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 �½R�n¡u�-1ì(�, òæÅ�1»(�8¤3þ©ÙÙ.���
ºL¡, 1»±Ï�uá�¥1Å�, ß�ÅÚ��Å¥=�¹"?û�, ;�
p?gû�E¤��Ñ. 8¤1»
�ØÓ ���1K�OÃØÓ, l¢y ���. ¢�(Jw«, 8¤æÅ�1»(��, ��-�L§¥ �
����½3²1u1»ø��þ, ¼� �½-1ÑÑ, �� �³�'�u 12 dB, �K�>6=O� 7.14%.
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1 Ú ó

R�n¡u�-1ì (VCSEL) ³/$K�>
6!üÚ5Ð!pN��°!8¤ÝpÚ´�1
nÍÜ�`:, 3-1�<!gd�m1pé!1
�;Ú1Ï&�Ãõ+�kX�A^ [1]. ,,

~5 VCSEL duæ^�Îé¡Å�(�, �k
«��É5�f, Ïd"yk�� ���Å�.

÷ GaAs ½ InP �. (100) ¡	ò�~5 VCSEL ä
kü��� �Ä�, Ù>|©O÷ [110] Ú [11̄0]

�� ��§Ý!5\>6Ú1�"Cz,  ��
�ò3ùü���þu)=�. É>1�AK�,

 �aC�¬��� 0.1 nm ���Å�Cz [2].

 �=�y�òé�
 �¯aA^�)ØûK
�. ~X, êâÏ&¥��&D'�eüÚØèÇ
�þ, [3], 3-1�ª¥Ï� �����ª�
Çü$ [4]. äk �½1ÑÑ� VCSEL ò31
Ï&XÚ!8¤�f¨!-1�ª!íN&ÿÚ
1Ì©Û�+�kX�A^ [5,6].

�¦ VCSEL ¼� �½1ÑÑ, <�æ^

�)1f¬N!�é¡�z�»!�é¡>65
\!� (100) ¡	òÚL¡1»��{ [7−10], k�
�¢y
 VCSEL  �½1ÑÑ. Ù¥L¡1»
Eâ�ykó²oN,  �½5Ð, ��ü¡8
¤, ¤�CAcïÄ�9:. Ï~Ú\�1»(�
±Ï�uý�¥1Å�, ��uá�¥1Å�. �
�Å¥�¹p?gû�, ��û��ÑO�, K�
>6'Ú\1»cO� 40%±þ [10,11].

�©æ^#.æÅ�1» �½R�n¡
u�-1ì(�, òæÅ�1» (SWG) 8¤3þ
©ÙÙ.���º (DBR) L¡, 1»±Ï�uá�
¥1Å�. ß�ÅÚ��Å¥=�¹"?û�, k
�;�
p?gû�E¤��Ñ. 8¤ SWG ��
þ��ºéü��� ��1ÅkØÓ��Ç. d
u VCSEL K�OÃé��ÇCz4�¯a, ��
ü� ��k�K�OÃ�, äk��K�OÃ�
 ��É�³�, l¢y ���. ¢�(Jw
«, 8¤ SWG �, ��-�L§¥ �½, ��
 �³�' (OPSR) �u 12 dB, �K�>6=O
� 7.14%. ¤�O�ÄuæÅ�1»(�� �
½ VCSEL äk(�{ü!�ü¡8¤Ú�Ñ��
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A:. �¢ypõÇ!$K�! �½�e��
p�Ç VCSEL ��Nu11Jø
éÐ�nØ
Ú¢�Ä:.

2 ì�(����

L ¡ æ Å � 1 » VCSELs � N ( � X
ã 1 ¤ «, ì � 	 ò ( � ´ | ^ 7 á k Å
z Æ í � � È � � (MOCVD) 3 n . GaAs

� . þ ) � � �, � . þ ) � 
 36 é λ/4

þ Ý � Al0.12Ga0.88As/Al0.9Ga0.1As e DBR. 2
� þ ´ 1 Æ þ Ý � 1 λ � k  «, � ) 3

� GaAs0.92P0.08(6 nm)/Ga0.83In0.17As (4 nm) AC
þ f ² Ú Al0.3Ga0.7As L Þ �, � � ´ 30 nm

� Al0.98Ga0.02As ^��z���, 24.5 éþÝ λ/4

� Al0.9Ga0.1As/Al0.12Ga0.88As �¤�þ DBR. �
	����,��î0�>�. �O-�Å�
� 980 nm. ì����NL§Xe: Äk^>a
ÍÜ�lfN�¡ (ICP) Eâ�¡Ñ�» 60 µm

��/��, ���z���ý>� ³. ,�,

3 430 ◦C! � � � ¸ ¥ ? 1 î � � z, � � �
» 5 µm ��z�», ¢yé1Ú>6���. 2
DÈ SiO2 ÚæCàzæX5��¦>, ¿¦��
m¿Y²�z. í� 350 nm Ti/Au ���¡>4
Ú 300 nm Au/Ge/Ni/Au ���¡>4, 3 430 ◦C

e 35 s ?1¯�ò»?n. �e5æ^>få1
� (E-Beam) Eâ3 VCSEL L¡1�Ñ SWG ã
/, SWG ��CX�z�». ��æ^ ICP Eâ�
¡ÑÝ/æÅ�L¡1», 1»÷ [110] ¬���.

1»±Ï� T = 200 nm, ø�� h = 110 nm, 1»
B� d = 140 nm, Ó�' f = d/T = 0.7. ��B`
², 5½>| ���R�u1»ø� TM Å, ²
1u1»ø� TE Å.

�©æ^�1»(�±Ï�uá�¥1Å�,

pû�?g¤�Î²Å [12], þ��º��ÅÚß
�Å¥=�¹"?û�, ���À�äkVò��
A���, Ïd;�
p?gû�E¤��Ñ. k
ïÄL², 1»±Ï��, TE Ú TM Åk�ò�Ç
��� [13]. �©¥1»d Al0.9Ga0.1As á�|¤,

éAÅ� 980 nm �ò�Ç� 3.512. �â1»�
§, R�\�^�e1»±Ï�u 280 nm �, pû
�?g��. �Ä¢Só²Y², ·�ò±Ï�½
� 200 nm. �?�ÚÝºæÅ�1»é VCSEL �

� � � � � � � � � � �
� � � � �

 � 	 
 � 	 
� � � �
ã 1 æÅ�1» VCSEL (�«¿ã

N��^, �©é8¤ SWG (�� VCSEL þ��
º��Ç!n� �ÚK�OÃ?1
ïÄ. du
�O�(�¥¤^1»�±Ï�uá�¥1Å�,

DÚIþû��{Ã{O(£ã1»�û�1�.

�©æ^î�ÍÜÅnØÚOrß�Ý
{ [14] �
[õ��X8¤1»����1�. ��º�1 m

?��û��Ç�
ηrm(TE) = |Rm(TE)|2Re

(
kI,zm

k0nI cos θ

)
,

ηrm(TM) = |Rm(TM)|2Re
(

kI,zm

k0nI cos θ

)
,

(1)

ª¥ m ´1 m ?��û�Xê, kI,zm ´\�0�
¥� z ��1Å¥, k0 ´ý�¥1Å¥, nI ´\�
0�ò�Ç, θ ´\��. �[O�¥�âæÅ�1
» VCSEL ì�¢S�¹, b�1Ålk«R�
\�þ��º, =�¹"?û�.

ã 2 �Ñ
þ��ºé TE Ú TM Å��Ç
�1»ø�ÚÓ�'Cz'X, ã¥^ôÚCzL
«��Ç�Cz. � h = 0, =��¡1»�, þ
��º�p$ò�Ç λ/4 þÝ��±ÏæU¤
� DBR (�. \�1Ú��1� ÷v��Z�
^�, �)p��, TE Ú TM Å��Çþ� 99.54%.

� f = 0, h = 71 nm �, º�� Al0.12Ga0.88As �
þÝü� 0 nm, ³Ñ Al0.9Ga0.1As �, d�\�1
Ú��1����Z�, ��ÇÑy4��. 8
¤ SWG ��¹��aq, 1»»�
 DBR �±Ï
5(�, ����Ç'��¡1»�oNk¤eü,

¿�º�� ÅÄCz, º�� Ú��� �
��Ñy4��. �â>^|>.^�, TE Ú TM
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ÅäkØÓ��� , Ïd��ÇÑy�É. '�
ã 2(a), (b), �±�Ù/w�Ó�'3 0.6—0.8 �

�S, TE ÅÚ TM Å��Ç��é��. 3d��
SÀ�Ó�', k|u¼��Ð� ����J.

� � � �� � �� � �� � � � � � 	 �� � 	 
� � � � 	 �� � � �� � � � � � �� � �� � �� � � � � � 	 �� � 	 
� � � � 	 �� � � �� � �� �  � � 
ã 2 þ��º��Ç (a) TE Å; (b) TM Å

ã 3 ´ TE Ú TM Ån� ��1»ø�ÚÓ
�'�Cz'X. 8¤ SWG �, TE Ú TM Ån�
 �Ñy���É. ù´du��� Cz, E¤
þ��ºBß�ÝCz, =

Leff = −1
2

dϕr

dβ
, (2)

Ù¥ ϕr ´��� , β ´Å¥þ. VCSEL k�n
��k«�ÝÚþ!e��ºBß�Ý�Ú.

Ïd VCSEL k�n������ O�½~
�, ��n� �7£½ù£. TE Ú TM Å��
Å��É, ò��ÙéAOÃÌ �Cz, =ü�
 ��ª¼�OÃØÓ, lé�ª �G��
)K�.

ã 3 n� ��1»ø�ÚÓ�'�Cz'X

ã 4 ´ VCSEL K�OÃ�1»�Cz'X.

�¢y-1��, -1ìk«IJøK�OÃ:

gth(TE) =αa +
1

Γrda

[
αi(Leff(TE) − da)

+ ln
1√

Rt(TE)Rb(TE)

]
,

gth(TM) =αa +
1

Γrda

[
αi(Leff(TM) − da)

+ ln
1√

Rt(TM)Rb(TM)

]
.

(3)

Ù¥ αi ´��n¥�)��EÜ!áÂ!û�
ÚÑ�3S�o�Ñ, αa ´k«o�Ñ, Γr ´1
|��Ïf, Rt Ú Rb ´þe��º��Ç. Leff

´ò VCSEL ��¤ F-P n(��k�n�, da L
«k«�Ý. du VCSEL k«�Ý4á, Rt

Ú Rb ���UCÑ¬¦o K� OÃ ì�Cz. 8

ã 4 K�OÃ�1»�Cz'X
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¤1»�, n� �Ú��ÇÑu)ØÓ§ÝCz,

Ù¥��ÇCzåÌ��^. 8¤1»�, TM ÅK
�OÃ²w�u TE Å, Ïd TM Å3 ��ª¿
�¥�³�. �Óø�^�e, TE Ú TM ÅK�O
Ã�Ó�'O�O�, �ÙK�OÃ��Ó�'
O�~�. ÀJ�Ó�', �±k��K�OÃ
�, �´¢y ���. ÀJ�Ó�', K�OÃ
��, �k�ü$K�>6. ���3���`Ó
�', 3÷v ���Ó�, K�OÃ��.

3 ÿÁ(J�©Û

ã 5 w«
 VCSEL ì�w�ºì¡91»
«� SEM ì¡. J�µ¥«��¡
L¡æÅ
�1», ò�z�»��CX. ã 5 mý�1»
«� SEM ì¡, �� 50000 �. ã 6 �Ñ
Ó
��¬8¤1»c� ��'õÇ - >6 - >
Ø (P -I-V ) A5�, �¬�z���» 5 µm.

ã 6(a) ¥, �¬3¿§ëY>65\e¢y-
�, K�>6 0.21 mA, ¸�1õÇ 1.36 mW. �
�K��, Äî�± TE  ��-�, TM Å1õ
ÇÌ�dguË��z. �X5\>6ØäO
�, ¥%«�16fÏÄ�-��Ñ��, Ñ

y$16f�Ý���«�. 5\>6� 4 mA

�, 1��p��¼��pOÃ÷vK�^�m
©-�, � ���R�uÄ�. ÏdÑy �
õÇaC. ã 6(b) ¥, �¬8¤
 SWG, 1»±
Ï 200 nm, Ó�' 0.7, ø� 110 nm. ¿§ëY>
65\e¢y-�, K�>6 0.225 mA, ¸�1õ
Ç 1.77 mW. l-1m©-�, �1õÇ��¸�,

��-�L§¥ �G���½� TE Å, TM Å
1õÇÌ�dguË��z. ½Â�� �³�
' OPSR = 10∗log(PTE/PTM), 8¤1»� OPSR

�L 12 dB. âã 4 ¥�[(J, Tì�8¤1»
� TM �K�OÃ´ TE �� 2.43 �. Ó TE ��
', TM �I���OÃâ�-�. �ü� ��ª
��Å���u 0.1 nm, ¼��OÃÄ��Ó. Ï
d TM ��³�, TE �-�. '�ã 6(a), (b), �¡
1»�, ��Çeü, ¦�©þf�ÇJp, Ïd¸
�1õÇJp 30.15%. du��Çeü, E¤º¡
�ÑO�, Ó��¡1»�ý9��{1w²¡,

Ñ��ÑO�. �Ï;�
p?gû�E¤��Ñ,

�K�>6=O� 7.14%. du1»ø�= 110 nm,

��¡3L¡, ék«>6©ÙK�4�, �
¡c� I-V A5�Ä�Ü, Gé>{¿�
O�.

ã 5 VCSEL w�º9 SEM ì¡

ã 7 �¿§eÿþ��� VCSEL ÑÑ1ÌA
5�. �±wÑ, ¸�Å�� 980 nm, 1Ì�¸
°� 1.6 nm, ¥üp�-�, LyÑûÐ�-�A
5. Ø>6Cz	, §ÝCz�¬�� �aC.

ã 8 w«
 15 ◦C—75 ◦C §Ý��S, ëY>6

5\^�e ��' P -I-V A5. 3T§Ý��
S VCSEL �± �½, OPSR þ�u 12 dB. K�
>63�§ÝO�k~�2O�, 35 ◦C �n�Ú
OÃ¸��, �����. du��á�ò�ÇÚ
9)äXê�§ÝCz, ��-�Å��§ÝO\
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ù£. -�Å��ù£�Ç�� 0.06—0.08 nm/K,

15 ◦C—75 ◦C òù£� 4 nm. TÅ���S, TE Å
Ú TM Å��Ç�©ª�u 1.5%, 3��ù£L
§¥ TM �ÑÏk���K�OÃ�³�, �y

 VCSEL ¢y �½ÑÑ.

ã 6 VCSEL  ��' P -I-V A5� (a) 8¤1»c;

(b) 8¤1»�� � �
� � � � � � � � � �� � �� � � �� 	
� ���� � � � �

� � � � � � � � � �
ã 7 VCSEL 1ÌA5�

� � � � � �� � �� � ��� �	 
 � � �  � ��� �� ��
ã 8 15 ◦C—75 ◦C ��S VCSEL  ��' P -I-V A5
�

4 ( Ø

�©ò�1ÆEâÚ VCSEL -1ì�(Ü,

|^k?��N�[\óó²��
æÅ�1»
N�� �½ VCSEL ì�. ¤�O�1»±Ï
�uá�¥1Å�, pû�?g��, ;�pû�
?gE¤�Ñ. ÏLé SWG N��^�?Ø, ��
`zÓ�'�±?�Úü$K�OÃ. ¢�(Jw
«, ��-�L§¥,  ���½3²1u1»ø
��þ, ¼� �½-1ÑÑ. OPSR �u 12 dB,

�K�>6=O� 7.14%. ¤�O�ÄuæÅ�1
»� �½ VCSEL äk(�{ü!�ykó²
oN!Ú\�Ñ�! �½5Ð�A:. �¢y
põÇ! �½����e��p�Ç VCSEL

��Nu11Jø
ûÐ�¢�ÚnØÄ:.
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laser with surface sub-wavelength gratings∗

Li Shuo Guan Bao-Lu Shi Guo-Zhu Guo Xia†

( Photonic Device Research Laboratory, Beijing University of Technology, Beijing 100124, China )

( Received 5 February 2012; revised manuscript received 13 March 2012 )

Abstract

By introducing sub-wavelength grating into an oxide-confined 980-nm vertical-cavity surface-emitting laser (VCSEL), the VC-

SEL with a stable polarization is realized. A sub-wavelength zero-order grating period is smaller than the wavelength in the semicon-

ductor medium. This choice avoids a reduction in efficiency due to higher diffracting light. After the grating is etched, the threshold

gains of E-fields parallel and perpendicular to the grating groves direction are different. The polarization therefore would be controlled.

Good laser characteristics are obtained: the orthogonal polarization suppression ratio is over 12 dB and the threshold current increases

just 7.14%.

Keywords: vertical-cavity surface-smiting laser, sub-wavelength gratings, polarization stability
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