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�©æ^Äu1�5�n��>³�5M\²¡Å (FP-LAPW) {, O�
 Fe, S ü«����, SnO2 á��
>f(�Ú1Æ5�. (JL²: á�E���B���N, NX¥y�7á5; Fe, S ���±Äz�Y, �� S ß
ÝO\, ��Ý�$U��£Ä, �Y~�; ��NX>Ö�Ý#©Ù, � S ßÝO\, Fe �f4z§ÝOr, �f
m�ÜUåOr. ���0>¼êJÜÌ�1ÆáÂÌ�¸� S ßÝO\u)ù£, 1ÆáÂ>~�.

'�c: >f(�, ��Ý, U�(�, 1Æ5�

PACS: 31.15.A−, 71.15.Dx, 71.15.Mb

1 Ú ó

ß ² � > � z Ô SnO2 ´ � « � m +
� P42/mnm �°B���Ná�, ¿§eB�
°Ý 3.6 eV[1], -fåPUp� 130 meV[2,3]. ��
zâäkA½��>5!é��1äkûÐ�Ï
ß5±9��ù	�Ë��A5 4], �2�A^u
í¯��!ß²>4!xzJ�+� [2−10]. SnO2

U,¥y n .�>, ¤± n .�,�´¢y, �
¼� p .�>á��(J!½5Øn�, Ï�
�
Ù1>A^. ��,nØÄkd Yamamoto �
< [6,7] 3ïÄü45°B���Ná��JÑ, n
ØýÿÏLü«9ü«±þ����,�?�Ú
Jpá��1>5�. �þïÄL², �7á��
1�,�±/¤¬��� !Äz�YU [8]; �
þLÞ7álf�,�K�1)>f��Ç�E
Ü [9]. ü��f�,�ü½�^�r, ¢�¥é
J�\�pßÝ�f, ¿�ü��¹eé SnO2 á
�U5Ø²w.

�8c��, <�é TiO2, ZnO �á�5�®
kaqïÄ, Gu �< [10] é Al:ZnO Ú Fe:TiO2 �
��^Æ5U?1
ïÄ, ��f�< [11] $^1
�5�nO�
 Fe, Ni �� ZnO �>f(�Ú1
Æ5�. éu SnO2 ¬N?1��,�nØÚ¢

�����, du SnO2 Ú TiO2, ZnO ¬Ná�5
�aq, LÞ7áÚ�7á��é TiO2 �,�J
pÙ��1¹5. 3¢�þ, �Â��< [12] æ^Y
9Ü¤{3B� TiO2 ¥?1
 Fe Ú S ���,
U5ïÄ, éá�L��uy, S, Fe3+ ��,Q�
±ü$ TiO2 �Y!ÿ°Ù1�A��!Jpé�
�1�|^Ç, q�±Jp1áÂUåÚ1xz¹
5. 3nØþ, ïÄö$^1�5�né In-N, Ga-N
��,¢y p . ZnO ?1
O�, uy��,¦
á�äk�½�(�, ÉÌU?C°, lk�
Jp
16f�ßÝ [13,14]. �8c, 'u Fe, S �
f��,��zâá��O��¡���9, ¢
�¥éu Fe, S ��, TiO2(TiO2-S-Fe) äkép
�xz¹5±9é`Ä£k�p�ü)Ç, äk�
Ð�ó�zA^cµ [15]; 3c¡ó�¥, ·�Ï
L WIEN2k ^�©OO�
���e� SnO2, L
Þ��c [16] ±9�7á�� S O �, SnO2 �
5�, ��©ÀJ Fe Ú S ����,��, é SnO2

á��>f(�91Æ5�?1ïÄ, �¢�Ú¢
SA^�enØÄ:.

2 nØ�.ÚO��{
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\²¡Å (FP-LAPW) {, A^2ÂFÝCq (GGA)
?n�p'é��³ [17], $^ Wien2k ^� [18], O
� Fe, S ��e SnO2 �>f(�Ú1Æ5�. ��
zâ´�«o¡N7ù�(�, Ù���¹ü� Sn
�fÚo� O �f, �gó�´3 2 × 2 × 2 SnO2

�¬�(�¥©O^ Fe Ú S O� Sn Ú O, ?1
ü«�¹e Fe �fÚ S �f���: 1) ^�� Fe
Ú�� S O �,�� Sn Ú�� O �f, = Fe-
S �,(�; 2) ^�� Fe Úü� S O �,�
� Sn Úü� O �f, = Fe-2S �,(�. Xã 1,
ü « � , ( � � Fe � f þ O � N %   � ?
� Sn �f; éu Fe-S �,, S �fO�� Fe �
�C� ; éu Fe-2S �,, ü� S �f©OÓ

â Fe � f � � C�Ú g C��  . ü « � ¹
e Fe ��,ßÝ� 6.25%, S ��,ßÝ©O
� 3.125%Ú 6.25%.

duk' Fe, S �� SnO2 á��¢�Ún
Ø�¡����, ¿�·�Ì�éÙ?1½5
' �, ¤ ± � g ó � v k ( � ` z. � ¢ � ¬
� ~ ê: a = b = 0.4737 nm, c = 0.3186 nm,
α = β = γ = 90◦[19−21], Sn, O, Fe, S � Muffin-tin
�»©O� 2.0 a.u., 1.8 a.u., 2.0 a.u, 1.8 a.u, d�!
��©lU� −7.0 Ry, æ^ 4×3 × 3Monkhorst-
Pack AÏ:éÙp�«��, gU$�ÂñI
O 0.0001 Ry. �Ä� d > f © O � Sn:5s25p2,
O:2s22p4, Fe:4s23d6, S:3s23p4.

ã 1 2 × 2 × 2SnO2 �¬��,�. (a) Fe-S �,; (b) Fe-2S �,

3 (J�©Û

3.1 >>>fff(((���

3.1.1 ��Ý

ã 2 � SnO2 ���!SnO2 ?1c��ü�
,!1��ü�,!Fe-S Ú Fe-2S ü«��,(
�e�>fo��Ý. �¤�U?�Uþ":, Ê
«(�e�o��Ý�ÉÌ�Ly3: 1) ����
�', �,�d�Ú��þ�$U?��£Ä. 2)
¤�U??, Fe ü� SnO2 ±9 Fe-S, Fe-2S ü«�
�NXþ�3g^�e�>f�, g^�þÃ>
fÓâ, L²d�/¤�ü«��zÜÔäk�7
á5, ù3e¡g^U�(�ã�©Û¥���y
¢. 3) 3d�ºÚ��.�m��YS, Sn16SO31

Ø�3Û�U?,  Sn15FeO32 ±9 Fe-S, Fe-2S þ
3g^�þÚ�e���)Û�U?; w,, ��
eÛ�U?�ü��Oõ,  Fe-2S �,Ñy�Û
���²wõu Fe-S ��,, ù´du1�Ú\

O\
�fm�p�^, ù3�¡�>Ö�Ýã¥
��±y², S �\\±9 S �f�Oõ¦�>Ö
�ÝOõ!�UOr. 4) Ø Sn16SO31 	, Ù{(
�¥¤�U?þ?\d�, d�º/¤äk�>�
^��Ç16f. nþ¤ã, S �f�\\�±O
\ Fe:SnO2 NX�YS>f�ÚÛ�U?±91
6fßÝ, l¦�õ�>f�N´ld�º²,
���[���., Orá��>5.

ã 3 �Ñ
ü«��(�e Fe � 3d, 4s �, S
� 3s, 3p ��Ý. lã¥wÑ, Fe, S ���, S 3p �
� Fe 3d �±9 O 2p ��ÓJød�Ü©�>f
�, nö�3ÍÜ�p�^, �YS�Û��Ì�
d Fe 3d >f�¤. 3�C¤�U?���, Fe 3d
�Ù�C� Sn �fÍÜ/¤��.,  Fe � S �
�� Fe ��^�ruüÕc�, [16] �é���
�z, ù´du��� Fe �fÚ S �f�	�>
f�m,z/¤>f�^é, ¦�>Öu)4z�
�p�^Or, l Fe 3d �é��AO´¤�U
?NC�^Or.
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ã 2 SnO2 ���!SnO2 ?1 Fe ü�!S ü�!Fe-S Ú Fe-2S Ê«(��o��Ý

ã 3 ü«��(�e SnO2 ¥ Fe Ú S ���©Å��
Ý (a) Fe-S �, SnO2 (�; (b) Fe-2S �, SnO2 (�

Xã 3(b)Fe-2S ��,(�¥, ål Fe �C
� S �fP� S1, ålg��P� S2, üö©Å
��ÝØ�Ó. ¤�U?NC, � Fe �C� S1 �
f>Ö4z§Ý��u S2(S 3p �>fåÌ��
^) . S1 �f� 3p �Ú Fe �f 3d �,z/¤

¤�U?NC�¸, ¿¦¤�U??\d�. '�
ã 3(a) Ú (b) uy, Fe >fEÌ� u¤�U?N
C, � Fe-2S �,����Ý' Fe-S �,Ð°�
���!Û�5�r, ù´duü��C� S �f
� Fe �f�>f�kz§ÝOr, Fe �	�>f
?�Ú lÙ>Ö¥%, Or
c�f4z§Ý,
l�)º
c¡¤J�� Fe-2S ��eÛ��
õu Fe-S ��,.

3.1.2 U�(�
ã 4 �Ñ
ü«�,NX�g^U�(�ã,

�����Y� 1.3eV, �����Y��N [22];
��.Úd�ºþé¡� u G :, L²��,�
ü«�,zÜÔE����Y��N, Fe-S ���
�Y° 0.68 eV,  Fe-2S ����Y´ 0.57 eV, �
YÑ�~�, ùÌ�´duü«�,ed�º �
ØC¡��.�X S ßÝ�O��$U��£Ä
�(J, �´üöþ$uLÞ7á��cÚ�7á
�� S ü���Y�, L²���7á5Or, ù
�©z [12] ¥ Fe, S �� TiO2 ��YUÄz��
�. lã 4 ¥��±w�, ��±� S �f�,�
U?��Ð°, S �f� 3 p ���C� Sn �f 5 s
��m�;�,z�^Or!;�U\ì, ØÓ
>f��m��pü½�A~f, lk�/Or
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�U?þ��Û�z16f, ¼��p�,ßÝ.
ÏL�LÞ7á�� Fe ü�!�7á�� S

ü����¹±9���U�(�é', uyü«
���¹eU�(�¥��YSþÑy
[�U
�, lÙ©��Ýã�±wÑù
[�rÛ��Ì
�5g Fe 3d �, �3 Fe-2S (��YSÑy�,
��õu Fe-S (�, ù´du�\�ü� S �f
�m;�U, ,��Ð°, lJø�ü Uþ
�m�õ�>f�ê8.

3��,NX¥, �,��cÚ1©O3B�

¥Ú\�ÌU?ÚÉÌU?. ��� S 3p �' S ü
��, Ø=�d�ºJø
�õ��Ç16f, 
��3��d�¥mÜ©� Sn, Fe >fu);�
,z, Ï�,�U?¥�Ç�m��pü½�^
¦16fÛ�ud�ºNC, ;�,z¦�>f�
m�ü½�A~f, ¤±��,�XÚUþ' S ü
���Uþ$, S �f½5Or, lJp
�
,ßÝ¦ p .��N�J�Ð. Fe �	�>f� O
��^Or, XÓ Sn �	�>fÓ O ��^��,
/¤¹lf.��d�.

ã 4 U�(� (a) Fe-S �,g^�þ; (b) Fe-S �,g^�e; (c) Fe-2S �,g^�þ; (d) Fe-2S �,g^�e

3.2 ���©©©>>>ÖÖÖ���ÝÝÝ

ã 5 � Fe, S ��,�¹e��©>Ö�Ýã,
'���,Ú�,�¹, uy�fm¤�5��É

é�, �fm�p�^�3ØÓ, NX¥>Ö#
©�. éu��, SnO2, Sn Ú O �f�m/¤�
¹lf�¤©��d�. éu�,NX, Xã 5,
Fe, S �f��\K�
±��f�>Ö©Ù, >f
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�kz§ÝJp, 7á5Or; Fe, S �f�Ù�C
�f/¤r>Ö�ÝU«, ��X S �fêOõ,
ù«r>ÖU�r; >f��,��f�� à,
�ÜUåOr; �,�1�� SnO2 ¥�¬��/
¤ Sn-S �, ù�©z [12] ���, l3�½§Ý
þÄz�YU, ?K�é��1��A. �X S
�fêOõ, Fe �f>Ö©ÙÅìØþ!, 4z§
ÝOr, ù�)º
ã 2 ¥ Fe-2S �,g^�e�
�þÑy�Û���²wõu Fe-S ��,�y�.

ã 5 >Ö�Ý (a) Fe-S �,; (b) Fe-2S �,

3.3 111ÆÆÆ555���

3�51Æ�A��S, Ï~d1�E0>¼
ê5£ã�N�÷*1Æ�A¼ê, E0>¼êL
�ª� [23]

ε(ω) = ε1(ω) + iε2(ω), (1)

Ù¥, ε1(ω) �¼ê¢Ü, ε2(ω) �¼êJÜ.
0>JÜ ε2(ω) ÏLÓâ�Ú�Óâ�Å¼ê

�m�ÄþÝ
�¦Ñ [24]

ε2(ω) =
4π2

m2ω2

∑
V,C

∫
BZ

d3k
2

(2π)
|e · Mcv(K)|2

×δ
[
EC(k) − EV(k) − ~ω

]
, (2)

Ù¥, ω �\�1ªÇ, m �gd>f�þ, e �>

f>þ, C, V �L��Úd�, BZ L«1�Ùp�
«, K ´��¥, |e · Mcv(K)|2 �Äþ�[Ý
�,
EC(k), EV(k) ©O���Úd�þ���U?. 0
>¢Ü�â ε2(ω) 9 Kramer-Kronig ÚÑ'X�¦
Ñ [25,26]

ε1(ω) = δ +
2
π

P

∫ ∞

0

ω′ε2(ω′)
(ω′)2 − ω2

dω′, (3)

Ù¥, P ´ÄþÝ
�. Ù¦1Æ5�, XáÂX
ê!��Ç!ò�Ç���d0>¢ÜÚJÜ¦
Ñ.

ã 6 0>¼êJÜÌ (a) ���±9 Fe-S Ú Fe-2S
�,; (b) ���±9 S, Fe ü�

ã 6 �Ã�,±9 Fe, S ü«��ü�,9
��,�¹e0>¼êJÜ, �����', �,
�Ì�þ�$U��u)ù£. *	 6(a), (b) �u
y, Fe Ú S 3ü���0>JÜÌ�Cu SnO2 �
��, �3n�du>f�[Úå�Ì0>¸, ©
O?u 7.21 eV, 10.05 eV, 14.36 eV  �?, �¸�
rÝ�N�Ó. ��e�3o�Ì0>¸, 2�
ü�e�Ì¸ �'�, ��e�Ì¸u)
m
£, ¸�rÝ�wÍ~�. � Fe, S ������
���ü��Ì��\²��ù£ÌÝ��, AO
´ Fe-2S NX, ùL² Fe, S ���1�A��*
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Ð, AO´O� S �¹þ, �±Jpá�é1�|
^Ç.

ã 7 1ÆáÂÌ (a) ���±9 Fe-S Ú Fe-2S �,;
(b) ���±9 S, Fe ü�

ã 7 ����±9��Úü�e�áÂÌ, d
ã��ü«��(��áÂÌ�NþC�²��

�$U��u)ù£, �Ì0>¸k�Ó�>f�
[5. ���¸��ü������wÍ~�,
3����áÂ¸��c, Ì�þ��3��Ìá
Â¸, ÃØ´����´LÞ�� Fe �,!½
´ S ���,e��áÂÌþ�3n�ÅìO�
�ÌáÂ¸; ��(�áÂ¸ê8~�, �´áÂ
¸�Uþ��O�, ý«X�áÂ1�Åã��C
°. Fe, S ���, �X S �fßÝO�, 1ÆáÂ>
u)ù£, ��\²w, áÂ�Uþ����.

4 ( Ø

æ^ FP-LAPW �{, 3 Wien2k ^�e± Fe
Ú S ����,��, O���zâá��>f(
�Ú1Æ5�, �)>f��Ý!U�(�!>Ö
�Ý±91Æ0>¼êJÜÌ!áÂÌ, ïÄuy:

1. Fe-S Ú Fe-2S ü«��,(�þäk�
7á5�, � Fe-2S �,Ñy�Û���²wõ
u Fe-S, Ïd S �f�\\¦ Fe:SnO2 NX�>5
Or.

2. U�(�w«, Fe, S ���±Äz�Y!
O\,��, ?JpÙ7á5; ��NX S 3p �
� Fe 3d ��mu)ÍÜ�p�^, >f�kz§
ÝJp, �ÜUåOr.

3. ���0>¼êJÜÌ�1ÆáÂÌ�¸
� S ßÝO\u)ù£, 1ÆáÂ>~�, 1Æ
�A��O\, é1�|^ÇOr.
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Study of material properties of Fe, S Co-doped SnO2

by first principles∗
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Abstract
Tin oxide has become one of hot points in transparent conductive materials due to its excellent electrical and optical properties.

Based on the full-potential linearized augmented plane wave method (FP-LAPW), we investigate the electronic structure and the
optical properties of the material Fe-S co-doped SnO2. The results show that the two co-doped compounds are all direct transition
semiconductors with half-metallic properties. Fe-S co-doping can narrow the band gap, and the density of states (DOS) shifts toward
the low energy with the increase of S concentration. The charge density of co-doped system is redistributed, and the degree of Fe
polarization and the capacity of bonding are enhancd with the increase of S. What is more, the peaks of imaginary part of dielectric
function and optical absorption are red shifted, and the absorption edge decreases with the increase of S concentration.

Keywords: electronic structure, density of states (DOS), band structure, optical properties
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