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½�ÍÜì´�¤�a1fì��Ä:��. �©æ^�«Äu>|©þ��¥þk��{, ©ÛdF/�¡
7ÄY²õøB���¤�½�ÍÜì. �Ñ
O TE �O TM ó!Û�k�ò�Ç!ÍÜ�Ý9�|©Ù, �«

Ù�ª�·ÜA59�|©ÙA:. ©Û(JL², O TE ��O TM ��ÍÜ�Ý�Å�må�O�þ¥�ê
O�, Ù¥O TE ��ÍÜ�ÝéÅ�ý9���Cz¯a, 
O TM ��ÍÜ�Ýéøþ9øò�Ç�Cz¯a.
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1 Ú ó

C c 5, 7 1 f ì � 9 7 1 f 8 ¤ E â
u Ð × �, Ì � 8 ¥ 3 ý � N þ 7 (SOI) á �
X þ, SOI ò � Ç © Ù � p (� � 2.0), � | �
� U å r, ü � Å � ° Ý � k A z B � (� �
u 500 nm), I S þ r ù � º � � � � 1 Å �
¡ � “B � �”(nanowires)!“7 �”(silicon wires)

½ “1f�”(photonic wires)[1,2]. ØDÚ SOI B�
�	, �CJÑ��«#L�Å�(� —– 7Äø
ªB�� [3,4] áÚ
¯õÆö�'5. ù«Å�(
�dpò�Ç7�;Y��B�þ?�$ò�Ç
« (X SiO2), ¡�� “ø” ½ “¿”(slot), 
�¤, �
�©.¡ò�Ç��, |^>|{�©þ�ØëY
5, ¢yò1|8¥��3B�þ?�$ò�Çø
¥, Ù�ª�ý�¿Âþ���
��¦�, Å�
(�Ø=º��, 
�ØÉ1û����, k"3
71f8¤¥u�ã��^. ,��¡, �üø7
ÄB���', õø7ÄB��U
?�Ú\rø

é1|���, Ó��øþ, õøÅB���1|
��Ïf91õÇ�Ý'üøJp� 25%[5−7].

�Ãu¤Ù�7\óó²9øÅ��ÕA
5 U, T Å � ( � ® A ^ u � a 1 f ì � � �
O½��¥, �)����nÈÅì [4,8]!1N
�ì [9,10]!õ�Z�ÍÜì [11]!ü/nÅ�½�
ÍÜì [12,13]!�ª©lì [7]!Å�E^/)E^
ì [14]!)Ô/zÆDaì [15−17] �. 7L5¿�,

øÅ��¤�1fì���é ��¯a, A^u
1Ï&XÚ½1&Ò?nXÚ¥�,  �¯aA5
K�XÚ5U. Ïd,  ��¯a1fì���O
�~­�. duøÅ�äkér� ��'5, Ï
LéøÅ�ëê�Ün�O, �¢y �Ø¯a
ì�. Ù¥, ½�ÍÜì���¤�«1fì��
�«Ä:(�, ��¯õÆö�'5. 8c, æ^
üø9õøÅ�®©O�OÑ �Ã'.½�Í
Üì [12,13] 9(�;n.�ª©lì [7]. �´, É
\óó²���, éJ��Ñ�¡�î�Ý/�ø
Å�(�, ���F/�¡, Ù�ªA5�Ý/�
¡øÅ��É²w. Ïd, ék7��Ä�¡�F
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/ (=Å�ý9��) �¹eøÅ���ªA5. �
8c��, æ^øÅ��O�1fì�, �õ�Ý
/�¡, �ÄøÅ�ý9��éÙ¤�O�1fì
��K�, mk��.

� © æ ^ � « Ä u > | � � ¥ þ k � �
{ (FV-FEM) �ª¦)ì (mode solver)[18,19], éd
ý9���Y²nø7ÄB��¤�¤�²1½
�ÍÜì�A5ëê (k�ò�Ç9ÍÜ�Ý) �
Å�ý9���Cz�¹?1�¡©Û, Ó��
Ä
Å�må9øþ�øò�Ç�Czé½�
ÍÜìA5ëê�K�. T�ÀJ(�ëê, ¢y
3 1.55 µm ó�Å�e� �Ã'.½�ÍÜì.

2 nØ�{

du�õê1Å�91fì�Ã{^)Û{
©Û, ê��{´Ø�½"�©Ûóä, Ù¥k�
�{ (FEM)[18,19] 9k��©{ (FDM)[20,21] ´ü
«~^�{. FDM ��æ^�Ú�����lÑ
O�I�, ©ÛE,8I¯K(J. 
 FEM �æ^
?¿�� (X��/­�ªn��) ©�, ��â�
�|A5����Õ�, O��Ç9°Ýp, �è
Ï^5r, ·^u�aE,>^(��O�. ,�
�¡, �©�9�Å�(�kép�ò�Ç©Ù�,

�ª¥yér�·ÜA5, 7L^�¥þ�{©Û.

Ïd, �©æ^�¥þk��{ (FV-FEM) ©ÛF
/�¡7ÄY²õøB���¤�½�ÍÜì.

l Maxwell �§|Ñu, æ^��É5�õ�
�� (A-PML) áÂ>.^� [22], �ÑXe�¥þ
>|Å�§:

∇× ([P ]∇× E) − k2
0[q]E = 0, (1)

ª¥ k0 = 2π/λ �gd�mÅê, λ �ó�Å�, E

�>|¥þ, Üþ [P ] � [q] ½Â�

[p] =


sysz

sx
µrx 0 0

0
sxsz

sy
µry 0

0 0
sxsy

sz
µrz



−1

, (2)

[q] =


sysz

sx
εrx 0 0

0
sxsz

sy
εry 0

0 0
sxsy

sz
εrz

 , (3)

ª¥ εrx, εry, εrz Ú µrx, µry, µrz ©O�á���é
0>~êÚ�é^�Ç, sx, sy, sz � A-PML ëê,

Ù;.½Â�ë�©z [22]. �
�Ø�)=�Ô
n), �©æ^��·Ün��lÑO�I� (�
) PML)[18], |^³�7 (Galerkin) { [23], ��X
e2Â����§:

[K]

 Et

Ez

 − k2
0n

2
eff [M ]

 Et

Ez

 = {0}, (4)

ª¥ Et � Ez ©O�î� (Ex � Ey) �p�>
|©þ, neff ���k�ò�Ç. [K] � [M ] ��
ÑÝ
, ©z [18] 9 [19] kÙäNL�ª. �©
æ^ MATLAB ?��§ (4) �O��è, Ù��
�9�A���¥©O����k�ò�Ç9�
|©Ù.

3 ê�(J�?Ø

ã 1 �F/�¡7ÄY²nøB���¤�
½�ÍÜìî�¡«¿ã, dü��Óý9���
Y²nøÅ�m�ål g �¤. �,õøÅ��ü
øÅ��ä`³, �øê�un�éÅ�5U�U
õ¿Øé²w [5−7], ¤±�©À^nøÅ�. éu
ü�Y²nøÅ�, dn�B�þ?�$ò�Ç ns

á��Úpò�Ç nsi �7á���OæU
¤.

þe7�!ø9¥m7��þÝ©OL«� hh, hs

Ú hl, Å�°ÝL«� w, �� θ ½Â�ý9� y ¶
¤�¤�Y� (� x ¶Y�K� 90◦ − θ). 3±e©
Û¥, XvkAO�², O�ëê�: pò�Çá�
� Si, ò�Ç nsi = 3.5, ��ÍÜì	��� SiO2,

ò�Ç nc = 1.46, Å�°Ý w = 250 nm, þe9¥
m7�þÝ©O� hh = 160 nm 9 hl = 60 nm, ó
�Å� λ = 1.55 µm, ù��(�Õá�Y²nø
Å�3ü�^�eó�. O�I�� X0 = 3.0 µm,

Y0 = 2.0 µm(¹o± PML �, þÝþ� 1.0 µm), æ
^g·A���·Ün��lÑ [18,19], 7�!ø
9ÙNCæ^����, �lÅ�«Kæ^�Õ
��, ù�3(�O�°Ý��¹e, JpO��
Ç. ã 2 ��ª���¿©ã, duO�(�'u y

¶é¡, ¢SO���IlÑÙ¥���= x > 0

½ x 6 0 �«�.

Äk©ÛY²nøÅ�½�ÍÜì�ªk�
ò�Ç neff 9ÍÜ�Ý lc �Å�må g Cz�'
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X, Ù¥ÍÜ�Ý lc ½Â�

lc =
λ

2(neven
eff − nodd

eff )
, (5)

ª¥ neven
eff (nodd

eff ) �½�ÍÜì«1�O TE(quasi-

TE) ½O TM(quasi-TM) ó (Û) �k�ò�Ç. ã 3

� Ñ 
 quasi-TM � Ú quasi-TE � � ó � (even

mode, Ä�) ÚÛ� (odd mode, gp��) k�ò
�Ç neff 9ÍÜ�Ý lc �XÅ�må g �Cz'
X­�, Ù¥ý9�� θ = 5◦, øþ hs = 15 nm,

øò�Ç ns = 1.49. lã¥�±wÑ, �XÅ�
må g �O�, quasi-TE � quasi-TM ó�k�ò
�Çþ~�, Û�KO�, üö�� |neven

eff − nodd
eff |

~�, ��©OÂñ�üÅ�Ä�k�ò�Ç,

d�üÅ�Õá, ÍÜUåéf, �±�Ñ. üY
²nøÅ� quasi-TE � quasi-TM �k�ò�Ç
� ∆neff = |nTE

eff − nTM
eff | �� 0.102, �uüøÅ

��k�ò�Ç� [3,4], kér��ªVò��
A. ,	, θ = 5◦ �, quasi-TE ó!Ûk�ò�Ç�
u quasi-TM ��éA�, 
 θ = 0◦ ��¹�� [7],

Ïd, ý9��²wK�üÅ�9ÍÜÅ���ª
A5. O�(JL², � 0◦ 6 θ 6 2.3◦ �, quasi-TM

ó!Ûk�ò�Ç�u quasi-TE ��éA�, ý
9��?�ÚO��, �¹_=. ¿�, �ý9�
� θ > 15◦ �, üÅ�Y²�� (x ��) Ñygp
��, �(�ü�ó�, ý9��Ý θ 7L�u 15◦

= 0◦ 6 θ 6 15◦, ÄK½�ÍÜìò-yå��9
±þ�ª, �ªÍÜL§E,, K�ì�5U. lã

¥��wÑ, éu quasi-TE � quasi-TM �, ÙÍÜ
�Ý lc �Å�må g �O�þ¥�êO�, Ïd,

��ùaì��, Å�måI�î���, ±�y
ì�5U.

ã 1 F/�¡7ÄY²nøB��½�ÍÜìî�¡«¿ã

ã 2 FV-FEM �)ì��¿©ã

ã 3 ó!Û�k�ò�Ç neff (a) 9ÍÜ�Ý lc (b) �Å�må g �Cz'X
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ã 4 � quasi-TM � quasi-TE ó!Û�k�ò
�Ç neff (g = 450 nm) 9ÍÜ�Ý lc (g = 450,

900 nm) �ý9� θ �Cz'X, Ù¦O�ëê
Ó ã 3. l ã 4(a) � ± w Ñ, � X ý 9 � � �
O�, quasi-TE Ú quasi-TM ��k�ò�ÇþO
�, � quasi-TE � k � ò � Ç � quasi-TM é �
ÝCz¯a. lã 4(b) w�, quasi-TM � quasi-

TE ��ÍÜ�Ý lc �Å�ý9�� θ O�


O�, Ó� quasi-TE �é�ÝCz¯a, cÙ´
Å�må���. �ÍÜÅ�må g ©O� 900

9 450 nm, ý9�� θ ©O� 3.1◦ 9 3.4◦ �, ü
|­�©O��, ü ��e�ÍÜ�Ý��, ©
O� 285.2 � 18.4 µm, d�½�ÍÜì�3 �
Ã'�¹eó�. Ïd, ÏLÜnÀJÅ�ý9�
��Ý�(�ëê, �¢y½�ÍÜì �Ã'
A5.

ã 4 ó!Û�k�ò�Ç neff (a) 9ÍÜ�Ý lc(b) �ý9�� θ �Cz'X

��©Û quasi-TE � quasi-TM �ÍÜ�Ý lc

�þÝ hs 9øò�Ç ns Cz�A5, Xã 5 ¤
«. ã 5(a) � θ = 5◦, g = 900 nm, ns = 1.49 ^
�e, quasi-TE � quasi-TM ��ÍÜ�Ý lc �ø
þ hs �Cz'X. �±wÑ, �XÅ�øþ hs �
O�, quasi-TE � quasi-TM ��ÍÜ�Ý lc þ~
�, � quasi-TM ��Cz� quasi-TE �²w. ù
´Ï��øþ��� (�uA�P~�Ý), quasi-

TM �8¥©Ù3ø«, �Xøþ�O�, ø¥�
>|©Ù~f, � Si �üý*Ñ, ÍÜÅ��Í
ÜUåOr, ÍÜ�Ýg,~�. �Xøþ�?
�ÚO� (�u 100 nm �), quasi-TM � quasi-TE

��ÍÜ�Ý lc þªuÂñ, øþéÙK�Ø�.

� hs = 9.5 nm �, lTE
c = lTM

c ≈ 590.8 µm, ¢y½
�ÍÜì3 �Ã'�¹eó�. ã 5(b) � quasi-

TE � quasi-TM �ÍÜ�Ý�øò�Ç ns Cz�
'X, Ù¥ θ = 5◦, g = 900 nm, hs = 15 nm. l
ã¥�±é²wwÑ, �X ns �O�, quasi-TE �

Ú quasi-TM ��ÍÜ�Ý lc þO�, � quasi-TM

�éu ns �Cz��¯a, Ó�´Ï� quasi-TM

��>|�pÝ��3ø¥, øò�Ç�CzéÙ
K�²w. � ns = 1.67 �, lTE

c = lTM
c ≈ 508.8 µm,

Ó�¢y½�ÍÜì� �Õá5.

ã 6 �Ñ
ó!Û�Ì©þ��|©Ù, Ù
¥ý9�� θ = 5◦!Å�må g = 900 nm!ø
þ hs = 15 nm!øò�Ç ns = 1.49. Xc¤ã, d
u>|{�©þ3��©.¡Ñ�ØëY5, ¦
� quasi-TM ó!Û�Ì©þ Ey(quasi-TE ��Ì
©þ� Ex) 3$ò�Çá�� (ø) ¥�±Or, Ù
'�� n2

si/n2
s . lã 6 �±wÑ, quasi-TE � quasi-

TM �>|Ì©þ©Ù«O²w: quasi-TM �>
|Ì©þ8¥��3$ò�Ç�ø¥, 
 quasi-TE

�>|Ì©þ©Ù3��Å��«, du7�°
Ýlþ�eÅìO�, ¸��e�� £, ý9ü
ýò�Ç©Ù��, Ïdüý��¥�>|k¤
\r.
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ã 5 ÍÜ�Ý lc �øþ hs(a) 9øò�Ç ns(b) �Cz'X

ã 6 ó!Û�Ì©þ�|©Ù: ó�, quasi-TE(a) � quasi-TM (b) �; Û�, quasi-TE (c) � quasi-TM � (d)

4 ( Ø

�©æ^Äu>|©þ��¥þk���)
ì, ©Û
F/�¡Y²nø7��¤�²1½

�ÍÜì, ¼�
 1.55 µm ó�Å�e, quasi-TE

� quasi-TM ó!Û�k�ò�Ç9ÙÍÜ�Ý�
ý9�� (0—15◦) �Cz'X, ©Û
ü ��e
>|Ì©þ��|©ÙA:, Ó��Ä
Å�m
å (0.1—2.0 µm) !øþ (5.0—100.0 nm) 9øò�
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Ç ns (1.4—2.0) �ëêé½�ÍÜì�5UK�.

©Û(JL², ý9��éüÅ�9ÍÜÅ�� �
ªA5K�²w, Üný9��9Ù¦(�½á�
ëê, ��OÑ �Õá�½�ÍÜì.
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Full-vectorial analysis of the directional couplers in
horizontal multiple-slotted silicon wires with

trapezoidal cross-section∗

Xiao Jin-Biao† Li Wen-Liang Xia Sai-Sai Sun Xiao-Han

( Department of Electronic Engineering, Southeast University, Nanjing 210096, China )
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Abstract

Directional couplers are basic components for forming various kinds of photonic devices. In this paper, a directional coupler

composed of two horizontal multiple-slotted waveguide structures with slanted sidewalls is characterized by using a full-vectorial finite

element method in terms of the electric fields. The effective indexes of the even and the odd modes and the corresponding coupling

lengths, both in quasi-TE and quasi-TM modes, are presented, where the strongly-hybrid nature of the guided-mode is effectively

demonstrated. The results show that the coupling lengths in quasi-TE and quasi-TM modes exponentially increase with the increase

of the gap between the coupled waveguides, where the value in quasi-TE mode is more sensitive to the variation of the angle of the

sidewall, while the value in quasi-TM mode is more sensitive to variation of the height and the index of the slot. Properly choosing the

structure and material parameters, polarization-independent directional couplers can be realized.

Keywords: directional coupler, multiple-slotted silicon wires, slanted sidewalls, finite element method

PACS: 42.82.Et, 78.67.Uh, 42.82.−m
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