>f,

� S 3p �>fû½
d�º� �; � 4 (=��)

°Ý��� 4.23 eV, Ì�©Ù Cd �f� 5s �>f,

�k�þ S Ú Cd �f� p �>f�©Ù3ù�«
�. d(J� Desnica � [10,11] ¤��q. '�ã 2

�±uynöÑ�~�q, �´ Zn �,� CdS ¬
N (ã 2(c)) >f¤?U?3d�Ü© (� –5.9 eV

?) ' CdS Ú CdS: Ag (ã 2(a) Ú (b)) õ
�|U

ã 2 n� CdS ±9ü«�,�¹���Ý

�, �â©Å��Ýã©Ûù´�,�f Zn � 3d

�>f¤?U?; ��d� �Ä��±ØC, �
�.� �d Cd 5s5p �>fû½. ã 2(b) >f¤
?U?�� 4 |, Ag �, (ã 2(b)) ¦ CdS d�º
 ��pU��£Ä� 0.69 eV, �� ��pU«
£Ä� 0.66 eV, ��1Æ�Y°ÝC�. d©Å�
�Ýã 3 Úã 4 ©Û��,Ag �, CdS NX��
.� �Ì�´d Cd 5s �>fû½, d�ºE,
d S 3p �>fû½�, �3d�ºNC�3X�½
þ��Ç. du Ag Ú Zn �,´ü«ØÓ5���
,, Zn ´�d�,, §Ø�UJø�Ì½ÉÌU?;

 Ag ´Éd�,, Ag �,Jø
��É>f�É
ÌU?, ¤±d�ºNC�3�Ç.

ã 3 n� CdS ¬N±9ü«�,�¹ Cd �f���Ý

eV
-1

ã 4 n� CdS ¬N±9ü«�,�¹ S �f���Ý

�
½þ©Û��Ý, é¤�U?±þ, d�
±e���Ý?1
È©, ���È©�Ý� CdS

� 144, CdS:Ag � 131, CdS:Zn � 144. ù
ê�
©O�L
�NX¥	�>f�W¿U?�>
f�ê8. O������æ>f�©O´ S

� 3s23p4 �, Cd � 4d105s2 �, Ag � 4d105s1 �,

Zn � 3d104s2 �, ù����é>f(���z
Ò©O�Ä
 6, 12, 11, 12 �	�>f. Ïdz
�NX��¬�(�ü�¥¹k�d>foê
©O� Cd8S8 �¹ 144 �, AgCd7S8 �¹ 143 �,
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ZnCd7S8 �¹ 144 �. '��W¿U?>f�ê
8Úd>f�ê8, ·��� Cd8S8 Ú ZnCd7S8

d�?u÷W¿G�, ¤�¡TÐ ud�º,

 AgCd7S8 ��W¿U?>f�ê8'd>f
ê8� 12 �, =d��W¿�¹´Ø÷�, k>
f��Ç�Ñy, ¤�¡ü$�d�¥. �â�
�N��>Ån [19], CdS:Ag ù«U�(���
,NX�>�ÇÚu15U�±��Jp. l
>ÖÅð��Ý©Û, 3�,c�>Ö´Åð�,

= 2Cd2+ → Ag1+ + Cd3+, ù� Cd3+ ��Ç�Ý
O\. (JL², Ag �,¬O� CdS ¬N�Çß
Ý, U
²wJpá��>�Ç,  Zn �,é16
fßÝÄ�vkK�.

3.2 Ag, Zn ���,,, CdS 111ÆÆÆ555���

3.2.1 CdS ¬N9ü«�,�¹�1Æ�Y

·�O�� CdS ¬N�1Æ�Y (1.16 eV)

�Ù§nØ(J (1.07 eV)[20] Ä�ÎÜ, ��¢�
� (2.42 eV)[21] ����, Ì�´du GGA CqÚ
Û��ÝCq (LDA) Ñ�31Æ�Y� $�Ê
H¯K [22,23]. �éÙ�é��'��´�~O(
�, Ïd¿ØK�é CdS 9�,NX�nØ©Û.

'��©O�(J�±uy, Ag, Zn �,� CdS ¬
N�1Æ�Y©OCÄ� 1.02 Ú 0.96 eV(Xã 5

¤«). �Ï´pßÝ�,�)�gd16f, l
±eü��¡UC
 CdS á���Y. ��¡p
ßÝ�16f¦¤�U?£\���)¤¢
� Burstein-Moss ({P� B-M) £Ä, ¦1ÆáÂ>
�$U��£Ä¦�YC° [24]; �´>Ö�m
�p�^�)õN�A½,�"���m�U
¦�YCÄ. �´3p�, Ag, Zn �fßÝ�^�
e, cö��^�u�ö, o��J´1Æ�Y�
,��f��\C�, =

Eg = Ego + ∆EBM
g − ∆EW

g

ª¥ Ego ���,n�^�e��Y,∆EBM
g � B-

M £Ä, ∆EW
g ��â Woff nØ���>fõN�

AÚå���e£. 3p�, Ag,Zn �fßÝ^�
e,∆EBM

g < ∆EW
g , ¤±B�CÄ. ��, Ag, Zn �

,��Y�Cz5Æ�±þnØ�Î.

eV
eV

ã 5 Ag �, CdS (a) Ú Zn �, CdS (b) �U�(�ã

3.2.2 CdS ¬N9ü«�,�¹�E0>¼
êJÜ

0>¼ê���Ï�m�[�*ÔnL§�
�N>f(��xù, �N
�NU�(�9Ù�
«1Ì&E. CdS 9Ù�, Ag, Zn "�NXþ��
��Y��N, Ù1Ì´dU?m>f�[¤�)
�, ��0>¸�±ÏLU�(�Ú��Ý5)º.

ã 6 �Ñ
 CdS 9Ù�,NX�0>¼êJ
Ü. lã 6(a) ¥�±w� CdS ¬N�0>¼êJ
ÜéA�Ì�k D1, D2, D3 � 3 �¸, §�éA
�1fUþ©O� 1.09, 5.86 Ú 11.51 eV, � Huang

� [25] �O�(J�ÎÜ. �â��Ý©Û (�
ã 2—4), 3 D1 = 1.09 eV ?éAu���[K, �
d�º���.�[k', �Ù¸���, �U´
du��.NC�U?Óâ�zü Uþm�¤
éA� K �mNÈØ�Úå�, u)�[�Ì
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�u S 3p ;�>f; 3 D2 = 5.86 eV ?éAX�
�0>¸, �[�>f�U´� 3 � S 3p ;�>f
Ú� 4 � Cd 5s ½� 2 � Cd4d ;�>f, ��U´
� 1 � S 3s Ú� 3 � Cd 5p ;�>f�m��[;

3 D3 = 11.51 eV ?Ñy�f�¸, éAX� 1 Ú
� 4 �m��[, �[�>fÌ�5u� 1 � S

3s �>f, du?u� 1 �>f���[�� 4 �
ê8é�, �õê´k�[� 2 ½� 3, 2d� 2 ½
� 3 �[�� 4, ¤±éA�¸���. ã 6(c) �
ã 6(a) �/�Ä��Ó, ¸� �Ä��±ØC,

�´¸���k¤UC, Ì�´du�\ Zn ,�
�Úå�. Ag �, CdS (�ã 6(b)), 3� 0.53 eV ?
k�k¸´dþd�SÜ�>f�[Úå�, �5
� D1 ¸��
. ù´Ï�3 CdS ¬N¥ D1 ¸é
A�´ S 3p >f���.����[, ��\ Ag

�, 3��.Ñy16f, ¤�U?ü�d�¥, d
ud�º´�X�, �ë��[L§, ¤±d�º
vk>f�[���., �� D1 ¸A���. Ù¦
¸� �Ä��n� CdS �Ó, �¸�Ñk~�.

ã 6 0>¼ê (a) CdS; (b) CdS:Ag; (c) CdS:Zn

3.2.3 CdS ¬N9ü«�,�¹�Eò�Ç
¼ê

ã 7(a)—(c) �O�n� CdS 9Ù Ag, Zn �,

NX�Eò�Ç¼ê. l 7(a) �� n0 = 2.618, �
¢�� 2.431[26,27] ÎÜ��Ð, 3$U« (1fU
þ�u 5.8 eV), ¢Ü�~ê,JÜ¥þ,ª³; 3p
U« (1fUþ�u 14.1 eV) JÜ���C 0, ¢
Ü��Cz��, L² CdS NXépªÇ�>^
ÅáÂ�f, �3pª«Ùò�ÇA��~ê; '
�ã 7(b) Ú (c), ã/Czª³Ä���, �ã 7(c)

��¸����pU�� £, Ì�´duU�
� £Úå�. ã 7(b) L² Ag �, CdS 3pU
« (1fUþ�u 10.3 eV) Czª³�n� CdS ¬
N (ã 7(a)) Ä��Ó, �3$U«¢ÜÚJÜÑk
¤ØÓ, Ì�´du�\ Ag ,��, >^ÅÏL�
0�ØÓ, Úåò�Ç�Cz.

ã 7 Eò�Ç¼ê (a) CdS; (b) CdS:Ag; (c) CdS:Zn

4 ( Ø

æ^Äu�Ý�¼nØ�²¡Å�³�{Ú
2ÂFÝCq, é CdS ±9 Ag, Zn �,� CdS �
¬�?1(�`z, O�
§��>f(�Ú1Æ
5�. ïÄL²: �k Ag � CdS ¬N��ÇßÝ
O�, ²wJp
á��>�Ç, Uõ
 CdS ¬N
�>Æ5U, Zn �,ØUC CdS ¬N�16fß
Ý; ©Û
�,c� CdS ¬N�0>¼êÚEò�
Ç¼ê, ¿)º
NX�u1Ån. O�(J�y
knØ�ÎÜ, � CdS á�3©f�fºÝþ?�
Ú�O�A^Jø
nØ�â.

a���nó�ÆÚìÜ�Æé�©Jø�O�| .
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Doped with Ag and Zn effects on electronic structure
and optical properties of CdS∗
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Abstract

The geometry structure, electronic structure and optical properties of zinc bende CdS:M (M = Ag,Zn) were studied systemically

using density functional theory based on first-principles ultrasoft pseudopotential method and GGA.The relationship between the distri-

bution of the electronic states and their structures has been analyzed. The dielectric function and the complex refractive index function

on doping CdS system have been obtained. The calculation results showed that the hole concentration of Ag-doped CdS is increased,

enhanced the conductivity of the material. But the carrier concentration of Al-doped CdS was not changed; the optical band gap were

narrowed for Ag-doping, Zn-doping CdS. The mechanism of luminescence has been explained in terms of an analysis of the dielectric

function and the complex refractive index function.
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