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Äug^�=�., ïÄ
 1550 nm R�n¡u�-1ì (VCSELs) 3 ��±1�"e���5ÄåÆA5.

(JL²: gd$1� 1550 nm-VCSELs 3>6O\�L§¥, u) �=�¤éA�>6��SÜëê���k
', �Xk
0��5ÚÑ�AXê γa �O�,  �m'�=�:¤éA�>6�òO\;  ��±1�"�Ú\
ò�� 1550 nm-VCSELs ¥gd$1��Ì�� (Y  ��ª) 3ØÓ>6e¥yØÓÄåÆG�, Úå,	��
�ª (X �ª) -�, ü��ª�²þÑÑõÇ�>6�O\oN¥yO\�ª³, ���XåÏ; �"�m�ØÓ
��, 1550 nm-VCSELs �ÑÑ�X�"rÝ�O�²{�±Ï!O±Ï½
u·b�õ«Ï�·b�üzå».

'�c: 1550 nm R�n¡u�-1ì, ��5ÄåÆ,  ��±, 1�"

PACS: 42.55.Px, 42.65.Sf

1 Ú ó

R�n¡u�-1ì (VCSELs) �éu~5
�>u���N-1ì (EELs) 
óäkNÈ�!
K�>6$!uÑ��!�üp�1ÑÑ!´
�1nÍÜ!´8¤�`: [1−4], 31Ï&!1
péÚ1�;�+�äk2,�A^cµ.

ØÓu>u�-1ì, VCSELs �k
«½n
�3�f���É5��Ù�U�3ü��� 
��ª. ÏLUC VCSLEs �ó�ëþ�Ñy 
��ª�â,aCl
¦��³��ª=C�Ì
��ª, Ó��Ì��ª�³�, ù«y��¡�
 �m' (PS). �gd$1�¹�', VCSELs �
k�V ��ªA5ò¦Ù31�"�^e¥y
��E,���5ÄåÆA5. 'u VCSLEs 3
1�"�^e���5ÄåÆ1�®k�
nØ
Ú¢��� [5−11]. X Kuksenkov Ú Temkin[5] ��

 T .	n VCSELs � �A5; Sciamanna � [6]

¢�ÚnØ©Û
1�"�±Úå VCSELs �ü
���� ��ªu)��'a�; Li � [7] ïÄ

 VCSELs 3 �ÀJ1�"�^e���5Ä
åÆA5. 8c��'ïÄG¹, 'u VCSELs 3
1�"�^e�ÄåÆA5�õ8¥3-�Å�
�u 1 µm �áÅ� VCSELs, 
éu-�Å� 
u 1.3—1.55 µm ��Å� VCSELs 31�"�^
e���5ÄåÆA5�ïÄ��©"y.

du 1550 nm-VCSELs �-�Å� u1n
�$�I�, Ó�Ùäk´u¢y��¡
ÑÑ
�A:, ÏdÙ3&E��ål!¿1DÑ+�
äkA^cµ2,. Cc5, �X�Å� VCSELs
)�ó²�ØäUõ, 1550 nm-VCSELs �5U�
ÅÚ��Jp, Ïd3y�ãé 1550 nm-VCSELs
���5ÄåÆA5mÐ�'ïÄÒw�ék7
�. �C, Al-Seyab � [12] |^U?�g^�=�.
é 1550 nm-VCSELs 3?¿�Ý �15\e�Ä
åÆA5?1
ê��ýïÄ, ¿ÏL�¢�(J
�'�, (½
 1550 nm-VCSELs �SÜëê�. �
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©Äu©z [12] ¤�Ñ� 1550 nm-VCSELs SÜë
ê�, é ��±1�"�^e 1550 nm-VCSELs
���5ÄåÆA5?1ïÄ.

2 nØ�.

ã 1� ��±1�"e 1550 nm-VCSEL �
XÚ(�«¿ã. 1550 nm-VCSEL ÑÑ�1ÏL
O�ßº L O���©åì (BS) ©¤ü´, Ù¥
�´²L	n�"º (M1) ��£-1ì, ¥5�
ÝP~¡ (NDF) �^5N!�"þ; ,�´KÏL
���Å¡ (HWP) Ú �©åì (PBS) ©�ü�
�pR���5 �1©O?\1>&ÿì PD1
Ú PD2, 1�lì ISO1 Ú ISO2 ��^´�
��
1>&ÿì�"�1?\ VCSEL.

ã 1  ��±1�"e 1550 nm-VCSEL �XÚ(�«¿ã
L�O�ßº, BS�©åì, NDF�¥5�ÝÈÅì, HWP�
�Å¡, PBS� �©åì, M���º, ISO�1�lì, PD
�1>&ÿì

�âg^�=�. (SFM)[1,2], ¿�Ä�1�
"�K�, £ã 1550 nm-VCSELs ��Ç�§�L
«�
dEx,y

dt
= k(1 + iα)[(N − 1)Ex,y ± inEy,x]

∓ (γa + iγp)Ex,y + ηx,yEx,y(t − τ)e−iωτ

+ Fx,y, (1)

dN

dt
= γn[µ − N(1 + |Ex|2 + |Ey|2)

+ in(EyE∗
x − ExE∗

y)], (2)

dn

dt
= −γsn − γn[n(|Ex|2 + |Ey|2)

+ iN(EyE∗
x − ExE∗

y)], (3)

ª¥eI x Ú y ©O�L X Ú Y ü��5 ��
ª. E L«1|úC�Ì, N �o�16f�Ý, n

L«ü�g^�=16f�Ý��, k �1|P~
Ç, α��°OrÏf, γn �o�16fP~Ç, γs

�g^�=�Ç, γa Ú γp ©O�Lk
0��5
ÚÑ�AÚVò��A, η (= kc(1 − r2

0)r/(r0τin),
Ù¥ kc � VCSEL �	Ü���m��ÌÍÜÇ,
r �	Ü��º��Ì��Ç, r0 � VCSEL cà
¡�Ì�"Ç, τin L«-1ì� ��m [13])�
�"rÝ, τ L«�"�m, µ = J/Jth �8�z5
\>6 (µ 3K��� 1); ω �ë�ªÇ, ���ü
� �1ªÇ�²þ�= ω = (ωx + ωy)/2. F L�
guË�D(, äN/ªXe:

Fx =
√

βsp/2
(√

N + nξ1 +
√

N − nξ2

)
, (4a)

Fy = −i
√

βsp/2
(√

N + nξ1 −
√

N − nξ2

)
, (4b)

Ù¥ βsp ´guË�D(rÝ, ξ1 Ú ξ2�ü��p
Õá�pdxD(
, Ù²þ�� 0, ��� 1.

3 (J�?Ø

|^o�9�-¥©�{é (1)—(3) ª?1
ê�¦), ê��[¤^�ëêXe [12]: k =
125 ns−1, α = 2.2, βsp = 10−5 ns−1, γn = 0.67 ns−1,
γp = 192 ns−1, γs = 1000 ns−1, ω = 1221 THz (éA
Å�� 1543 nm).
·�3ïÄL§¥uy, 1550 nm-VCSELs �

SÜëê¥ γa ���éü��ªÑÑõÇké�
�K�. γa L� VCSELs ¥ü����� ��ª
�m�OÃ�É, ù��É5gu¬N�OÃ��
É5!ü� ��ª�3ªÇ�É¦Ù?uOÃ-
ªÇ­��ØÓ �
��¤¼��OÃ�3�
É±9ØÓ ��ªéA�n�AÛÅ��É [13].
ÏL3��L§¥éþãn�K� γa �Ï�?1
��, �¦ VCSELs � γa äkØÓ�. 3 γa �Ø
Ó��, 1550 nm-VCSELs gd$1��õÇ ——
>6 (P -I) ­�Xã 2 ¤«, Ù¥ã 2(a), (b), (c) ©
OéA γa = 0.02[12], 0.1, 1 GHz[14], ã¥ÑÑõÇ
� 200 ns ��S�²þõÇ. lã¥�±wÑ, γa

���é-1ìÑÑu) �=��éA�>6
�k���K�. �X γa �O\, u) �=�¤
I�>6�ÅìO\, L�� γa �U��3�	
>6«S (�©8�z>6��3 0—6 ��S) *
ÿØ� �=�. �,8c©zþ�õr¢�¥v
k*ÿ� 1550 nm-VCSELs >6Cz��� �
=���Ï8Ñuü ��ª�-�Å����
� [14,15], �±þ�(JL², 1550 nm-VCSELs �
SÜëê����U´��3¢�*ÿ��S�
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Ñy �=���Ï.�
�8c�¢����Î
Ü, 3�¡�?Ø¥, b� γa = 1.0 GHz.

3.1  ��±1�"e 1550 nm-VCSELs

� P -I A5

ã 3��"�m τ = 1 ns �, ØÓ�"rÝe
1550 nm-VCSEL ÑÑ� P -I ­�. du η = kc(1 −
r2
0)r/(r0τin), ÏdÏLUC kc ½ö r éN´UC�

"rÝ η. 3gd$1�¹e (Xã 3(a) ¤«), 8�
z>63 0—6 �mCz�, -1ì�k Y �-�,
X �©ªÉ�³�. Ú\�"±� (Xã 3(b)—(d)
¤«), d�-1ìÑÑE,± Y ��Ì��ª, 3

���>6� X �ò�-u, �3*	�5\>
6Cz��S©ªÑvkÑy PS �A.

,	, lã 3 ¥��±wÑ, 3 ��±1
�"�^e 1550 nm-VCSEL ¥ X , Y �ª�ÑÑ
õÇ�X>6�O\oNE,¥yþ,ª³, �
�3ÅÄ. �
`²ÅÄ��Ï, ã 4 �Ñ
 X

� (ã 4(a)), Y � (ã 4(b)) ÑÑõÇ�4���>
6�©
ã. lã¥�±wÑ, �"�Ú\��-
1ì¥�Ì��ª ——Y �3ØÓ� �>6e
¥yØÓ���5ÄåÆG�, l
��Ù²þõ
ÇÑyåÏ. 
 X �ª� Y �ª�^�=âfê,
ÏdÙÑÑõÇ�¬Ñy�A�åÏ.

ã 2 γa �ØÓ��, gd$1 1550 nm-VCSELs � P -I ­� ¢�� Y  ��, J��X  ��

ã 3 �"�m τ = 1 ns,  ��±1�"e� 1550 nm-VCSEL � P -I ­� (a)—(d) ©OéA�"rÝ ηx = ηy = η = 0.0,
5.0, 10.0 Ú 15.0 GHz; ¢�� Y  ��, J��X  ��
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3.2  ��±1�"e 1550 nm-VCSELs

�ÄåÆA5

ã 5�8�z5\>6 µ = 1.5, �"�m τ ©

O� 1, 2, 3 Ú 4 ns �, 1550 nm-VCSEL �ÑÑõ
Ç4��1�"rÝCz�©
ã. ã¥��Ñ

Ì��ª (Y  ��ª) ��/. � τ = 1 ns (X
ã 5(a) ¤«), η < 0.83 GHz �-1ì?u­½�;

ã 4 �"�m τ = 1 ns!�"rÝ ηx = ηy = η = 5 GHz �, 1550 nm-VCSEL ÑÑõÇ4��5\>6Cz�©
ã
(a) L« X �; (b) L« Y �

ã 5 8�z>6 µ = 1.5 �, 1550 nm-VCSEL � Y �ÑÑõÇ4���"rÝCz�©
ã (a)—(d) ©OéA τ = 1, 2, 3
Ú 4 ns
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η l 0.83 GHz O\� 3.05 GHz, -1ìdü±Ï²
L�±Ï©

?\·b; UYO��"rÝ η �
� 3.95 GHz, -1ì?u­�; � η l 3.95 GHz O
\� 5.90 GHz, -1ìÑÑdü±Ï!�±Ï!O
±Ï
?\·b; ��­EdL§. � τ = 2 ns (X
ã 5(b) ¤«), η < 0.83 GHz «�S-1ì�ÑÑ�
­�; η d 0.83 GHz O\� 1.95 GHz, -1ìÑÑ
d­�!ü±Ï!O±Ï?\·b; η d 1.95 GHz
O\� 2.70 GHz, -1ìK´d­�²ü±Ï�
��?\·b, ¿3��¥y
u·büzå».
� τ = 3 ns (Xã 5(c) ¤«), η < 0.45 GHz �-1
ìÑÑ�­�; η l 0.45 GHz O\� 1.25 GHz, -
1ìdü±Ï²LO±Ï?\·b; UYO� η, -
1ì�ÑÑÄk£�­�, 2²Lü±Ï!O±Ï
?\·b; �ã 5(a) Úã 5(b) �'��±uy, �
X�"�m�O�, -1ìÑÑ�·b«�òÅì
CÄ, ����ü�·b«��m�m�ÅìCá.
� τ = 4 ns (Xã 5(d) ¤«) �, η < 0.53 GHz �-
1ì?u­�, ��òdü±Ï²O±Ïé¯?\
·b�.

ã 6 �Ñ� µ = 1.5, �"�m� 1 ns �, -
1ìÌ��ª (Y  ��ª) ÑÑ��
;.G
�¤éA��mS�!�ã9õÇÌ. 3ùpÓ
�é 200 ns �mI�S��mS��4��?
1æ�, ±��ã. ã 6(a) éA η = 1.00 GHz,
d��mS�äk�Ó�¸�rÝÚm�, �ã
¥éA��k��4��:, 3õÇÌ¥éA
��Äª f1 � 1.52 GHz, TªÇ�C-1ìg
d$1���kªÇ (1.46 GHz), `²-1ì?
uü±Ï (P1) �; ã 6(b) éA η = 1.70 GHz, d
��ã¥éAk ü�4��:, 3õÇÌ¥Ñ
y
��#ªÇ f2 � 0.75 GHz, `²d�-1
ì?u�±Ï (P2); ã 6(c) éA�"rÝO\
� 1.95 GHz, d�3�mS�þ�±*	���
d¸�|¤�úC�ä, 3�ã¥¥yÑd4�
�:|¤����¡, d�õÇÌ¥Ø
 f1, f2

±	, �Ñy
NõÙ¦�ÅªÇ, �ªÇ¥m
�m�©ÙØ�ã 6(b) @�k5Æ, d��õ
ÇÌ®²Ø2´©l�lÑÌ, ù`²-1ì?
\O±Ï (QP); ã 6(d) éA η = 2.90 GHz, d��

ã 6 8 � z > 6 µ = 1.5, � " � m τ = 1 ns, � " r Ý � Ø Ó � � - 1 ì Y � Ñ Ñ é A � � m S � ! � ã Ú
õÇÌ (a)—(d) ©OéA η = 1.00, 1.70, 1.95, 2.90 GHz; ã¥ P1 �ü±Ï, P2 ��±Ï, QP �O±Ï�, CO �·
b�
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ãþ���´�
¤¡��Å©Ù�:, ÙõÇÌ
��
4��Ð°, ¿�õÇÌ�²w, vk²w
�âå, `²-1ì?u·bG� (CO).

4 ( Ø

�©Äu SFM �., é ��±1�"�^
e 1550 nm-VCSELs ���5ÄåÆA5?1

ïÄ. ïÄ(JL²: 3gd$1�¹e, 1550 nm-
VCSELs �SÜëê¬K� �=�éA�>6
�, �XÚÑXê γa �O�, ÙéA�>6��3
ØäO\, ��3�	�>6��S*ÿØ� �

=�y�; 31�"�^e, -1ìü��ª�²
þÑÑõÇ�>6�O\¥yþ,ª³, 3þ,L
§¥��XåÏ; 3�"�m�ØÓ��, ��"
rÝ�ÅìO�, -1ìÑÑ¥y
lü±Ï²{
�±Ï?\·b!ü±Ï²{O±Ï?\·b!
±9m�ª·b�õ«·büzå». �©�ï
Ä��¡kÏu
)3¢SA^L§¥ 1550 nm-
VCSELs �U;É��	Ü�"éÙó�A5�K
�; ,��¡, �é,
A^+�I�ÏL<�N
�¦ 1550 nm-VCSELs ó�3A½�ÄåÆG�,
�©ó�äk�½���¿Â.
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tum Electron. 27 805

[9] Zhong D Z, Cao W H, Wu Z M, Xia G Q 2008 Acta Phys. Sin. 57
1548 (in Chinese) [¨À³, ù©u, Ç�j, g1  2008Ôn
Æ� 57 1548]

[10] Hong Y H, Spencer P S, Shore K A 2004 Opt. Lett. 29 2151

[11] Paul J, Masoller C, Hong Y H, Spencer P S, Shore K A 2007 J.
Opt. Soc. Am. B 24 1987

[12] Al-Seyab R, Schires K, Khan N A, Hurtado A, Henning I D,
Adams M J 2011 IEEE J. Quantum Electron. 17 1242

[13] Ohtsubo J 2007 Semiconductor Lasers (2nd Edn.) (Berlin:
Springer) p67, 237

[14] Torre M, Hurtado A, Quirce A, Valle A, Pesquera L, Adams M J
2011 IEEE J. Quantum Electron. 47 92

[15] Hurtado A, Quirce A, Valle A, Presquera L, Adams M J 2010 Opt.
Express 18 9423

234203-6



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 23 (2012) 234203

Nonlinear dynamics of 1550 nm vertical-cavity
surface-emitting laser with polarization-

preserved optical feedback∗

Zheng An-Jie Wu Zheng-Mao Deng Tao Li Xiao-Jian Xia Guang-Qiong†

( School of Physical Science and Technology, Southwest University, Chongqing 400715, China )

( Received 15 April 2012; revised manuscript received 17 May 2012 )

Abstract

Based on the framework of the spin-flip model, the nonlinear dynamics of 1550 nm vertical-cavity surface-emitting laser (VCSEL)

subject to polarization-preserved optical feedback is theoretically investigated. The results show that for a free-running 1550 nm-

VCSEL, the current value for polarization switching (PS) is affected seriously by the internal parameters; with the increase of the gain

anisotropy coefficient γa, the corresponding current for PS increases. Due to the introduction of the polarization-preserved optical

feedback, the dominant polarized mode (Y polarized mode) will display different dynamical states for different injection currents

while the other mode (X polarized mode) may be excited. As a result, the average output powers of the two polarized modes increase

with fluctuation with the increase of current. For different feedback times, the dynamic states of 1550 nm-VCSEL with polarization-

preserved optical feedback maybe route into chaos via different evolution paths such as period doubling bifurcation, quasi-periodic

bifurcation and intermittent chaos.

Keywords: 1550 nm vertical-cavity surface emitting laser, nonlinear dynamics, polarization-preserved, optical
feedback
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