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æ^�ª^�í�Eâ��
 Ge, Nb ��,�bv¶(� TiO2 ��, �[&?
���(�!>{Ç91Æ
�Y�5�� Ge, Nb �,þ!í�õÇÚ9?n§Ý�ëê�Cz, uy Ge, Nb ��,�±Ó�N! TiO2 ��
�1Æ�YÚ>{Ç. NÈ©ê�� 6% Nb Ú 20% Ge ���, TiO2 ��>{Çd 104 Ω/cm ~�� 10−1 Ω/cm,

1Æ�Yd 3.2 eV ~�� 1.9 eV. ò»��, TiO2 ��Ø=w«�$�>{Ç, �LyÑ�r���-ù	1áÂ.

(JL², UC Ge, Nb ��,þÚò»^�U
��Ñ>{ÇÚ�YÑ�N� TiO2 ��.

'�c: Ge-Nb-TiO2 ��, >{Ç, 1Æ�Y, ^�í�

PACS: 68.55.Ln, 72.20.–i, 78.66.–w, 81.15.–z

1 Ú ó

Cc5, TiO2 ��ÏÙ`É�1ÆÚ>Æ5
��2�A^u1xz!��U>³!��N
ì��+� [1−4]. ,, TiO2 ´�«°B���
N, Ù1Æ�Y�� 3.2 eV, �UáÂ��1¥�
b	1Ü©, b	1�Ó��1oUþ� 5%�
m, ù����
 TiO2 é��1�|^Ç. d	,

X TiO2 ��3¿§e�>{Ç�u 1012 Ω/cm[5],

áuý�N���, 16fÆ·á, �1-u�)
�>f-�Çé�EÜ�Ç¯, ù���
é TiO2

�|^. Ïd, é TiO2 ��?1U5, N! TiO2 �
��1Æ�YÚ>{Ç´��k¿Â�ïÄ�K.

é TiO2 ��?1U5��{kéõ, XL¡
?» [6]!/�¯z [7]!�,�, Ù¥�,´ïÄ
�2���{��. ·��,�±k�Uõ TiO2

���1ÆÚ>Æ5U, X�, N[8], S[9], C[10],

B[11], Fe[12] �þ�±ØÓ§Ý/~� TiO2 ��

�1Æ�Y, ÿ° TiO2 ���1Ì�A��. �
´, üÕ�,  ¬¦1)16fÛ�z¿��
1>=�ì��1)>6, X Chatterjee � [13,14]

æ^^�í�{��
 Ge �,� TiO2 B�EÜ
��, uy Ge �,�±wÍ~� TiO2 ���1
Æ�Y (3.2—0.7 eV), Jp TiO2 ���þf�Ç,

�´ Ge �,é TiO2 ���>{Ç5�K�é
� (105—103 Ω/cm), ù��
d Ge �, TiO2 EÜ
���¤�1>ì��á´>6, K�
1>=�
�Ç. CÏkïÄL², kÀJ���,�±�Ð
/ “<óà}” TiO2 ���U�(�¿UõÙ1>
A5, X Mo Ú C ��, [15], Fe Ú N ��, [16],

Br Ú Cl ��, [17] �. Ïd, ·�æ^��,�
�{Uõþã Ge �, TiO2 ���>Æ5�, Ï"
3Äz TiO2 ��1Æ�Y�Ó�, ¦��>{Ç
�äk��5. du Hitosugi � [18,19] uy
�,
�þ Nb �¦ TiO2 ���>{ÇwÍü$ (104—

10−4 Ω/cm), ¤±·�}ÁÀJ Ge, Nb ��,N
X. �©æ^�ª^�í�{3Àæ�.þ©O�
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È
 Ge �, TiO2 (Ge-TiO2)!Nb �, TiO2 (Nb-

TiO2) ±9 Ge, Nb ��, TiO2 (Ge-Nb-TiO2) ��,

�[&?
í�õÇÚ�,¤©é��(�!>
{ÇÚ1Æ�Y�K�, ±9ò»?né�, TiO2

����-ù	1«�áÂ5��K�.

2 ¢��{

����´æ^�²�Æ�O!¥I�Æ�
!��Æ¤ì¥%����pý�õõUí��
�. Û�cXÚ�.ý�Ä�� 1.0×10−5 Pa. q
á´ò Ge �¡ (2.5 mm×2.5 mm, XÝ� 99.99%)

Ú Nb �¡ (1.25 mm×2.5 mm, XÝ 99.99%) ��
3 TiO2 (�» 7.5 cm, XÝ 99.99%) qáL¡|¤
�EÜq, ÏLUC÷¡Ú�¡�¡È5UC÷
Ú���,þ. �ªõÇÀ3 90—150 W ��S,

ó�íN� 99.99%��í, í�íØ� 0.5 Pa, �
.æ^ 1 mm þ�Àæ, �ÈL§¥vk\§. �
¬���¤�, é�¬?1ý�^�e�ò»?
n, ò»§ÝÀ3 300 ◦C—550 ◦C ��S, ò»L
§¥ý�Ý�u 5×10−4 Pa. ��þÝ^�þÿÁ
¤ (F� Kosaka, ET-350 .) ÿ½. (¬(�^ X

��û�¤ (XRD) (F�nÆ, D/max2500VB .,

Cu-Kα ��) uÿ. ß�1Ìd UV-VIS-NIR ©1
1ÝO (F�©1, 570 .) ÿþ, Å���� 190—

2500 nm. ���>{ÏLü:{ÿþ��� I-V

A5�� (Keithley 2400 Jø>6, Keithley 2182 ÿ
þ&�üà�>Ø).

3 ¢�XÚ9ÿþ(J

3.1 ííí ��� õõõ ÇÇÇ ééé ��� ÈÈÈ ��� ÇÇÇ ��� ��� ,,, ¤¤¤ ©©©
���KKK���

ÏL��þÝÚ�È�m�±O�����
��È�Ç. ã 1(a) ´����È�ÇéAí�
õÇ��, �±w�3À½�õÇ��S, ��
��È�Ç�í�õÇCq¥�''X. Nb ��
È�Ç�� TiO2 ��� 2—4 �, ��Ç�å�X
í�õÇ�O�O�, ù¦�EÜ��¥�¤©
'~É�õÇK�. ã 1(b)���¥ Nb �NÈ©
ê (ϕ (Nb)) �í�õÇ�'X, ��b¡¡È��
�í�õÇ�$�, K��²w. d	, ��¥� ϕ

(Nb) �� Nb b¡¡È�O\�5O�.

ã 1 í�õÇé�È�Ç��,¤©�K� (a) �È�Ç; (b) ϕ (Nb)

3.2 ííí���õõõÇÇÇééé������(((������KKK���

®kïÄL², í�õÇ¬K� TiO2 ���
(��A5 [20], �¢�uyØÓ�,� TiO2 ��
��(�Ó�Éí�õÇ�K�. ã 2(a) Ú (b) ©
O´ØÓí�õÇ���� Ge Ú� Nb � TiO2 �
�� XRD ãÌ, �¬² 450 ◦C ý�¥�ò»?n.

lã 2(a) ¥�±wÑí�õÇé Ge-TiO2 ���

(�K�²w: 110 W ����¬vkw«?Ûû
�¸, �¬¥Ã½/�; 130 W ����¬®¥y
õ�bv¶��A�¸, ¿¥ (101) ¡J`)�,Ã
7ù���û�¸, �Ã Ge ½ GeOx �A�¸, `
² Ge �U´±O �,��ª�? TiO2 ¬�¥;

150 W ��¬E¥ybv¶�(�, �û�¸m©
Cf, �w�J`)�� (101) ¡éA�û�¸. ±
þL² 130 W �m�í�õÇ�·¨)�bv¶
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(�� Ge-TiO2 ��, ù´duí�õÇ�$�,

í�Ñ5�âfUþ�$, Ø´3�.þ?1
üÚ(¬, ¤±$u 90 W ��¬¥yÃ½/G�;

õÇLp�, ���.�âf�,äkv
�[
£U, ��,����âº�Ú©Ù�Ý���O
�, ¦�(¬L§¥ TiO2 ¬�ÆC�§Ý\, {
N(¬�?1. ã 2(b) w« Nb-TiO2 ���(�
ÉõÇK��éwÍ: 90 W ����¬¥y (101)

¡J`)��bv¶�(�; 110 W Ñybv¶(
��Ù¦A�¸; 130 W � (101) ¡éA�û�¸
Cf!C°, ¿�Ñy
7ù�� (110) ¡éA�
û�¸, d���¥ybv¶�Ú7ù���·Ü
�; 150 W �bv¶�A5¸��, ��e7ù�

� (110) ¡éA�û�¸, `²����=C�7
ù��(�. dc�ïÄL² TiO2 ��� A→R

(bv¶� → 7ù��) =C§Ý3 600 ◦C ±
þ [21], �¢�uyÏL�,��{, ÀJ·��õ
Ç, �¢y$§ (450 ◦C) � A→R =C. �,bv¶
�áuæ�, �´bv¶�%kX`u7ù��
�1>5�, äk�2��A^ [22,23], Ïd, �¢
�¥���u��bv¶�� TiO2 ��. ã 2(c)

´ Ge-Nb-TiO2 ��� XRD ãÌ, uy3À½í
�õÇ��S (90—150 W), Ge-Nb-TiO2 ���
�(�Ø�í�õÇCz, Ñ¥bv¶�(�,

`² Ge, Nb ��,k|u/¤bv¶(� TiO2

��.

ã 2 ØÓõÇ��� TiO2 ��� XRD ãÌ (a) Ge-TiO2 ��; (b) Nb-TiO2 ��; (c) Ge-Nb-TiO2 ��

3.3 ���������>>>{{{ÇÇÇ555���

ã 3(a)��± ϕ (Nb)� 6%ØC, UC ϕ (Ge)

éA� Ge-Nb-TiO2 ���>{Ç, �±uy�
� Nb � TiO2 ���>{Ç�±~�� 10−1—

10−3 Ω/cm, � � � u©z [18, 19] ¥ � > {
Ç 10−4 Ω/cm. ù��É��Ï, �´©z¥>
{Ç� 10−4 Ω/cm � TiO2 ��´æ^óÀ-1�

È{ (PLD) 3v�+ (SrTiO3) �.þ	ò{)�
� Nb �,bv¶ TiO2 ��, ��´éÐ�ü¬
(�, �©¥æ^�´^�í��{3ÊÏÀ
æþ��� Ge, Nb ��, TiO2 ��, �²ò»?
n, ��E�bv¶õ¬(�; �´ù
©z��,

���(¬�â���Úò»?ní¨ (�í!
ý�!�í) Ñ¬²wK�>{Ç, 'X�íÚý
�¥�ò», ¬¦>{Ç�é�p, �í¥�ò
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»¬¦>{Ç~�. �©¥����¬´3ý�
¥ò»?n�, � XRD ãÌw«��¥�(¬
�â��, ù
Ñ¬¦ TiO2 ���>{Ç'©z
¥���. ,	, �©¥�� Nb � TiO2 ��, >
{Ç�U� 2×10−3 Ω/cm, �2�\ Ge ±�, u
y Nb �ù«é>{Ç�N!�^��f
, Ge �
,þ��, Ge, Nb ��, TiO2 ���>{Ç��.

ù´Ï� Nb �,± Nb5+ �/ª?\ TiO2 ¬�,

Ø=Ú\
�þ�16f [24], � Nb 4d ;�>
f� Ti 3d ;�>f,z/¤
 d >f�g,�
� [25].  Ge �f� Ti �fäk�q�	�>f
(�, Ge ��,Ø�vkO\ TiO2 ���16f
ßÝ, �k�U/¤,�U?, {N>fld�

����[, ��X Ge �,þ�O\, ���(¬
5C�, �K�
 TiO2 ���>{Ç�ü$. �
�Ä�O\ Ge �,þ, �±Äz TiO2 ���1Æ
�Y, ·�©Û
 Ge �,þ���, Nb é Ge-

Nb-TiO2 � � > { Ç � N ! � ^. ã 3(b) ´ �
± ϕ (Ge)� 30%ØC, UC ϕ (Nb) éA� Ge-Nb-

TiO2 ���>{Ç, �±w�� Ge ��,þ��
�, � , · þ Nb E � ± N ! Ge-Nb-TiO2 � �
� > { Ç � 102—101 Ω/cm �� (� � Ge �
TiO2 ���>{Ç�u 104 Ω/cm). nÜã 3(a)

Ú (b) � ± � �: � ϕ (Nb) 3 6%� m, ϕ (Ge)

3 20%�m�, Ge-Nb-TiO2 ���>{Ç��, �
� 10−1 Ω/cm.

ã 3 ØÓõÇ^�e�,þé Ge-Nb-TiO2 ��>{Ç ρ �K� (a) �± ϕ (Nb)� 6%ØC, UC ϕ (Ge); (b) �± ϕ (Ge)

� 30%ØC, UC ϕ (Nb)

3.4 ���������111ÌÌÌ

ã 4 ' � 
 Ø Ó í � õ Ç � � � � Ge Ú
� Nb � TiO2 � � � ß � 1 Ì. � � þ Ý þ
� 500 nm �m, ÅÄ´du1�Z�Úå�. u
yí�õÇé Ge-TiO2 ��ß�Ç�K���, 
é Nb-TiO2 ��K���; õÇ��, Nb-TiO2 ��
3��-ù	1«��ß�Ç�$. ù`²í�õ
Ç�O���
��¥ Nb ¹þ�O�. �éu
7á Nb, Ge � TiO2 �í��Ç����, Ïdí
�õÇéÙß�1Ì�K�Ø²w.

ã 5(a) ´ØÓ�,þ� Ge-Nb-TiO2 ���ß
�1Ì (�± ϕ (Nb) � 6%ØC, UC ϕ (Ge)), �
±w� Ge �,é Ge-Nb-TiO2 ���áÂ>Eä
kN!�^, �X Ge �,þ�O\, ��,��
�áÂ>��Å��£Ä.  Nb �,é TiO2 �
�áÂ>�K�é�, §é TiO2 ��ß�5U�

K�Ì�3uü$
��3��-ù	1«��ß
�Ç, ù´du Nb �,Ú\�16fé1�áÂ
�^Úå�, �±^ Drude nØ)ºù�y� [26]:

Nb-TiO2 ��é��-ù	1�áÂdá���l
fNÅ� (λp)û½:

λp = 2πc

(
ε0ε∞m∗

nee2

)1
2

, (1)

Ù¥, c �1�, ε0 �ý�0>~ê, ε∞ �pª^
�Ç, ne �16fßÝ, m∗ �>fk��þ, e�
>f>þ. ��3 λp ?3Ñy��áÂ [27],�²
ò»?n��¬��lfNÅ��� 850 nm. d
	,·��uy Ge-Nb-TiO2 ��3��-ù	1«
��ß�Ç�u Nb-TiO2 ��, ù�U´du Ge,

Nb p�ðz, ¦���¥16fÛ�z, lK�

��é��-ù	1�áÂ.
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ã 4 ØÓõÇ����, TiO2 ���ß�1Ì

�â (2) Ú (3) ª�O� Ge-Nb-TiO2 ���1
Æ�Y [6], Xã 5(b) ´ Ge-TiO2, Nb-TiO2 ±9 Ge-

Nb-TiO2 ���U�ã, �±w�X TiO2 ���1
Æ�Y�� 3.2 eV, üÕ� Ge � TiO2 ���1Æ

�Y~�� 1.9 eV, ù«Äz�@�´d Ge B��
â�þf���AÚå� [28], üÕ� Nb é TiO2

���1Æ�Y�K�é�. éu Ge-Nb-TiO2 �
�, Ù1Æ�Y�Cu Ge-TiO2 ��, `²é Ge-

Nb-TiO2 ����YåN!�^�Ì�´ Ge �,,

Nb �,ØK� Ge-Nb-TiO2 ���1Æ�Y. c¡
�(JL² Nb �,�±wÍü$���>{Ç,

ù¦�Ó�N! TiO2 ����YÚ>{Ç¤��
U.

α = (1/d) · ln(1/T ), (2)

(αhν)r = A(hν − Eg), (3)

Ù¥, α ´áÂXê, r � 1/2 (TiO2 ��áum�
�Y), h�ÊK�~þ, ν �\�1�ªÇ, hν ´1
f�Uþ, A�m��[áÂ~ê, Eg ����1
ÆUY, d���þÝ, T �ß�Ç.

ã 5 ØÓ�,� TiO2 ���ß�1Ì�1Æ�Y'� (a) ß�1Ì; (b) 1Æ�Y

�
?�ÚïÄ���(�é1Æ5U�K
�, ·�é��?1
�ò»?n, ��ØÓ(�
��¬, Xã 6 ¤«. ã 6(a) ´ò»�¥7ù�(
�� Nb-TiO2 ��, ã 6(b) ´ò»�¥bv¶(�
� Ge-Nb-TiO2 ��, �±uy7ù�(�Úbv
¶(�� TiO2 ��3��-ù	1«��ß�ÇÑ
wÍü$, `²��(¬�16fßÝO�, é1
�áÂ�^Or. ,	, ò»�����lfNÅ
� λp Ñ��Å��£Ä, � Ge-Nb-TiO2 ��� 
£��²w, ùL²(¬�� Ge-Nb-TiO2 ��ä
k��� m∗/ne (>fk��þ�16fßÝ'),

�â Tang � [29] ���(J, bv¶(�� m∗ �
� 1m0, �u7ù�(� (m∗ �� 20m0), �±í
Ñ: Nb-TiO2 ���16fßÝ�� Ge-Nb-TiO2 �

�� 5 �, ù�þ©©Û� “Ge-Nb-TiO2 ���>
{Ç�u Nb-TiO2 ��” �(J��. d	,·��
5¿�éu Ge-Nb-TiO2 ��, ò»?n�Ö
 Ge,

Nb �m�ðz�^, ¦� Nb �,é TiO2 ��ß
�Ç�K�wyÑ5, ��-ù	1«��ß�Ç
l 70%�mü� 20%�m, ù¿�X Ge-Nb-TiO2

��é��-ù	1�áÂ�^Or, �±�Ð/á
Â��1.

(Ü>{Ç©Û�(J, �±��: UC Ge �
�,þ (0—30%) Ú Nb ��,þ (5%—10%), �±
N! Ge-Nb-TiO2 ���>{Ç (104—10−1 Ω/cm)

Ú1Æ�Y (3.2—1.9 eV). ò»�¥bv¶(�
� Ge-Nb-TiO2 ��äk�$�>{ÇÚ�r��
�-ù	1áÂ.
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ã 6 ØÓ(�é�, TiO2 ��ß�1Ì�K� (a) Nb-TiO2 ��, ò»�¥7ù��(�; (b) Ge-Nb-TiO2 ��, ò»�¥
bv¶(�

4 ( Ø

�N! TiO2 ���1Æ�YÚ>{Ç, �¢
�æ^^�í�{��
 Ge-Nb-TiO2 ��, �[
©Û&?
ØÓ�,¤©!í�õÇÚ9?n
§Ýé���(�!>{Ç91Æ�Y�5��
K�, uy�\NÈ©ê�� 6% Nb Ú 20% Ge

�±�ÌN! Ge-Nb-TiO2 ���1Æ�YÚ>
{Ç (�Y�d 3.2 eV ~�� 1.9 eV, >{Ç�

d 104 Ω/cm ~�� 10−1 Ω/cm), � Ge, Nb ��
,k|u/¤bv¶(� TiO2 ��, bv¶(�
� Ge-Nb-TiO2 ��äk�$�>{ÇÚ�r��
�-ù	1áÂ. ·�ÀJ�,þÚò»^�, Ò�
±��Ñ�YÚ>{Ñ�N!!�é��-ù	1
áÂ�r� Ge-Nb-TiO2��.

a��¢�¿�[âÓÆÚ¡ÞÓÆ�?Ø.
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Abstract

Ge and Nb co-doped anatase TiO2 films are prepared by using radio frequency magnetron sputtering. The structures, resistivities

and band gap properties of the films, which depend on Ge and Nb doping amounts, sputtering power and annealing temperature, are

discussed. It is found that the band gap and resistivity of TiO2 film can be simultaneously tailored by co-doping with Ge and Nb. With

doping volume fractions of 6% Nb and 20% Ge, the resistivity of the film can be reduced from 104 Ω/cm to 10−1 Ω/cm, and the band

gap from 3.2 eV to 1.9 eV. After annealing, the Ge and Nb co-doped TiO2 film shows not only a lower resistivity but also a stronger

absorption for visible and infrared light. As a result, Ge and Nb co-doped TiO2 film with adjustable band gap and resistivity can be

prepared with magnetron sputtering by choosing proper Ge and Nb doping amounts and annealing conditions.

Keywords: Ge-Nb-TiO2 film, resistivity, band gap, radio frequency magnetron sputtering
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