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æ^Äu�Ý�¼nØµee�1�5�n²¡Å�^�³�{, ïá
ØÓ Eu �,þ�bv¶� TiO2 �
��., O�
Ù��Ý!�©>Ö�Ý!U�(�ÚáÂ1Ì. (Juy: �,� Eu 3 TiO2 �B�¥�),�
U?. ÏLé'ü«ØÓ Eu �,þ (1.39at%Ú 2.08at%) e�bv¶ TiO2 �U�(�, uy�,þ�p, ,�U?
���U?��£Ä, `²>fEÜÇ�,�ßÝO\O\, =>fÆ·C�, Ó�áÂ1Ìù£�wÍ, rÝ�
r. �â¢SI�, �3bv¶ TiO2 ¥·þ�, Eu, 3·�~�>fÆ·�¹e, ¦áÂ1Ìù£.

'�c: Eu �bv¶ TiO2, >fÆ·, áÂ1Ì, 1�5�n

PACS: 71.15.Mb, 72.20.Ee, 78.20.Ci, 72.20.Jv

1 Ú ó

gl 1972 c Fujishima Ú Honda[1] uyÉ1
Ë����zvL¡Uu)Y�±Y�z���
A±5, ��N1xzá�®��
2��ïÄ.
��Ù�Lá�, TiO2 1xzA5®�NõïÄö
3¢�þ¤y¢ [2−5]. <��uyDè��äk
`É�1!>!^Úxz5U, 3 TiO2 ¥�\D
èlf�¼�`û�5�, ¢�þéDè�, TiO2

�ïÄ�5�õ. �}=� [6] ��
Dèlf�
,éB� TiO2 1xz��¹5�K�. Setiawati
� [7] é Eu Ú Sm �,�B� TiO2 �½5�¡
?1
ïÄ. Prociow � [8] �é Eu �, TiO2 ��
�1-u?1
&Ä.

8c, 3nØO��¡, Bian � [9] ��
D
è�,7ù� TiO2 ��YÚ1xz¹5�nØ
O�. û��� [10] ��
1�5�nO�{¿
bv¶ TiO2 ��Np�� ßÝé>fÆ·�
K�. ëm�� [11] ��
 3d LÞ7á�,bv
¶� TiO2 �1�5�nïÄ. ,, 8cDè Eu

�,bv¶� TiO2 �áÂ1Ì¢�ïÄØv.
¢�þ©z [12] �Ñ, � Eu �, TiO2 �f©ê
� 1.5 at%Ú 2 at%�, áÂ1Ìu)7£. dïÄ
(Ø%�¢�ïÄ [13] ��. ,	, >fÆ·�¢
�ïÄ��3Øv: ¢�þ©z [14] �Ñ, � Eu �
, TiO2 �f©ê$u 2 at%�, >f�±�´BL
¬�½ö*Ñ��C��>¥%EÜ; � Eu �
,ßÝpu 2 at%�, >f�åPØ2N´EÜ.
d(Ø�~5��NEÜnØ��. ù
¯KÚå

)ö�4�,�. du¬Nk±Ï5, ¤±�©
�U�©z [12] Ú©z [14] �C� Eu �,ßÝ�
�Sébv¶ TiO2 ?11�5�nïÄ, �Ñ

k¿Â�(J, ùé Eu �,bv¶ TiO2 �1xz
J���k�½�nØ���^.

2 nØ�.ÚO��{

2.1 nnnØØØ���...

bv¶ TiO2 ´d TiO6 l¡N�>|¤�,
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äkép�é¡5 (I41/amd). O�æ^��.
©O�X (1×1×1) ü�; (2×1×1) Ti0.875Eu0.125O2

� �, Eu � , � f © ê � 4.17 at%(X ã 1(a));

(2×2×1) Ti0.9375Eu0.0625O2 ��, Eu �,�f©ê
� 2.08 at%(Xã 1(b)); (3×2×1) Ti0.9583Eu0.0417O2

��, Eu �,�f©ê� 1.39 at%(Xã 1(c)).

ã 1 (a) 2×1×1 ���.; (b) 2×2×1 ���.; (c) 3×2×1 ���.

2.2 OOO������{{{

�©æ^ CASTEP(MS 5.5) ^��¥��Ý
�¼nØ (density functional theory, DFT) 2ÂFÝ
Cq (generalized gradient approximation, GGA) e
�²¡Å�^�³�{ (ultrasoft pseudopotentials,
USP)[15−18], ©OéØÓ Eu �,þ�n«�.
?1O�. >fæ^�g^4z?n, Uþ�ä
�»�� 380 eV. ��3Ùp�«À�� k :
©O´ 7×7×3 (1×1×1 ü�), 2×4×1 (2×1×1 �
�), 3×3×3 (2×2×1 ��), 2×3×3 (3×2×1 ��).
² ¡ Å U þ Â ñ u 1×10−5 eV/atom, � f É å
�u 0.3 eV/nm, SAå�u 0.5 GPa, ú� £
þ 0.0001 nm. é�.?1AÛ`z�, À���
�.�U�©Ù!o��Ý!©��Ý!>f�
Ý!áÂ1Ì?1O�.

3 O�(J�?Ø

3.1 (((���`̀̀zzz���½½½555©©©ÛÛÛ

én«ØÓ�,þ (x = 0.125, 0.0625, 0.0417)
bv¶� TiO2 ?1`z, ¦Ù�, �¦þªu
NX¥%, l¦XÚUþ�$. Xbv¶� TiO2

ü�²LAÛ`z��¬�ëê�¢�¤�(J
'� (XL 1).

lL 1 �±wÑ, O�(J�¢�(J�~�
C, c/a '�Ø�� 2%, `²·��O�°Ý´�
��.

/¤U�^5©Û�,é(�½5�K�,

O�/¤U�úª� [20]

Ef = ETiO2:Eu − ETiO2 −
m

2
EEu2 +

n

2
ETi2 , (1)

Ù¥ ETiO2:Eu �� Eu �NX�oUþ, ETiO2 L
«��,��A TiO2 �¬�NXoUþ, EEu2 L
« Eu ©fUþ, ETi2 L« Ti ©fUþ, m, n ©
O´�\ Eu �f�êÚ���� Ti �f�ê.
Ti1−xEuxO2 (x = 0.0417, 0.0625, 0.125) �¬��
/¤U©O� 1.378 eV, 1.584 eV, 1.933 eV, O�
(JL²: �,ßÝ�$, /¤U��, (��
½. ù����¹�Î: �,ßÝ�p, (��Ø
½. �´, 8c�vkïÄó��Ñ Eu O� 
�,��bv¶ TiO2 (��C�ßÝ, ���,
é TiO2 �C�K�8cÿ�kO(�)º [21]. �
��¹e, du�,�ª�� O�, ¤±�,c
�¬NÓ�, �,�¬N�é¡5��,c¬N�
±�� [22].

L 1 ¬�~ê�O���¢��

¬�~ê a b c

�©¬�~êO��/nm 0.37542 0.37542 0.97304

¬�~ê¢�� [19]/nm 0.37848 0.37848 0.95124

3.2 ���©©©>>>ÖÖÖ���ÝÝÝ���ÙÙÙØØØ���

�
?Ø Eu �,�NX¥�fm�p�^±
9¤��¹, ·��Ñ�©>Ö�Ýã (Xã 2(a),
(b)) ?1©Û. (Jw«, X TiO2 � Ti �fÚ O �
fm>f�U²w, >f�kz�r, Ti—O Ì
�±�d�(Ü. Eu �\�, Eu—O m>f��U
� Ti—O m�'²wCf, =>f�kz~f. (
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JL²: Eu �\� Eu—O �d�d��lf�=
z.

lÙØ� (L 2) �Ý©Û: �±wÑ, Eu �,
� Eu—O m�d�é'u��,� Ti—O m�d
�²w~f, =lf�Or, �c©�©>Ö�Ý
ã�(Ø��.

L 2 X TiO2 Ú Eu �,þ� 1.39 at%� 2.08 at%� TiO2

ÙØ�ÚO

��� ���

X TiO2 � Ti—O ÙØ� 0.70 0.30

(1.39 at%) Eu—O ÙØ� 0.19 0.09

(2.08 at%) Eu—O ÙØ� 0.21 0.10

ã 2 (a) Xbv¶ TiO2 (011 ¡) �©>Ö�Ýã; (b) Eu (2.08 at%) � 2×2×1 �� TiO2 (011 ¡) �©>Ö�Ýã

ã 3 (a) Xbv¶�o��ÝÚ©��Ý; (b) Eu �,�f©
ê� 1.39 at%�bv¶�o��ÝÚ©��Ý

3.3 ������ÝÝÝ©©©ÛÛÛ

lO����X TiO2 Ú� Eu �� TiO2 ��
Ýã (Xã 3(a), (b)) ¥�±wÑ, 3ùü«NX¥
d�Ì�d O � 2p ��¤,  Ti � 3d ��¤��

.. Uþ":�¤�U?? (±eaÓ). ã 3(b) �
B�«�Ñy
,�U?, ÚXbv¶ TiO2 ��
Ýãé'�±wÑ,�U?´d Eu � 4f ��)
�, Ó�uy�, Eu �¦���Úd�²we£.
duDè��äk´L�U?Ú 4f >f�[A5,
´�)õ>f|�, ¦�1�A��lb	«��
�1«$��ù	«£Ä [23], ù3�¡áÂ1Ì
©Û¥�U���y. Ïd Eu �,�²w�UC

bv¶ TiO2 �>f(�.

3.4 UUU���(((������>>>fffÆÆÆ···©©©ÛÛÛ

ã 4(a) L², O��Ñ���,bv¶. TiO2

ü � � � � � Y � � 2.29 eV, � u ¢ � ÿ þ
� 3.2 eV, ù ´ GGA C q � 5 � K � [24]. �
´, ·�ïÄ�´�é��'�, O��5�Ø
�ØK�O�(J�?Ø. Ti0.9583Eu0.0417O2 ��
� Ti0.9375Eu0.0625O2 ��U�(�Xã 4(b) Ú (c)
¤«. lã 4(b) � (c) U�(�©Û�ÑL 3 �,
�U?©Ù. L 3 d��m©O�Ñ
ã 4(b) � (c)
B�¥,�U?�üS, =lþ�e�éA�z^
U?å��.� l°Ý (,�U?�Ê^). �
, Eu �f©ê� 2.08 at%�bv¶. TiO2 �)�
,�U?�éu�, Eu �f©ê 1.39 at%�,�
U?�éA���'�. (JlL 3 ¥éN´wÑ:
ü«�,ßÝ�^�e, Eu p�,ßÝ�,�U
?�éu$�,ßÝ��éA�,�U?Ñ�l
��.Ü, =�,ßÝp�bv¶. TiO2 �,�
U?��U?��£Ä. �â©z [25] �ïÄ, ·
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ã 4 (a) X TiO2 ü�U�(�; (b) Eu (2.08 at%) � 2×2×1 �� TiO2 U�(�; (c) Eu (1.39 at%) � 3×2×1 �� TiO2 U�
(�

L 3 ü«�,þedþ�e�éA�z^,�U?

å��.�°Ý

�,þ 1 2 3 4 5

1.39 at% 0.657 eV 0.852 eV 1.070 eV 1.354 eV 1.512 eV

2.08 at% 0.691 eV 1.042 eV 1.233 eV 1.419 eV 1.545 eV

�@�ù«£Äò¦>fÆ·Cá.

e¡·�½þ©Û>fÆ·��,þ�Cz
'X. �â��NnØÚ©z [10] ����, >l
,�Ñ��^�e, µþ�m=>fÆ·�>l,
�ßÝ¤�',

τn = BN−1
I T 3/2, (2)

Ù¥ B ´'~Xê, τn �µþ�m, NI �>l,
�ßÝ. ©O� τ1 Ú τ2 � Ti0.9583Eu0.0417O2 ��
� Ti0.9375Eu0.0625O2 ���>fÆ·, 3�Ó�¸
^�e, rü«�,þeØÓ�>l,�ßÝ©O
�\þª'���

τ1/τ2 = 72/48 = 1.5.

(JL², τ1 > τ2, = Eu �,þ�$�, >fÆ·
��.

ã 5 Ti1−xEuxO2 ���,þ����Y�Cz'X

3.5 ���������YYY©©©ÛÛÛ

�âã 4(a), (b), (c) �Ñ����YÚéA
� Eu �,þ�ÑXã 5 ¤«�'Xã. î¶�
� Eu �f�,þ, ± x L«; p¶�����Y,
± Eg L«. ã 5 L², Eu �,þ��, bv¶ TiO2

����Y��. ù´duù��YdüÜ©û
½ [26], 1) >fí{¿Úå B-M ¤£¦�Y\°, 2)
õN�AÚå Urbach ��¦�YÂ . du Eu �
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,ßÝ�p, �ö��^rucö, ¤±�,ßÝ
�p�Y�Ä.

3.6 áááÂÂÂ111ÌÌÌ©©©ÛÛÛ

Ï� Eu �,¦� TiO2 ��YC�, ¤±d�
þ�>f�[���¤I�-uUC�, �A�1
�-u�áÂ1Å�O�, =áÂ1Ìu)ù£y
�, �� Eu �,þJp, �Y��, ¤I-uU�
�, ù£y�A�\wÍ.

,��¡, Eu �\ TiO2 ��)�,�U?¦
�d�þ�>f�±káÂUþ���1f�[
�,�U?, �2�[���, ù«�[�ª�
¦� TiO2 áÂ1Ìù£���1«$�ù	1
«. �����,éJ¦áÂ1Ìù£�ù	1
« [11,27]. lO��áÂ1Ìã 6 �±wÑ, Eu �
,þ�p, áÂ1Ìù£�²w, rÝ�r, Ø=á
Â��1$�ù£�ù	1«. dO�(J�¢�
(J [13] ���.

Eu �,ßÝ�O\�,�±Jp TiO2 é�
�1�|^Ç, �´ü$>fÆ·. duXÛò>
f3Ùk��)·±ÏSlN�Ñx�bv¶L
¡?1k��1xz�A, �Jp��1�|^Ç
é1xzÓ��, Ïd3¢SA^¥, ù£�A
�>fÆ·�ö7Lo�, �â¢SI�, 3bv
¶ TiO2 ¥�\·þ� Eu �fßÝ5��Ñ�n

��1xzJ.

ã 6 � � , Ú Ø Ó Eu � , ß Ý Ti1−xEuxO2 � � � á
Â1Ì

4 ( Ø

�©æ^1�5�néØÓ Eu �,þ�bv
¶� TiO2 ���Ý!�©>Ö�Ý!U�(�Ú
áÂ1Ì?1
O�. (JL², � Eu �,þ�O
\, ,�U?��U?=z, ��>fEÜÇO\,
>fÆ·~�, Ó��uy Eu �,þ�Jp¦�
áÂ1Ì²wù£, áÂrÝ�r. Ïd, �â¢S
I�7L3bv¶ TiO2 ¥�\·þ� Eu �fß
Ý5��Ñ�n��1xzJ.
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First-principles study on the doped concentration
effect on electron lifespan and absorption spectrum

of Eu-doping anatase TiO2
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Abstract
Based on first principles within the density-functional theory, we establish three different concentration Eu-doping anatase TiO2

models by using the plane-wave ultrasoft pseudopotential method. We calculate the density of states, the electron density difference,
the band structure and the absorption spectrum. The results show that Eu creates an impurity level in the band gap of TiO2 and a
redshift in absorption spectrum of anatase TiO2. By comparing the bands of anatase TiO2, with two different Eu-doping concentrations
(1.39 at% and 2.08 at%) we find that more Eu atoms make the impurity level deeper, the recombination rate bigger, and the electron
lifespan shorter.

Keywords: Eu-doping anataseTiO2, lifespan of electron, absorption spectrum, first-principles
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