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|^�ªí�Eâ3²¡ü�ÀæÅ�L¡ÛÜDÈ�� Ta2O5 FÝ��, /¤EÜ1Å��¡, (Üc
ºÍÜ{��
�«8¤1 �Z�Daì. Äuo�²�Å��.nØ©Û
EÜ1Å�L¡ò�Ç(¯
Ý SRI � Ta2O5 FÝ����þÝ Teq �'X, (Ü¢�ÿ½� SRI �Ñ
�ó�¥¤¦^ Ta2O5 FÝ��
� Teq ≈ 33.021 nm, ?�Ú�Ñ�¡áN�þÝ(¯Ý Sad ≈ (2.412 × 2π) nm−1. |^TEÜÅ� �Z�¤(
Ü Lorentz-Lorenz k�0�nØÿ�
½È ^xp¥p��ßÝ, ¿±½ÈÚ9ì�GÞË�~?1
xË�Y
Ú�`U�ÿÁ, (JL², xË�Y½`Uc��ò�ÇUCþ��,þ¤O�5Cz'X; � ¢�iÿ
¶
zÿw|s�Ä�áNL§9[�Ú� c/à�¯L��?�©fg|CL§, ¿|^ÿ�� ��Cz(Ü�¡
áN�þÝ(¯Ý Sad ¼�
�x�L¡CXÝ.

'�c: EÜ1Å�,  �Z�, p(¯Ý, )zuÿ

PACS: 42.82.Bq, 07.60.Ly, 42.79.Gn

1 Ú ó

8¤1Å�Daìäk(¯Ýp!|>^Z
6!�IP!­½���`:, Ïd3ISþ¼�

2�ïÄ [1−9]. Äu8¤1Å�DaEâ�û�
z)z©Û¤ì®²�mu¤õ, X=I Farfield
úiÄu
¼Z��n)��1Å�)z©Û
¤ [10], :ß| MicroVacuum úiÄu1Å��ª
ÌEâ (OWLS) )��)z©Û¤ [11] �. ù
¤
ìy®�^u�¸iÿ! ¬S�!��¥)!
)·�ÆïÄ�+�. 8¤1Å�Daì�L¡�
lfN��Daì [12]!1nDaì [13] Ó��²
ÅL¡¯aì�, �´8¤1Å�Daì�±ÏL
(¹ÀJÅ�á�Ú`z(��O¼��p�(
¯Ý.
·�3cÏó�¥ÄgJÑ
�«ÄuEÜ

1Å� (composite optical waveguide, COWG) (�
�8¤1 �Z�Daì [14]. EÜ1Å��¡´

ÏL3ü�Àæ1Å�L¡ÛÜDÈ��üà¥
FÝ�pò�Ç�zÔ��
/¤�, ù«Å�{
üíd!´u��, Å�rÝ�, DÂ���, ÛÜ
�²|r, �1n9cºÍÜ�{�oN5Ð, ¦
�Äu COWG �8¤1 �Z�DaìäkûÐ
�muA^cµ.

3¯õ��zÔ��¥, Ta2O5 ��äkûÐ
�1Æ5U, ~�^u��$�ÑÅ�, du Ta2O5

F�Fw,­½5Ð, Ta2O5 ��Å��·Ü^u�
�)zDaì. �©3cÏó� [14−16] �Ä:þ
é Ta2O5/ÀæEÜ1Å� �Z�Daì�A5
?1
XÚÿÁ©Û, ¿éDaìd3�A^?1

ïÄ.

2 EÜ1Å��¡��9¤ìC�

EÜ1Å��¡´8¤1 �Z�Daì�
Ø%ì�, ���Äkò�WZÀ�ÀæÄ.E
\ 400 ◦C eLK� KNO3 ¥?1 30 min � K+-
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Na+ lf��, ¼�$���ü�Àæ1Å�. ,
�|^�ªí�Û�Eâ3Àæ1Å��¥m«
�DÈ��pò�Ç Ta2O5 FÝ��. í��3å
lÀæ1Å�� 2 mm ��þ�����¥mm�
Ý/I��7áù��. ù���� Ta2O5 ��ä
kü�� 1 mm ��FÝ"à, ^u���ý9F
ÝÍÜDÂ. �
³����DÂ�Ñ, ÏLN�
í��m�� Ta2O5 ���þÝ�u 40 nm. ã 1
w«
1Å��¡�(�«¿ãÚ¢Ôì¡ã.

ã 1 EÜ1Å��¡ (a) «¿ã; (b) ¢Ôã

ã 2 ÄucºÍÜ�8¤1 �Z�Daì�E9�
n«¿ã

ã 2 ´8¤1 �Z�Daì��E9�n
«¿ã. �å� � He-Ne -1ì�Ñ\ÍÜc
º, 3·���ÝeÓ�-uÀæ1Å�S�î>
Ä� (TE0) Úî^Ä� (TM0). ü �Ä�3Àæ
1Å�S÷�Ó´»DÂ, 3FÝ��CX«m�
)�m©l. 1åd,�cºÍÜÑÑ, ÏL 45◦

 �¡� TE0 �Ú TM0 �u)Z�. üÄ� �
�Cz�ÏL7&ÿì?1¢�iÿ.

3 nØ©Û

�©¦^�EÜ1Å�do�(�|¤: À

æÄ.!lf���!Ta2O5 ���Ú��, §�
ò�Ç©ÙXã 3 ¤« (n1 > n2 > ns > nc), ã
¥ n1, n2, ns, nc ©O� Ta2O5!lf���ÀæÄ
.Ú���ò�Ç, T1, T2 ©O� Ta2O5 ��Úl
f����þÝ. �����§Uì��k�ò�
Ç (N ) ������L«�Xeü��§:

k1T1 =mπ+ arctan
[(

n1

nc

)2ρ
pc

k1

]
+ arctan

{(
n1

n2

)2ρ
k2

k1

× tan
[

arctan
((

n2

ns

)2ρ
ps

k2

)
− k2T2

]}
ns < N < n2, (1)

k1T1 =mπ+ arctan
[(

n1

nc

)2ρ
pc

k1

]
+ arctan

{(
n1

n2

)2ρ
k2

k1

× tanh
[

arctanh
((

n2

ns

)2ρ
ps

k2

)
+ k2T2

]}
n2 < N < n1, (2)

Ù ¥ m = 0, 1, 2, · · · , k1 = k0

√
n2

1 − N2, pc =
k0

√
N2 − n2

c , ps = k0

√
N2 − n2

s , k0 = 2π/λ, λ

�Å �; � � �� TE � �, ρ = 0, TM � �,
ρ = 1. 3�§ (1) ¥ k2 = k0

√
n2

2 − N2, 3�§ (2)
¥ k2 = k0

√
N2 − n2

2.

ã 3 o�²�Å��ò�Ç©Ù

éuü�²¡Àæ1Å�, = Ta2O5 ���
þÝ�"�, Å�S� TE0 �Ú TM0 �äkA
��Ó�k�ò�Ç, ü��÷Ó�´»DÂ.
�´3FÝ��CX«mü��¬�)�~�
��É, TE0 ��k�ò�Ç (NTE0) �X��
þÝ�ÅìO\
×�O�; �d�', TM0 �
�k�ò�ÇCz (NTM0) �~�ú, A��±
�Ñ. Äuþão�²�Å��ª���§, ü
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Ä��k�ò�Ç� Ta2O5 FÝ��þÝ�C
z ' X � ± n Ø O � � Ñ, X ã 4 ¤ «. Å �
ëê� n1 = 2.15, T1 = 0—50 nm; ns = 1.52;
n2 = 1.528, T2 = 2 µm; nc = 1.333. � Ta2O5

���þÝ0u TE0 �Ú TM0 ���þÝ�m�,
ns < NTM0 < n2 < NTE0 < n1, ùÒ¿�X TE0

�� TM0 �3pò�Ç��CX«m¬�)p�
�m©l, TE0 �£���SÜ
 TM0 �E�3
3Àæ�Å�S. Ïd, TE0 ���²|�' TM0

�wÍOr, TE0 �éL¡)z�A�(¯Ý�p
u TM0 �, ¦�TEÜ1Å�(��±^u �
Z�Daì¥.

ã 4 TE0 �Ú TM0 ��k�ò�Ç� Ta2O5 ��þ
Ý�'X­�

dcÏó��� [16], Ta2O5 FÝ���±��
¤þÝ� Teq �þ!��, dd, Àæ/Ta2O5 EÜ
1Å��±����þ!�o�²¡1Å�. �E
Ü1Å��¡L¡ò�Ç½öáN�þÝu)C
z�, TE0 �� TM0 �� ��Cz ∆φ �L«�

∆φ =
2πL
λ

(∆NTE0 − ∆NTM0), (3)

ª ¥ L � Ta2O5 � � � � Ý, ∆NTE0, ∆NTM0

© O�� � 1 Å � TE0 � Ú TM0 � � k � ò
� Ç C z. ò E Ü 1 Å � ò � Ç ( ¯ Ý ½ Â
� SRI = ∆φ/∆nc. Äuþão�²�Å�nØ,
�O��Ñ SRI � Ta2O5 ����þÝ Teq �'
X, Xã 5 ¤«. ÏL¢�ÿÁEÜ1Å��¡�
ò�Ç(¯Ý, ¿òÿ��¢���\þã'X,
��d�¡ Ta2O5 FÝ�����þÝ. �8¤1
 �Z�Daì^u�x�©fáNuÿ�, ½
ÂEÜ1Å�áN�þÝ(¯Ý� Sad = ∆φ/tad.
ò Teq �\Ê�²�Å���ª���§, �nØ
O�¦� Sad. �â Feijter �§ª�x�L¡CX

Ý Γ �±L«� [17]

Γ =
nad − nc

dnad/dc
tad

=
nad − nc

dnad/dc

∆φ

Sad
, (4)

ª ¥ nad Ú nc © O L « � x �áN � Ú � x
�M��ò�Ç, c ��x�M��ßÝ. O�
� � � � nad = 1.45, nc = 1.333, dnad/dc =
0.188 ml/g[4].

4 8¤1 �Z�Daì�A^

4.1 òòò���ÇÇÇuuuÿÿÿ

8¤1 �Z�Daì�±^uM��¬�
ò�Çuÿ. ÏL¦^�X�äkØÓò�Ç��
M�éEÜ1Å��ò�Ç(¯Ý?1I½, ¼�
Daì ��Cz ∆φ �ò�ÇCz ∆nc �IO
­�. ,�ÏLÿþDaìé�ÿM�� ��C
z�A, l
��d�ÿÔ�ò�Ç�, ?
¼�
k'TÔ���'&E. ã 6 �Ñ
¢�¥¤¦^
EÜ1Å��¡�ò�Ç(¯Ý­�, �� ∆φ �

ã 5 EÜ1Å�ò�Ç(¯Ý� Ta2O5 ����þÝ
�'X­�

ã 6 ¢�ÿ��Daì ��Cz ∆φ �ò�ÇC
z ∆nc �'X
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∆nc ¤ � 5 C z ' X (� 5 [ Ü Ý� 0.9997),
SRI = 1624.985 × 2π/RIU (refractive index unit,
RIU). (Üã 5 ¥EÜ1Å� SRI � Ta2O5 FÝ
����þÝ�'X­���, �ó�¥¤¦^
� Ta2O5 FÝ�� Teq ≈ 33.021 nm. ÄudÅ�
�¡, �©|^8¤1 �Z�Daìé½È ^
xpÚxË©O?1
uÿ.

4.1.1  ^xp¥p�ßÝ�uÿ
Äk^UÄ"3�¬³S5÷�lfY, �

ÑÑ1r­½�, 2!�"\ ^xp���l
fY, Ó�P¹Daì�ÑÑ1rÝCz. 3d
L§¥, �¬³¥��Nò�Ç�ú/ëYCz,
ÚåÅ�¥ü �Ä��k�ò�ÇUC, l

��ÑÑ1&Òu)��. ã 7 ��¬³¥�N
l�lfYC�xp�ÿ��Z�Ìã, �±w
Ñ, lm©5\xp�ÑÑ1r��²ï�m=
I 50 s,  ��Cz� ∆φ ≈ 4 × 2π. (Üã 6 ¥
ÿ��ò�Ç(¯Ý­�, l�lfYC�xpò
�ÇUCþ� ∆nc ≈ 0.0025, Ïd��xp�ò
�Ç� n ≈ 1.3355 (�lfY�ò�Ç� 1.3330).
l ¬`²¥��xp�¤©�)p�ÚY. �
â Lorentz-Lorenz k�0�L�ª (5)[18], �Ñx
p¥p��ßÝ�� 6.892%(v/v).

n2 − 1
n2 + 2

= f1
n2

1 − 1
n2

1 + 2
+ f2

n2
2 − 1

n2
2 + 2

, (5)

ª¥ n, n1, n2 ©OL«xp!p�ÚY�ò�
Ç, f1 Ú f2 ©OL«xp¥p�ÚY�NÈ©ê,
n1 = 1.36969 [19], f1 + f2 = 1.

ã 7 �¬³S�Nl�lfYC�xpL§¥ÿ��
Z�Ìã

4.1.2 xË�,uÿ
8c½|þ�«bk���¬²~��, XØ

�!p�Ë!·�!oÇzD¬�. �[éÔ¬
� “ýb�O” �k
�5�õ�'5. �©±Ú

9ì�GÞË (Ë°Ý� 46%(v/v)) �~, ÏL�
��X��kØÓ�þ©êY½`U�xË, ?
1
xË�,uÿ. 3ÿÁL§¥, kò�¬³S
5÷Ú9ì�GÞË, �ÑÑ1r­½�, ò�,
xË"\�¬³, P¹Daì ���Cz. �,
�xË�ò�ÇUCþ�±�â¢�ÿ�� �
�Cz(Ü�¡�ò�Ç(¯ÝO��Ñ. ã 8(a)
Ú (b) ©O�Ñ
Daìÿ�� ��CzÚò�
ÇCz�xË¥�YþÚ�`Uþ�O�5Cz
­�. ¢�¤¦^EÜ1Å��¡�ò�Ç&ÿ4
��� 8 × 10−6 RIU, dã 8 ¥ò�ÇCz�xË
¥�bþ�'X��, d�¡U
uÿ�����
YþÚ�`Uþ©O� 0.038 wt%Ú 0.035 wt%. 8
¤1 �Z�DaìÓ�·^uÙ¦�N�¬�
�,�Ouÿ.

ã 8 ¢�ÿ�� ��CzÚò�ÇCz��,þ�
'X (a) �Y; (b) �`U

4.2 )))zzzDDDaaa

d 4.1 !��, Ta2O5 FÝ�����þÝ Teq

®(½, ÄuÊ�²�Å���ª���§, O�
Ñ�©¤¦^EÜ1Å��¡�áN�þÝ(¯
Ý Sad ≈ (2.412 × 2π) nm−1, (Üÿ�� ��C
z ∆φ �Ñ�x�L¡CXÝ Γ = 0.258 (∆φ/2π)
(ng/mm2).
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4.2.1 )z©f�áNÿÁ
8¤1 �Z�Daì�±^uuÿ)z©

f�áNøNÄ�L§, ��¡L¡?»L§�
� ¢�iÿJø
�«�{. �©±¶zÿw
|s (butyrylcholinesterase, BuChE) �~ïÄ
�
x�©f�áNL§. �d¦^ pH = 8.0 ���
í�À� (phosphate buffer saline, PBS) ��
ßÝ
� 50 nmol/L � BuChE M�.�
U
k�/�½
s©f, ¢�æ^8`Ä�7�X (1, 1, 1, 3, 3, 3-
hexamethyl-disilazane, {P� HMDS) éEÜ1Å
��¡L¡?1
7�zÕY?n. ,�|^ 
�Z�Daìé BuChE ©f�áNL§?1
�
 ¢�iÿ. ÿÁ�, kò�¬³S5÷ PBS �À
�, ,�ò BuChE M�"\�¬³�� PBS.áN
��²ï�, 2g"\ PBS �W�¡L¡áNØO
���x�©f. ã 9(a) w«
 BuChE ©fáN
Úå�Daì ��Cz��m�Cz­�. �â
þãí�� Γ = 0.258(∆φ/2π) �Ñ�x�L¡C
XÝ Γ �áN�m�'X, Xã 9(a) ¤«. áN²
ï� ∆φ = 21πéAu Γ = 2.709 ng/mm2. �
�
y�x�©f´Ä�k�/�½3EÜ1Å��
¡L¡, |^Y�>�ÿþ¤é�¡L¡3 BuChE
©fáNc��EdÝ?1
ÿþ, (JXã 9(b)
Ú (c) ¤«. Y�>� θ d 94.0◦ ~�� 47.1◦, L
² BuChE ©fk�/��½3
EÜ1Å��¡
L¡. du BuChE �kÅ�UAÉ5(Ü [20], �
d�¡�±�Y^ukÅ�à��uÿ.

4.2.2 ©fg|CÿÁ
©fg|C´©f3��!·>å!ÕY�

^Ú��uå�f�p�^å��Ó�^egu
//¤äkAÏ(�Ú/G�àÜN�L§. é
ù«©fm�p�^å�ïÄkÏu¢yég|
CL§�N�, ¿��äkA½õU�g|CN
X. |^EÜ1Å� �Z�Daì�±¢yé
©fg|CL§�� ¢�iÿ. �©¦^[�
Ú� c (cytochrome c, {P� Cyt-c, ©fþ� 12.3
kDa, 1 Da = 1 u = 1.66054 × 10−27 kg) Úà�¯L
��? (polysodium 4-styrenesulfonate, {P� PSS,
©fþ� 70 kDa)�~, |^©f�O�È{��

 Cyt-c/PSS ©fg|C�, ¿?1
� ¢�i
ÿ. ÿÁc, ¦^Ë°c[Þ°EÜ1Å��¡L
¡, ­Eõg, ,�¦^pßÝ NaCl M�Ú�l
fY�E�W. �W�­#ÿÁ�¡�ò�Ç(¯
Ý, ��c�(JA���, L²�¡²�E�W

� Ta2O5 ���þÝ�u)Cz.
¢ � ¦ ^ pH = 7.0 � PBS � À � � �


 1 µmol/L � Cyt-c M�Ú 1 mg/mL � PSS M�.
Cyt-c ©f��>:´ 10.0 [21], 3 PBS �À�¥w
�>; 
 PSS ´Òlfà>)�, ©fwK>. ÿ
Á�kò�¬³S"÷ PBS, du Ta2O5 ��>:
´ 5.2 [22], Ïd��L¡wK>. ÑÑ1r­½�,
ò Cyt-c M�"\�¬³. Cyt-c ©fm©3 Ta2O5

��L¡áN, ¦L¡��>. áN 30 min �, ò
�¬³S"\ PBS �À�, �W�¡L¡áNØO
��©f. ,�"\ PSS M�, 3·>Úå��^
e PSS ©fm©áN, ¦�¡L¡�K>. Ó�á
N 30 min �^ PBS �W, �X2"\ Cyt-c M�,
Xd E?1, B/¤
õ� Cyt-c/PSS ©fg|
C�. ã 10(a)—(d) w«
 Cyt-c ©f31���
1o�|CL§¥ÿ��Z�Ìã. ã 10(e) �Ñ

d�� Cyt-c ©fáNÚå� ��Cz�Ú9
�x�L¡ßÝ�Ú��x��ê�'X, Cq¥
�5Cz, dd��ü� Cyt-c ©fáNÚåL¡
CXÝ�Cz�� 0.8 ng/mm2.

ã 9 (a) BuChE ©f3�¡L¡áNÚå� ��Cz9�
x�L¡CXÝ��m�Cz; (b), (c) EÜ1Å��¡L¡
3 BuChE ©fáNc��Y�>�Cz
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ã 10 ØÓ�ê Cyt-c ©f|CL§¥ÿ��Z�Ìã (a) 1��; (b) 1��; (c) 1n�; (d) 1o�; (e) d�� Cyt-c
©fáNÚå� ��Cz�Ú9�x�L¡ßÝ�Ú��x��ê�Cz

5 ( Ø

�©XÚïÄ
 Ta2O5/ÀæEÜ1Å� �
Z�Daì�A59Ùd3�A^. Äuo�²�
Å��.O��ÑDaìò�Ç(¯Ý� Ta2O5

FÝ����þÝ�'X, ,�(Ü¢�ÿ��ò
�Ç(¯Ý­��Ñ�ó�¥¦^� Ta2O5 FÝ
�����þÝ, ?
�âÊ�²�Å��.O�
���AEÜÅ��¡�áN�þÝ(¯Ý. ¦^
T¤ìÿ½
½È ^xp�p�ßÝ, ¿é½È

Ú9ì�GÞË?1
�YÚ�`U�ÿÁ'�.
,	|^Daìé¶zÿw|s�Ä�áNL§
?1
¢�iÿ, (ÜDaì�þÝ(¯Ý¼�

�x�L¡CXÝ. ?�Ú|^Daìé[�Ú
� c/à�¯L��?EÜ��g|CL§?1

� ¢�iÿ, (JL² ��Cz�áN�êC
q¥�5Cz, ü�[�Ú� c ©fáNÚå��
¡L¡CXÝUCþ�� 0.8 ng/mm2. ¢�(JL
² Ta2O5/ÀæEÜ1Å� �Z�Daì{üí
d!´u��!(¯Ýp!�A¯!ö��B, �
¡�­E¦^, äkûÐ�muA^cµ.
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Abstract
A tapered thin film of Ta2O5 is sputtered on a single-mode slab glass waveguide to form a composite optical waveguide (COWG)

for serving as a prism-coupled integrated optical polarimetric interferometer. The relationship between the refractive-index sensitivity
(SRI) of the interferometer and the equivalent thickness (Teq) for the tapered layer of Ta2O5 is theoretically analyzed based on a four-
layer homogeneous waveguide model. A comparison of the measured SRI with the simulated data leads to Teq ≈ 33.021 nm for the
COWG used. The sensitivity of the interferometer to thickness of the protein adlayer is determined to be Sad ≈ (2.412 × 2π)/nm.
The acetic-acid concentration of a commercial Chinese vinegar is investigated, for the first time, by use of the interferometer combined
with the Lorentz-Lorenz effective-medium theory. Water and methanol adulterations of a commercial Chinese liquor are detected
with the interferometer. The results indicate that the refractive-index change induced by the adulteration is a quasi-linear function of
the adulteration amount. Both the dynamic adsorption process of butyrylcholinesterase and the self-assembly process of cytochrome
c/PSS multilayer film are monitored in real time with the sensor. The protein surface coverage is obtained from the combination of the
measured phase-difference change and the adlayer-thickness sensitivity.
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