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æ^Äu�Ý�¼nØ�1�5�nO�
bv¶�Ú7ù�� TiO2:Nb �¬N(�!>f(�Ú1Æ5�.
(JL², 3������,ßÝe (6.25%), bv¶� TiO2:Nb ���.>fk��þ�u7ù�� TiO2:Nb, �
cö¿§16fßÝ´�ö�ü��m, =äk����Ì,�>lÇ, l
)º
bv¶� TiO2:Nb '7ù�
� TiO2:Nb äk�`É>Æ5U�¢�y�. 1ÆO��L²bv¶�3��1«k���ßLÇ, l
3nØþ
)º
bv¶� TiO2:Nb '7ù�� TiO2:Nb �·u�ß²�>á���Ï. O�(J�¢�êâU�ÐÎÜ.
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1 Ú ó

ß²�>�zÔ (transparent conductive oxide,
{P� TCO) á�®�2�A^u²�w«!�
�U>³!u1�4+ (light emitting diode, {P
� LED) �+� [1]. 8cA^'�2�� TCO á
�Ì�k In2O3:Sn (ITO), ZnO:Al (AZO) Ú SnO2:F
(FTO) n« [2]. 2005 c, Furubayashi � [3] ïÄu
y, ^óÀ-1�È (pulsed laser deposition, {P
� PLD) �{3 SrTiO3 Ä�þ	ò)�� TiO2:Nb
���>{Ç� (2−3)×10−4 Ωcm, ��1ßLÇ
3 97%�m, ´�«éÐ�d3 TCO á�. ld<
�é± TiO2 �ÄN� TCO á��)
2��,
�. �´ Wan Ú Wang[4] ïÄuy, 3�Ó�¢�
^�eò TiO2:Nb ���È37���.þ�, Ù
>{Çp� 0.5 Ωcm. �� Furubayashi � [5] ²?�
ÚïÄuy�È37���.þ� TiO2:Nb ��
´7ù��, 
�È3 SrTiO3 Ä�þ� TiO2:Nb �
�´bv¶�, Ïd@��kbv¶�� TiO2:Nb
��â´p>��. 2007 c, Zhang � [6] ÏLXÚ
�¢�ïÄ, �y²
 Furubayashi ��*:��
(5.

�,8cé TiO2 1>5UnØ�ïÄ�õ,
Xëm�� [7,8], ÜÆ�� [9], û��� [10] Q©O

ïÄL 3d LÞ7á�,, N/Fe ��±9�� �
ébv¶� TiO2 1>5U�K�. Casarin � [11],
Liu � [12] �ébv¶� TiO2:Nb äkp�>5?
1
�½�nØïÄ. �8cÿ��bv¶�Ú7
ù�� TiO2:Nb 1>5U�É�nØ)º. �©�
E
T���., æ^�Ý�¼nØïÄbv¶�
97ù�� TiO2:Nb �¬N(�!>Æ5U±9
1Æ5�, lnØþ&²
bv¶� TiO2:Nb '7
ù�� TiO2:Nb �·u� TCO á���Ï.

2 �.�O��{

�©ò�m+� I41/AMD �bv¶� TiO2

ü�Ú�m+� P42/MNM �7ù�� TiO2 ü
�©O�E� 2×2×1 Ú 2×2×2 �¬�(�, ¿©
OòÙ¥�� Ti �f^ Nb �fO�, �ã 1. ù�
¦Ù�,ßÝ� 6.25%, �¢�þ*	��äk�
Z>�5� 6.4%Nb �, TiO2 ��¹��C [13].
�©æ^ material studio 4.1 ¥� CASTEP �¬ [14]

?1O�, O�L§©�üÚ: Äk´(��`z,
Ùg´U�!��Ý (density of states, DOS)!Ý
K��Ý (projected density of states, PDOS)!áÂ
ÌÚ��Ì�>ÆÚ1Æ5U�O�. 3(�`
z¥, ��'é�¼�2�FÝCq (generalized
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gradient approximatio, {P� GGA), æ^ Perdew
Burke Ú Ernaerhof (PBE) ¼ê�E�^ (ultrasoft
pesudpotential, {P� USP) �³; 3UþO�¥,
��'é�¼�Û��ÝCq (local density ap-
proximation, {P� LDA), æ^ Ceperley-Alder and
Perdew-Zunger (CA-PZ) ¼ê�E USP �³. ØÓ
�{�À�´¿©�Ä
 LDA Ú GGA �`�
Ú $ � � Ç � ' X, � ± Ó � � y O � ° Ý Ú
$��Ý [7,15,16]. 3O�L§¥²¡Å¼ê�
� U � � 380 eV, g U | Â ñ 5 I O � � z �
f 5 × 10−6 eV, �fÉåØ�Lz�f 0.01 eV,
��AC� 0.02 GPa, �� £� 5.0 × 10−4 Å,
ébv¶�Ú7ù��� Brillouin « k :©Oæ
^ 3 × 3 × 3 Ú 3 × 3 × 4 ���y©. 3(�`z
¥ù
ëê®²LÿÁäkv
�Âñ5, �±�
y3(�`z�NXoUþ����, ��f?u
�­½ �?.

ã 1 bv¶� TiO2:Nb (a) Ú7ù�� TiO2:Nb; (b)
�(��. Ù¥ Nb �� Ti  �

3 (J�?Ø

3.1 AAAÛÛÛ(((���`̀̀zzz(((JJJ

é�.?1AÛ`z��bv¶�Ú7ù�
� TiO2:Nb �¬�ëê�L 1. Gojkovć� [17] 3¢
�¥ÿþ� 5% Nb �,�bv¶� TiO2 �¬�ë
ê� a = b = 3.7854 Å, c = 9.4835 Å. ���©�
O�(J�¢���~�C, a, b 9 c �3nØÚ
¢�¥��©O�k 0.80%Ú 2.51%, L²nØO
�°Ýp, (J�~��.

L 1 AÛ`z��bv¶�97ù�� TiO2:Nb �¬�ëê

bv¶� 7ù��

TiO2:Nb TiO2:Nb

a = b/Å 3.8161 4.6627

c/Å 9.7284 2.9740

α/(◦) 90.0000 90.0000

β/(◦) 90.0217 90.0000

γ/(◦) 90.0000 90.1401

3.2 >>>ÆÆÆ555���

ã 2 ��©Äu¬�`z���.O���
�bv¶�Ú7ù�� TiO2:Nb U�ã. ÙB�°
Ý©O� 2.16 Ú 1.80 eV, $u Zhang � [6] ÏL¢
�ÿ�� 3.37 Ú 3.18 eV. ù´Ï�3Û��Ý�¼
nØ¥, ¦) Kohn-Sham �§vk�ÄNX�-u
�, ¦�d�9Ù±þ�U? � $, ��Ä�
�Y°Ý'¢���, �d�9±e�U?%�¢
���. ØLù¿ØK�(J��éO(5 [18−20].
lU�ã¥��, bv¶�Ú7ù�� TiO2:Nb
� Fermi U?þ®?\��, L²üöÑäk�½
�7á5. d Fermi U?Ôn¿Â��, d���
.®²��Ü©>fÓâ, 3ù«�¹e��1á
ÂÒ¬�áÅ��£Ä, ±¦>f�[��p�U
?þ�. ùUéÐ/)º Emeline � [21] 3bv¶
� TiO2:Nb 	ò��¥*ÿ� Burstein-Moss �A
�y�.

l b v ¶ � Ú 7 ù � � TiO2:Nb � DOS
Ú PDOS é'ã (�ã 3) ¥�±wÑü���
�þÌ�d Ti � 3d, Nb � 4d ±94�þ O � 2p
;��¤, ¿��A¸�¸.!¸ ÑÄ���.
�,7ù����>�bv¶��Ñk°z, �l
¥¿ØUuyüö>Æ5U²w��É.

¦+Xd, dU�ã, �â>fk��þ�½
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Â, �O�Ñ��.>f�k��þ:

1
m∗

n

=
1
~2

d2E(k)
dk2

, (1)

Ù¥ m∗
n ´��.>fk��þ, k �Å¥, E(k)

�Å¥ k ?¤éA�>fUþ, ~ ��z Planck ~
þ. ²O�bv¶�Ú7ù�����.>fk�
�þ©O� 0.98me Ú 2.04me, Ù¥ me �gd>f
�þ. ���J�´, �©bv¶� TiO2:Nb ��
.>fk��þ�nØO�(J� Liu � [12] �O
�(J±9 Kurita � [22] �¢�(J (� 1 me) Î
Ü�éÐ. bv¶� TiO2:Nb '7ù�� TiO2:Nb
äk�é���16fk��þ`²3�Ó	.
^�ebv¶�¥16f�[£Ç��, ò¦bv
¶� TiO2:Nb äk���>�Ç.

ã 2 bv¶� TiO2:Nb (a) 97ù�� TiO2:Nb; (b)
�U�ã Y²J�L« Fermi U?

?�Ú|^{¿�16fßÝO�úª [23],
�O�Ñ��.�>fßÝ:

n0 =
(2m∗

n)3/2

2π2~3

∫ ∞

EC

(E − EC)1/2

1 + exp(E−EF
k0T )

dE, (2)

Ù¥ n0 �NX¥>fßÝ, k0 � Boltzmann ~
ê, m∗

n �>fk��þ, EF � Fermi U?, EC

���.U?. dU�ã��bv¶�Ú7ù
� � TiO2:Nb � EF þ 3 0 eV ?, 
 EC © O
� −0.48271 eV Ú −0.15249 eV. |^ (2) ª��

¿§^�e (T = 300 K) bv¶� TiO2:Nb �1
6fßÝ� 1.47×1021 cm−3, 
7ù�� TiO2:Nb
�16fßÝ�k 7.8×1020 cm−3. Ù¥bv¶
� TiO2:Nb �O�(J� Gillispie � [24] 3¢�
¥*	��bv¶� TiO2:Nb äk 2.4×1021 cm−3

�16fßÝ�(J�~�C. ���16fßÝ
�Ó�¬¦bv¶� TiO2:Nb '7ù�� TiO2:Nb
äk�Ð��>5.

ã 3 b v ¶ � TiO2:Nb (ç ¢ �) 9 7 ù �
� TiO2:Nb(ç:�) ���Ýã R�J�L« Fermi
U?

du Nb �f' Ti �f�d>fêõ��,
(ÜL 1 �Ñ�¬N(�ëê, O�Ñ�©¥b
v¶�Ú7ù�� TiO2:Nb ��Ì,�ßÝ©O
� 1.76 × 1021 Ú 1.93 × 1021 cm−3. ÏL16fß
Ý��Ì,�ßÝ�'�, ��¿§e7ù���
Ì,�>lÇ�k 40.41%, 
bv¶� TiO2:Nb �
�Ì>lÇ%p� 83.52%. ¿� Furubayashi � [25]

�Q��Lbv¶� TiO2:Nb 3¿§e¬k�
L 90%��Ì>f?\ TiO2 ¬�. ù�UéÐ/
)º3�Ó�,ßÝe, bv¶� TiO2:Nb ¬äk
��16fßÝ.

3.3 111ÆÆÆ555���

ã 4 �O����bv¶� TiO2:Nb Ú7ù
�� TiO2:Nb �ýéáÂ�Ú��Xê. lã¥
��, 3��1��S, Ø+´áÂ��´��X
ê, bv¶� TiO2:Nb Ñ'7ù�� TiO2:Nb �
�. d T% = 1 − R% − A% ���ýÿbv¶
� TiO2:Nb �ßLÇòpu7ù�� TiO2:Nb. ù
�(J� Zhang � [6] �Ñ�ØÓÄ�þbv¶
� TiO2:Nb �²þ��1ßLÇþ3 80%±þ, p
u7ù�� TiO2:Nb � 70%�m�ßLÇ�¢�
y��Î.
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ã 4 bv¶� TiO2:Nb (a) Ú7ù�� TiO2:Nb; (b)
áÂÚ��Xê�O��

4 ( Ø

�E
T���., ¦^�Ý�¼nØ�{ï
Ä
bv¶�97ù�� TiO2:Nb �¬N(�!
>f(�±9�A�1Æ5U. ïÄL², 3�
Ó�,ßÝe, �7ù�� TiO2:Nb �', bv¶
� TiO2:Nb äk�����.>fk��þ!�
��16fßÝ. ¿§ebv¶�¥�Ì,�>l
Çp� 83.52%, ��pu7ù��� 40.41%, l

)º
bv¶� TiO2:Nb '7ù�� TiO2:Nb ä
k�p>�Ç��Ï. Ó��lnØþýÿÑbv
¶� TiO2:Nb '7ù�� TiO2:Nb k�����
1ßLÇ, �·u� TCO á�.
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Electroanal. Chem. 639 161

[18] Perdew J P, Levy M 1983 Phys. Rev. Lett. 51 1884

[19] Zuo C Y, Wen J, Bai Y L 2010 Chin. Phys. B 19 047101

[20] Wu Y X, Hu Z X, Gu S L, Qu L C, Li T, Zhang H 2011 Acta Phys.
Sin. 60 017101 (in Chinese) [Ç�U, ���, �Ö�, ±á¤,
oC, Üh 2011 ÔnÆ� 60 017101]

[21] Emeline A V, Furubayashi Y, Zhang X T, Jin M, Murakami T,
Fujishima A 2005 J. Phys. Chem. B 109 24441

[22] Kurita D, Ohta S, Sugiura K, Ohta H, Koumoto K 2006 J. Appl.
Phys. 100 096105

[23] Liu S Q, Sun J, Fu T S, Gao Y F 2006 J. Daqing Petrol. Instit. 30
136 (in Chinese) [4­�, ��, GUÓ, p�� 2006 ���h
Æ�Æ� 30 136]

[24] Gillispie M A, Hest M F A M V, Dabney M S, Perkins J D, Ginley
D S 2007 J. Appl. Phys. 101 033125

[25] Furubayashi Y, Hitosugi T, Yamamoto Y, Hirose Y, Kinoda G,
Inaba K, Shimada T, Hasegawa T 2006 Thin Solid Films 496 157

017101-4



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 1 (2012) 017101

Electronic and optical properties of anatase
and rutile TiO2:Nb*

Zhang Rui-Shuo Liu Yong Teng Fan Song Chen-Lu† Han Gao-Rong

( State Key Laboratory of Silicon Materials, Department of Materials Science and Engineering, Zhejiang University, Hangzhou 310027, China )

( Received 25 November 2011; revised manuscript received 11 April 2011 )

Abstract
First-principles calculations based on the density functional theory are used to study the crystal structure, electronic and optical

properties of Nb doped anatase and rutile TiO2. The calculated results reveal that anatase TiO2:Nb has a smaller effective mass and
carriers nearly twice lager than those of rutile TiO2:Nb under the same doping concentration. And anatase TiO2:Nb also exhibits a
greater room-temperature ionization of donors. Besides, the calculated optical properties indicate that anatase TiO2:Nb has a more
excellent transparency than rutile TiO2:Nb. All the results suggest that anatase TiO2:Nb is more applicable to transparent conductive
oxides. The calculated results consist well with the available experimental results.
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