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æ^Vq�í��{��
�þ B �,� Ti ���¬, |^ X ��1>fUÌ!×£>fw�ºÚ X ��û
�¤é�¬��,�fßÝ!L¡/m!¬.(�!¬âº�ÚAå?1
©ÛL�. ïÄL²: �,�� Ti �
�¬â��²w[z, ¿�X�,ßÝ�O�, ���¬âº�¥~�ª³, ��,ßÝ� 5.50 at%�, Ti ��¬â
º�~�� 1.3 nm, ¥yÑ���ÎG(�. B �,�� Ti ��AådØAå=C�ÜAå.

'�c: Ti ��, B �,, L¡/m, ^�í�

PACS: 68.55.−a, 61.05.cp, 81.10.Aj, 81.15.Cd

1 Ú ó

3-1.5�åàC (ICF) Ôn¢�¥, q�
´Ôn¢�^q��|¤Ü©. Be(Cu) Ü7q
��é%�q�5`, ä�Øß²Ý$!|.rÝ
pÚ9�Çp�`:, Q�Ý¤�{I:»Ôn¢
�¥�ÄÀq� [1]. �� Be(Cu) Ü7q���{
kéõ, �)^�í�!zÆí��ÈÚÅ�\ó
��{, Ù¥du^�í�Eâ��È�Ç¯�
½, Ù3��¤©°(���FÝ�, Be(Cu)

Ü7q��¡´Ù¦ü«EâÃ{O��. �8
c Be(Cu) Ü7q����¥��3Ãõ�¯K,

X Be æ�3��L§¥�U¬Ñy5G(�)
�!IG(�)�!ÛG(�)��ª, ù
y
�Ø=¬ü$ Be æ���Ý, �¬��æ��
L¡o÷Ý�þÝ�O\:ìO�. =¦´��
n��ÎG)��ª, 3 Be æ�¥��3�õ�
�Y½¬."�, lü$q���í5U, �Ø
�:»q�éæ��YÇ9�YNÈ��¦. 8c,

{I¤ï�� Be q�3�Ý��YÇ���¡�
�:»q��I¦�3�½��å.

Be q�3�Ý��YÇ���¡�3��
�æN3u Be æ��¬âº�L�, �(�Ø
n�. XJUò Be æ��¬â[z, òk�U~
�æ�¥��Y"�, Jpæ��Ý�q�L¡
1'Ý, ¦� Be q�÷v ICF Ôn¢�^q�I
¦ [2]. Ïdéu Be q����Eâ, :I�)û
�¯K´ Be ���¬â[z, =B�¬z, $�
�¬z��n� [3]. 3q���EâïÄ¥, d
u Be äkép�Ó5, ØBu2�mÐ Be ��
���EâïÄó�. {I� GA Ú LANL 3?
1 Be 9 Be Ü7q����EâïÄ¥, AO´Ò
)�Ån��Y�1?n�ïÄ¥, Ñæ^Ôn5
�ÚÅ�5�� Be �q�O�7á, X Ti �, 5
?1�'ïÄ. Ti ��3)�Ån��(��Ã
õÔn5�þÑ� Be ��kNõ�q�?, ¤±
�©òæ^ Ti O� Be ?1���¬â[zEâ
ïÄ [4].

Cc5, é Ti ����(�9¬â[zEâ,

* ¥Ió§ÔnïÄ�-1àCïÄ¥%�lfNÔn:¢�¿Ä7 (1OÒ: 9140c680501007) ]Ï��K.

† E-mail: he zhibing@126.com

c© 2012 ¥¥¥IIIÔÔÔnnnÆÆÆ¬¬¬ Chinese Physical Society http://wulixb.iphy.ac.cn

186803-1



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 18 (2012) 186803

�
ïÄ<
mÐ
Ü©�ïÄó�, X§]Ê
� [5] Úã Z� [6] ïÄ
í�õÇÚK Øé Ti

��K�. �á+� [7] æ^�6^�í�Eâ
± He/Ar ·ÜíN�ó�íN��
 Ti �, ïÄu
y� He Ú\þ�O\, Ti ��¬âº�~�, He

Úå�¬N:
ëêÚ X ��û�¸°ÝO�, ¬
N�ÃS§ÝO\. 3Ù¦���,±UC Ti �
���(�9¬â[z�¡, mkïÄ. �©|^
�6^�í�Û�C�, æ^Vq�í��{:
ïÄ
 B �,é Ti ���¬.(�!L¡/m!
¬âº�ÚAå�K�, ¿&?
3ØÓ�,ßÝ
e�Cz5Æ.

2 ¢ �

2.1 ¢¢¢������{{{

À^ü¡�1�ü¬7 (111) �Ä¡, �g²
�lfY!ZÑ!ÃY¯U©O�(�W 15 min

� Ñ ^ � í N Z � \ JGP560 . � p ý � õ õ
U ^ � í � � � � í � ¿ ¥. ¢ � ¥ q á À
^: pX Ti q (99.99%), º�� Φ76 × 5 mm; p
X B q (99.999%), º�� Φ76 × 6 mm. ±pX
�í (NÈ©ê� 99.999%) �ó�íN. ¢�ë
ê: � . ý �, 5.0 × 10−4 Pa; ó � í Ø, 0.2 Pa;

�í6þ, 15 sccm; Ti qí�õÇ, 100 W; B q
í � õÇ, © O � 0, 90, 100, 120 W; � ¬ e g
= � Ý, 10 r/min. � ª Û � c ? 1 500 s � ý
í�±ØKqáL���zÔ!,�±9áN
íN.

2.2 ���¬¬¬ÿÿÿÁÁÁ

æ^ XSA-800 .>fUÌ (XPS) ¤ÿþ�¬
¥zÆ��¹þ9Ù©Ù�¹. æ^Ö=�|Ë
úi)�� X’Pert Pro MPD . (Cu Kα) X ��û
� (XRD) ¤©Û���¬�!¬âº�±9��
5¬�©Û, ÿÁëê�: Cu q, +>Ø� 40 kV, +
>6� 200 mA, ×£�Ý 2◦/min, ×£�� 30◦—

90◦. |^×£>fw�º (SEM) *	�¬L¡�
â���9ä¡�)��ª.

3 (J�?Ø

3.1 B ���,,, Ti ��������� XPS ÿÿÿÁÁÁ(((JJJ

ã 1 �¢�¥�� B �, Ti ���¬� XPS

Ìã, du�¬¤�� XPS ãÌÄ��q, ©¥�
�Ñ
�¬ 3 � XPS �Ìã.

ã 1 B �, Ti ��� XPS �Ìã

lã 1 ¥�±wÑ, �¬¥¹k B, C, N, Ti, O

���. 3(ÜU� 284.8, 399.1, 530.1 eV ?©O
Ñy
 C1s, N1s, O1s �A�¸, ù´du�ÿ�¬
3�í�¸e��
�ã�m, áN
�í¥� C,

N, O, du N Ø¹¸, N �¹þ �,  O ¹þØ
õ, ã¥ B �¸�~f, ù´Ï� Ti ��¥��

�þ� B, ��L¡ B ¹þ��� B �(¯Ýé
$, lE¤ B � 1s A�¸4Ù�f.

d [8]

ni

nj
=

Ii/Si

Ij/Sj
, (1)

ª¥, I �1>f¸¡È, n ��fßÝ, S ��f
(¯ÝÏf. Ù¥, B �(¯ÝÏf� 0.403, Ti �
(¯ÝÏf� 2.129. 2(Üü���f�1>f
¸¡È, =�(½��¥ B � Ti ��é�fßÝ
' nB/nTi. L 1 �Ñ
3ó�íØ 0.2 Pa, Ti qõ
Ç 100 W �^�e, UC B qõÇ¤��Ñ� Ti

���¬¥ B �,�f�ßÝêâ. Ù¥, nB/nTi

L«�¬¥¤¹ B �f� Ti �f�ßÝ'~. l
L¥�±wÑ, ÏL�� B qí�õÇ, �±k�
/���¬¥ B/Ti '~, ¢y�þ�,.

ã 2 ¤«���,� Ti ���ØÓ B �,
ßÝ� Ti ��¥ Ti ��� XPS ¸ , ÙÌ�®
²L 5 :�²wÚÈ©�.�Ø?n. lã¥
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�±wÑ Ti2p ¸¥y$(ÜU�� Ti2p3/2 ¸Ú
p(ÜU�� Ti2p1/2 ¸, ü¸¡�W~¸½Ì)
¸. éu��,� Ti ��, Ti2p3/2 ¸ u 453.6 eV

?, Ti2p1/2 ¸ u 459.6 eV ?, ü¸�å 6 eV. é
u B � Ti ���éßÝ' nB/nTi � 2.86%� B �
, Ti ��, Ù Ti2p3/2 ¸ u 458.3 eV ?, Ti2p1/2

¸ u 464.2 eV ?, ü¸�å 5.9 eV; � nB/nTi

� 4.44%�, Ti2p3/2 ¸ u 458.6 eV ?, Ti2p1/2

¸ u 464.5 eV ?, ü¸�å 5.9 eV; � nB/nTi

� 5.50%�, Ti2p3/2 ¸ u 458.6 eV ?, Ti2p1/2 ¸
 u 464.6 eV ?, ü¸�å 6.0 eV. dd��, B �

,¦� Ti2p �(ÜUO�, üW~¸måCzØ
²w. B ����,�� Ti2p >f(ÜU,p, Ti2p
>fáuS��>f, duS��>f�(ÜUØ
Ì�û½u�fØ>Ö	, �É±�d>f�K�.

>K5'T�f���fª�urT�f�d>
f.�C�, ¦T�fØÓÙS��>f= Ti2p >
f(ÜO�, lO\ Ti2p >f�(ÜU. �X B

����\, UC
��¥ Ti �f±��zÆ�
¸, Ti �>K5� 1.54, B �>K5� 2.04, B ��
>K5�u Ti ��, l B ��,��
 Ti2p >
f�(ÜU,p [9].

L 1 Ti ���¬� B �,�fßÝêâ

�¬?Ò B qõÇ/W Ti2p 1>f¸¡È B1s 1>f¸¡È nB/nTi

1 0 47315.21 0 0

2 90 66264.63 358.32 2.86%

3 100 42251.22 354.36 4.44%

4 120 46554.60 484.08 5.50%� � � � � �� �
� � �� � � � � �� � � �� 	 
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ã 2 ��,��, Ti ��¥ Ti ��zÆ�� XPS ¸  (a) ��,� Ti ��; (b), (c), (d) B � Ti ���éßÝ' nB/nTi

�g� 2.86%, 4.44%, 5.50%� Ti ��
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3.2 B ���,,,ééé Ti ���������(((������KKK���

ã 3(a) ���,� Ti ��L¡� SEM ã,

ã 3(b) � 4.44 at% B �,�� Ti ��L¡ SEM ã.

lã 3(a) ¥�±wÑ, ��,� Ti ��L¡d

50—200 nm ��Ø��¬G�â|¤, �©ÙØþ
!, ÛÜk�É�3, �âà8y�²w, L¡åÏ
���. lã 3(b) �±wÑ, ��\ 4.44 at% B �,

Ti ��L¡¬â²w[z, ��â��þ!, ��
\²�!1w, ���L¡o÷Ý��
²w~�.

ã 3 ��,� B �,�� Ti ��L¡� SEM ã (a) ��,; (b) B �,�

ã 4 ��,� B �,�� Ti ��¿¡� SEM ã (a) ��,; (b) B �,�

ã 4(a) ���,� Ti ��¿¡� SEM ã,

ã 4(b) � B �,�� Ti ��¿¡ SEM ã. lã
¥�±wÑ, ��,� Ti ��¿¡d��â|¤,

ù
��â´d�
�¬âæÈ¤, ���â�
m�3����Y, ¥yÑ�kNõ�É�tÑ�
óG(�. lã 4(a) �±wÑ, 3 Ti ��¬â�m
k�»AzB�, $�p� 1 µm �p��Y�3.

ù«�Y¦����Ýü$, Ù ��Ýp, í{
Aå�p, ù´;.�Ä:G(�. lã 4(b) ��

� B �� Ti ��d¬âm.��
�n�G¬â
(�=C�����ÎG¬N(�, ÎGNA�R
�uÄNL¡)�, �þeüàº�Ä��Ó.

�²1uÄNL¡�����mk²w�.¡, þ
�ÎGN�e�ÎGN¿vk��ëY)�. �)
þãy���Ï´: du���)��ª´ÏL�
È�f½�fì3Ä¡L¡$Ä!¤Ø!��¤
�Ú��é¿/¤�,  B ���Ú\�»
�k
�¤ØÅ�, ¦�¤Ø�fOõ, �ÈáN��f
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3ÄNL¡þ�*Ñ�ÇO�, /¤
Ã�É«,

�ª/¤
�~���ÎG(�. �X B qí�õ
Ç�O\, põÇí�Ñ� B �âfê8Oõ, ¦
� Ti âf��-E¤Ø�AÇ~�, l�� Ti

��¬â[z�8�; d	, õÇO�¦�í�â
f�Uþ���O�, p�Uþk|uÙ3�.þ
�*Ñ�ÇO�, lk|u Ti ���5�Jp,

¬N(���?�Ú�`z.

3.3 B ���,,, Ti ��������� XRD ÿÿÿÁÁÁ(((JJJ

3�Ø
û��.Ú Kα2 �K��, ���
¬� XRD ãÌXã 5 ¤«. ã 5 � Ti ��� B

�, Ti ��� XRD ãÌ, Ù¥ B ��,ßÝ�g
� 0, 2.86 at%, 4.44 at%, 5.50 at%. ã¥ 2θ � 58.90◦

�û�¸�Ä. Si �û�¸, �â XRD IOk¡
'é��, ¢�¤����¬þ�á�¬.(�
� Ti ��. ã¥�±wÑ, ��,� Ti �� XRD

ãÌ3 2θ � 38.38◦, 58.90◦ Ú 82.31◦ NCÑy

û�¸, 3 38.38◦ � 82.31◦ ?Ñy�û�¸, ©O
� Ti(110), (411) �A�û�¸, Ù¥ (110) ¬¡�
û�¸�r, Ti ��)��J`��²w. �X B

�þ�O\, Ti(110) û�¸²w°z. 3¤k�¬
� XRD Ì¥�*ÿ� B 9�AzÜÔ�û�¸,

ùÌ�du�¬¥ B �,þé�.

���¬âº��dÙ XRD ãÌ�â Scher-

rer úªO��� [10]:

D =
kλ

β cos θ
, (2)

ª¥, λ � X ��Å� (λ = 0.15406 nm), k �/G
Ïf (k = 0.89), θ �û�¸ , β �û�¸��p
°, D �¬âº�. 3¬âº��u 100 nm �Aå
Úå�°z�¬âºÝÚå�°z�'�±�Ñ,

d�, Scherrer úª·^, O�(JXL 2 ¤«.

2d XRD ãÌ�âeª�ÿ½���Aå:

σ =
E

2γ
ε =

E

2γ

d0 − d

d
=

E

4γ
δ(2θ) cot θ, (3)

Ù¥ E, γ, d0 ©O´��á��¼�þ!Ñt
'Ú¬¡må (éuX Ti, E = 115 GPa, γ = 0.33,

d0 = 2.341 Å), ε ����AC, σ ��K©Oé
AÜAå�ØAå [11]. 3O�¬âº��, �

��ý¢��p°�, |^^�5�Ø Kα2 �K
�, l��� XRD ãÌXã 5 ¤«. L 2 ��

â Ti(110) û�¸êâO����¬âº��A
å. lL 2 �±wÑ, �X B ���Ú\, ���
¬âº�²w~�, ¿�X B ��� Ti ���é
ßÝ�O\¥yÑUY~��ª³, ��,ßÝ
� 5.50 at%�, Ti ��¬âº�~�� 1.3 nm. d
d��, B ����,äk²w¦ Ti ��¬â[z
��J.

ã 5 Ti ��� B �, Ti ��� XRD ãÌ

d¤ØÄåÆ��, þ�¤Ø�Çúª� [12]

Iν = B exp
(
− ∆Gk + ∆ Gm

RT

)
(4)

ª¥, Iv �¤Ø�Ç, �ü NÈ¥¤)¤�¬Ø
ê8; B �~ê; ∆Gk �þ�¤Ø ^; ∆Gm ��
f½©f�[#Î.¡�[£¹zU.

�þ�¤Ø�Çúª�þ�¤Ø�Ç Iv úª
4��q, �´± ∆G∗

k �O ∆Gk, ^ Bs �O B 
®. Ù¥,

∆G∗
k = ∆Gk · f(θ), (5)

ª¥, ∆G∗
k ��þ!¤Ø�gdóCz (�.¤Ø

 ^); ∆Gk �þ!¤Ø�gdóCz. �â�þ�
¤Ø�¥)�.�AÛ'X�±�Ñ:

f(θ) =
(2 + cos θ)(1 − cos θ)2

4
6 1. (6)

dd��, ∆G∗
k 6 ∆Gk, =�þ�¤Ø'þ�

¤Ø¤I� ^$, K�´/¤¬Ø. =pUþ�
¬Ø�¤Ø.¡�$Uþ�¬Ø�¤ØÄN�m
�.¡¤��, ù«.¡���'.¡�M)¤
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I��Uþ��. du¤Ø�Ç��, K¬â)�
�ÇÒ�ú, l¼�¬â[z��J. B �f�
È3¬âL¡, î³�
�¬¬â3(Üc��
¬)�, ¦� Ti ���)�I�Øä#¤Ø [13],

¬âº�?�Ú~�, ù�� SEM *ÿ�(J�
�. �X B �þ�O\, �¬¥ÛÜ«��3��
þ�¤Ø�AÇO�, XRD (J�N�æ÷*ÚO
&E, ¤± B �,ßÝ�Jp��
 XRD (JO
��¬âº�?�Ú~�.

Barna Ú Adamik[14] QJÑ
��k'��)

�L¡,�ßÝ���(��'X�., ¦�@�
��)�L¡,�ßÝ�Jp¬¦���¬â~
�. ^d�.�±Ün/)º�©¥ B é Ti ��
¬â�[z�^. 3��)��Ð?�ã, B �f
3 Ti ���G¬N�>.þ8¥, l��
�È
�f�?�ÚáN, ~�
 Ti ���¬N)��
Ç, �¿ØK��G¬N�(Ü, �dÓ�3�Ñ
�Ü �¬�Èí��f/¤#�¬Ø, ¬ØOõ,

Ïd¬âº�~�. dd��, B 3 Ti (¬L§¥,

��É�(¬�Ø%, åX[z Ti ¬â��^.

L 2 Ti ���¬âº��Aå

�¬?Ò B qõÇ /W 2θ/(◦) β/(◦) d/Å D/nm σ/MPa

1 0 38.3831 0.58621 2.34327 14.2 −168.8

2 5 38.6783 5.37533 2.32607 1.6 1118.4

3 10 38.9851 6.07534 2.30847 1.4 2455.4

4 15 39.0189 6.49678 2.30655 1.3 2602.4

d u Ti � f � » � 0.2 nm, B � f � »
� 0.117 nm, üö�»�� 41.5%, Ïd B N´
?\ Ti ��(��mY¥, ¤�mY B[9]. qÏá
�¬.(�� Ti ��, N´3¡%½öN%?i
\�f, /¤¡%á�½N%á�¬X, B K�U
?\Ü©¬XmY�¥, ?Úå Ti �¬�)ä.

lL 2 ¥�±wÑ, Ti(110) û�¸ �¬¡må d

�X B �þ�O�~�, û�¸ ���k¤
Cz, ùÑ´dumY B �)� Ti ¬�)ä. d
L 2 �±wÑ, ��,� Ti ��Aå�K�, Ly
�ØAå;  B �,�� Ti ��Aå���, Ly
�ÜAå, ¿�X B �,ßÝ�O\, ��ÜAå
¥yÑ²w�O�ª³. ���Aå�)Ì�´
Ï���3)�L§¥(��Ø��5 (X,�!
� !�Y! �!¬â>.�) Ú���Ä¡m
¬����Ï�E¤�. ��,� Ti ���)Ø
Aå��Ï´: 1) �f!lfî\�A, Ï�3í
�L§¥, \����þ�íN�f½ Ti �fÏ
~�k 10 eV �m�Uþ, ù'3ý��u��U
þ�
 1—2 �êþ?, ÄU�p, N´?\ Ti ¬
�mY; 2) 3í�L§¥, Ar lf½ Ar �fÏ~
± 102—104 eV ���UþÀÂ��, §�Ø
¬
��,����Ó¼	, �¬����L¡�f�

SÜi\, ����NÈO�, l3��¥/¤
ØAå. B �,� Ti ��AåLy�ÜAå, ¿�
�X B �,ßÝ�O\, ¥yO��ª³. ùÌ�
´Ï�: �X�, B �f�Ñy, ��¡, B �f
3 Ti ¬�¥O� Ti �f�, Ù�f�»��, ¬Ú
å�¬��Y�q�ÜAå; ,��¡, � B qí
�õÇ�O�, ¬���È�f�ÄUO�, .¡
*Ñ�(����(��"�ßÝ�¬��O\,

?��ÜAå�?�Ú*�; 2ö�X¬âºÝ
C�, ¬.Úå�ÜAå��²w.

4 ( Ø

|^�6^�Vq�í�Eâ��
ØÓ B

�,ßÝe� Ti ��, ïÄ
 B �,é Ti ���
¬.(�!L¡/m!¬âº�ÚAå�K�, &
?
ØÓ� B �,ßÝe, ÙCz5ÆÚÅn. ï
Äuy:

1) ÏL�� B qí�õÇ, �±k�/���
¬¥ B/Ti '~, ¢y�þ�,;

2) B �,���� Ti ��þ�á�¬.(
�, B �,� Ti ���¬âº�~�, �X B �
,ßÝ�,pk?�Ú~��ª³, ��,ßÝ
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� 5.50 at%�, Ti ��¬âº�~�� 1.3 nm;

3) B �,� Ti ���AådØAå=C�Ü
Aå, ¿�X B ���,ßÝ�O\, ��Aå¥
yÑ²w�O�ª³.
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Abstract

B-doped Ti film is fabricated by direct current magnetron sputtering. The doping concentration, surface morphology, crystal

structure, crystal grain diameter and stress are characterized by X-ray photoelectron spectroscopy, scanning electron microscopy and

X-ray diffraction, respectively. It is found that, with the increase of B doping, the crystal grain diameter decreases monotonically and

reaches a minimum of 1.3 nm at a B doping concentration of 5.50 at.%. The B-doped Ti film presents a compact columnar structure at

that concentration. The stress of Ti film changes from compressive stress to tensile stress when B is doped.

Keywords: Ti films, B doping, surface morphology, magnetron sputtering

PACS: 68.55.−a, 61.05.cp, 81.10.Aj, 81.15.Cd
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