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ÏLnØÚ¢�ïÄ
 1550 nm þf²R�n¡u�-1ì (QW-VCSEL) ��Ú�Aé 2.5 Gbps �?���
ÅS� (PRBS) ú1ò��K�. |^ Fabry-Perot n>.^�(Ü1|©Ù, í�Ñ VCSEL ¥&Ò� Úò�L�
ª, ¿(Ü�Ç�§, ïá&ÒõÇ�ò��m�éX. ¢�ïÄ
3 VCSEL Åì���ÚG�L§¥ PRBS &Ò
�ò��mÚúã�Cz�¹. nØÚ¢�(JL², duÉ�Ú�A�K�, �õÇ&Ò3 VCSEL ¥DÑ���
Ð�&Ò�þ, �±ã+ò´�m��d. �
¼�����ò, ��¡I���&ÒõÇ, Ùg�I�N!&ÒÅ
�±Jldu�Ú�A��� VCSEL ¸�OÃÅ��Cz;,.

'�c: ú1ò�, R�n¡u�-1ì, �Ú�A

PACS: 42.79.Vb, 42.55.Px, 42.60.Da

1 Ú ó

Cc5��1Å30�¥�DÑ�ÝÅì
¤�1�;+��ïÄ9:. 8c®kõ«�
ª¢yú1ò�, �)>^aAß² [1,2]!1n
É- Brillouin Ñ� [3,4]!1f¬NÅ� [5] Úä
k Fabry-Perot (F-P) n(��R�n¡u�-1
ì (VCSELs)[6,7] �. Ù¥ VCSELs Ï�äkò´�
m��!ó�3¿§^�!´u8¤�`: [8], 3
�1��+�äkã��A^cµ.

|^ VCSEL ¢yú1ò�Ì�´Äu�ZÙ
Øê���A [9], �â K-K 'X [10], ì�ó�3
��G��, OÃÌ¥kb�OÃ¸ò��� 
�ÚÑ3TªÌ��S×�O�, l
Úå&Ò�
ú1ò�. ÄuT�n, Chang-Hasnain � [6] Äg
*ÿ��uN�&Ò3 VCSELs ¥�ú1ò�; �
� Peng � [7,8] qïÄ
N�ªÇÚ �>6é&
Òò´�m�K�. 
�Ú�A�� VCSELs ��
�­�A5, �8�vk3ú1ïÄ¥?1�\�
&?. du VCSELs ó�3K�>6±e����
ì¦^�, ���&ÒõÇÒ4´Úåì�OÃ�

�Ú, ÏdïÄú1ò�L§¥�Ú�Aé&Ò�
K�äk�½�¢S¿Â.

�éþã?Ø, �©Äkïá VCSEL ú1ò
��nØ�., l F-P n [11] >.^�Ñu, ¿�
Ä&Ò1|3DÑ��þ�©Ù, í�Ñ&Ò��
 ÌÚò�Ì�nS16f�Ý�m�'XL�
ª, ¿��Ç�§ [12] �(Ü, �ªïá&ÒõÇ�
�ò�'X. ��ÏL¢�ÿþ
 2.5 Gbps �?�
��ÅS� (PRBS) 3 VCSEL ¥�ú1ò�, ÏL
UC&ÒõÇ, ïÄ
 VCSEL ���ÚG��é
&Òò��mÚ&Òúã�K�. nØ©Û(J�
¢�êâ�ÎÜ, y²
ïÄ�{��15, �8
� VCSEL ú1ò��uÐC½
Ä:.

2 nØ�.

| ^ VCSEL � ) ú 1 ò � � L § X ã 1

¤ «. ã ¥ ò � & Ò Ì � Ñ \ & Ò Ì � m �
'XL«� Ẽref(ω) = Ẽin(ω)g(ω) exp(iψ(ω)), Ù
¥ g(ω) exp(iψ(ω)) ´ VCSEL �D4¼ê, Ù� 
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�ÚÑ���û½
&Ò�ò´�m, = τ(ω) =

−dψ(ω)/dψ(ω).

ã 1 VCSELs ¥&Òò�L§«¿ã

ã 2 &Ò3 VCSELs nSDÑ«¿ã

8cO�D4¼ê��{Ì�´|^�nn
Ø, ò VCSEL nNw¤dp��Ç��ºY��
k
n�¤, Xã 2 ¤«. ºÜ!.Üº¡��Ç
©O� Rt Ú Rb, k
nn�� Lc, &Ò| Ẽin d
ºÜ��º\�, ÷k
n¶� z DÑ, ²Lüý
©Ù Bragg ��º (DBR) õg���/¤7Å, �
ªlºÜ��ºÑÑ, Ù¥&Ò|3 VCSEL üà
¡÷v>.^�:

Ẽ+(0) = Ẽin

√
1 − Rt

+
√

Rt exp(−iπ)Ẽ−(0), (1)

Ẽ−(Lc) =
√

Rb exp(−iπ)Ẽ+(Lc), (2)

Ẽref =
√

Rt exp(−iπ)Ẽin

+
√

1 − RtẼ
−(0), (3)

ª¥ E±(0) Ú E±(Lc) ©OéA z = 0 Ú z = Lc

��K z ��&Ò|. &Ò| E±(z) 3nSDÑL
§÷v [11,13]:

∂Ẽ±(z)
∂z

= ±gc

2
Ẽ±(z) ∓ ikẼ±(z), (4)

ª¥ k ´0�¥�DÂ~ê, k = 2πnc/λ, nc �
0�k�ò�Ç, λ ´ý�¥&ÒÅ�, �ªOÃ
� gc = ξΓgm −ac, Ù¥ ξ ´OÃOrÏf, §�N

 F-P n7ÅÅ¸�k
«þf²�éO§Ý, p
���Ïf Γ = La/Lc, Ù¥ La ´OÃ«þÝ, ac

´nS²þáÂXê, á�OÃ gm ´�16f�
Ý N k'�þ, = [11,12]

gm(N) = g0 ln
( Ns + N

Ntr + Ns

)
, (5)

ª¥, Ntr ´ß²16fßÝ, g0 Ú Ns ©OéAO
Ã[ÜëþÚ16f[Üëþ.

�â (4) ª, (Ü>.^�, �±�����ª
e VCSEL �D4¼êL�ª:

g(ω) exp(iψ(ω)) =
−
√

Rt +
√

RbGs exp(−2iθ)
1 −

√
RbRtGs exp(−2iθ)

, (6)

ª¥ Gs = exp(gcLc), �ü§OÃ, ü§���
  θ = 2πncLc(1/λ − 1/λ0), §�N
&ÒÅ��
��nÅ� λ0 ���§Ý. �â (6) ªØJí��
 Úò�L�ª:

ψ(ω) = arctan
( R

1/2
b (Rt − 1)Gs sin(2θ)

R
1/2
b (Rt + 1)Gs cos(2θ) − R

1/2
t (1 + RbG2

s )

)
, (7)

τ(ω) =
2Lc

c

× RbG2
s (1 − R2

t ) −
√

RtRb(1 + RbG2
s )Gs(1 − Rt) cos θ

Rt + RbG2
s (1 + R2

t + RtRbG2
s ) − 2

√
RtRb(1 + RbG2

s )Gs(1 + Rt) cos θ + 4RtRbG2
s cos2 θ

. (8)

l 8 ª�±wÑ&Ò�� Úò�þ�nS
16fßÝk', 16fßÝq÷v�Ç�§ [12]:

I

eV
= (AN + BN2 + CN3) + gm

λ

hcAeff
Pin, (9)

ª¥ A, B, C ©OéA�Ë�EÜ!guË�EÜ
Ú Auger EÜXê, I �k�5\>6, e ´>f>
þ, Pin �Ñ\&ÒõÇ, V Ú Aeff ©OéAk
«
NÈÚ¡È [14].
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3 ê��[

ê � O � ¤ æ ^ � ë ê � ë ì © z [9] ¥
�Ñ�êâ, ¿dL 1 �Ñ. �[Ü¢�¥¤^
� PRBS & Ò, · � æ ^ ä k � Í � þ , ÷ Ú
eü÷�� Gauss óÀ��Ñ\&Ò, = Pin =

Pm exp(−(t/T0)6), Ù¥ Pm �¸�õÇ, T0 L�ó
°. Ó�, 3O�¥ VCSEL ºÜÚ.Ü DBR ��
Ç©O� 0.985 Ú 0.99.

LLL 1 OOO���æææ^̂̂���ëëëêêê���

Ônþ/ü  ê�

k�n� Lc/µm 2.20

nSò�Ç nc 3.20

�Ë�EÜXê A/s−1 1.00 × 108

Ë�EÜXê B/cm3 · s−1 1.00 × 10−10

Auger EÜXê C/cm6 · s−1 2.00 × 10−29

k
«¡È Aeff/µm2 6.40 × 10

k
«NÈ V/µm3 8.30

OÃ��Ïf ξ 1.80

k
«þÝ La/µm 1.30 × 10−1

nS²þáÂXê ac/cm−1 1.50 × 10

OÃ[Üëþ g0/cm−1 1.58 × 103

ß²16fßÝ Ntr/cm−3 1.10 × 1018

16f[Üëþ Ns/cm−3 −6.3 × 1017

ã 3 ØÓõÇò´&Ò��ý��Å/ (a) ë�Å/; (b)

&ÒõÇ� −10 dBm �ò´­�; (c) &ÒõÇ� −15 dBm

�ò´­�; (d) õÇ� −20 dBm �ò´­�; (e) &ÒõÇ
� −25 dBm �ò´­�

�©¥­:�	�õÇ&ÒÑ\Úå� VC-

SEL �Ú�Aéú1ò��K�, ¤æ^�ïÄ
�{Xã 1 ¤«. ��&Ò² Fourier C���¤
¦�� VCSEL D4¼ê�¦, ���ÑÑ&Ò²
� Fourier C��=���ú1ò�&Ò. Ù¥D
4¼ê�¦)L§Xe¤ã: Äkò5\>6�Ú
&ÒõÇ�\ (9) ª, ����'u16fßÝ�
��5�§, )Ñ N �=��á�OÃÚ�ªO
Ã, ?
¦� VCSEL ü§OÃ Gs, òÙ�\ (6) ª
=�������ì�DÑ¼ê.

ã 4 ØÓõÇò�&Ò��ýúã (a) õÇ� −10 dBm �&Ò�úã; (b) õÇ� −15 dBm �&Ò�úã; (c) õÇ
� −20 dBm �&Ò�úã; (d) õÇ� −25 dBm �&Ò�úã
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�âþã�{, 35\>6� 1.75 mA, è�Ç
� 2.5 Gbps �, ØÓõÇ&Ò?\ VCSEL �, Ù
ò�ÑÑ���Å/Xã 3 ¤«. lã¥�±w
Ñ, �X1rÝ�O�, ÑÑ&Ò�ë�&Ò�m
��ò�Åì~�. ù´Ï��X&Ò1õÇ�O
\, VCSEL k
«S16fßÝeü
¦�Ùn
S&Òü§OÃ~�, ?
��ìOÃeü¿�&
Òò��m á. �dÓ�, �X&ÒõÇ�O�,

&Ò3ò�L§¥�)�ÆCÅì~�, �A�Ñ
Ñ&Òúãdã 4 ¤«. Ñyù�y���Ï´
� VCSEL �X&ÒõÇ�O�Åì���ÚG�
�, OÃ�°�O\Úuò��°3�2�ªÌ�
�S*Ð, ù�Cz¦ VCSEL �Ü·u°�&Ò
�DÑ, l
Jp
ÑÑò�&Ò��þ.

4 ¢�(J

�â©z [6—8] ¥£ã�ï
 VCSEL �ú
1¢�²�, Ù¢�C�Xã 5 ¤«. ã¥ú1
�)C�´ó�3���ªeÅ�� 1550 nm �
ü�þf² (QW)VCSEL(RayCan RC32xxx1-F .).

?\ VCSEL �-1åÄkl�N�-1ì¥u
�, ² L Mach-Zehnder (M-Z) N � ì �, N � )
¤ PRBS &Ò, ��&Ò²L ���ìÚ1P
~ì��©�ü´, �´?\ QW-VCSEL, ,�´
?\1õÇO?1õÇiÿ. ��l VCSEL ��
ÑÑ�&Ò²L��ìÚÈÅì�?\«Åì. Ï
�ò´&Ò1I��Ð©&Ò1?1ÓÚ, ¤±
l PRBS 
ÑÑ�>&Òk��Ñ\«Åì¥.

ã 5 QW-VCSEL ¥ PRBS &Òú1ò��¢�C�«¿ã

3¢��c, ÄkI�'5ü�­��ëþ:

VCSEL �K�>6Ú¸�OÃÅ�, Ï�§�
û½
 VCSEL ����ìó��� �>6�
�Ú&ÒÅ��N���. Ïd·�Äkÿþ


VCSEL � P -I A5­�ÚK�>6e�1Ìã,

Xã 6 ¤«. uy�X>6�O�, VCSEL ÑÑ1
õÇÐ©Cz��, � �>6�L 2 mA �, ÑÑ
õÇÅìO�¿��5\>6¤�5'X, dd�
�K�>6�� 2 mA (Ith). 3T>6e|^«Å
ì*ÿ VCSEL �ÑÑ1Ì, ã 6 w«OÃ¸�Å
�� 1531.92 nm, 3 dB �°�� 7 GHz. �âÿþ
(J, ¢�À� 1.75 mA � �>6¦ VCSEL ó
�3��G�, ¿N!-1ìJld�OÃ¸�Å
�, TÅ�A�uÿþ� 1531.92 nm. du VCSEL

Ä�°���, ¢�À�N�&Ò�Ç� 2.5 Gbps.

ã 6 5\>6 I = 2.0 mA � VCSEL �1ÌãS�ã
� VCSEL � P -I A5­�ã

ã 7 �5\>6� 1.75 mA �ØÓõÇò´&Ò���Å
/ (a) ë�Å/; (b) &ÒõÇ� −10 dBm ��ò´­�;

(c) &ÒõÇ� −15 dBm ��ò´­�; (d) õÇ� −20 dBm

��ò´­�; (e) &ÒõÇ� −25 dBm ��ò´­�

3±þ�½�¢�^�Ä:þ, ÏLN!P~
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ì, ·���
ØÓõÇe PRBS ò�&Ò���
Å/, Xã 7 ¤«, Ù¥��ë�Å/´� VCSEL

Øó��&Ò1��ÏL�^1´
���, §
®ò�´ÚÙ¦ì�E¤�ò´�¹3S, Ïd
� VCSEL ó�3��G��, &ÒÅ/�éuë
�Å/Ñy��ò=���ìÚå�ú1ò�. l
ã 7 ¥�±wÑ&Òò´�m�X&Ò1rÝ�
O�Åì~�, dnØ©Û��E¤ù�y���
Ï´ VCSEL ¥OÃ�Ú�A�Ñy. nS16f
ßÝ�ü$ÚåOÃ�eü, �â K-K 'X, OÃ
��Ú��&Òò´�m�~�. Ïd�Ú�A�
�&Ò�ò áÏLnØ©ÛÚ¢��y�Ó�
�
y¢.

�ã 7 ¥­�ÿÁ^��Ó, ã 8 �Ñ
ØÓ

õÇ PRBS ò�&Ò�úã, ã¥ò´&Ò��þ
�XõÇ�O�
k¤Uõ, Uõ��Ïk±eü
:: Äk&ÒõÇ�p, úã¥ú«Ü���, Ïd
úã�\�ß�E; Ùg�­���Ï´�ânØ
©Û¤ã, �Ú�A*Ð
OÃÌÚò´Ì��°,

¦Ù�\·Üu°�&Ò�DÑ, l
Jp
ò�
&Ò��þ.

nÜnØ©ÛÚ¢�(J, VCSEL ¥põÇ
&ÒduÉ��Ú�A�K��N´���Ð�
&Ò�þ, �±ã+ò´�m��d, Ïd�
O
�&Òò´þ, I�3·�ü$&ÒõÇ±~��
Ú�AK��Ó�, ?�Ú`zì��(� [15−17],

*Ðì��DÑ�°, ¦ VCSEL �·u°�&Ò
�ú1DÑ.

ã 8 5\>6 I = 1.75 mA �ØÓõÇ PRBS ò�&Ò�úã (a) õÇ� −10 dBm �&Ò�úã; (b) õÇ� −15 dBm �
&Ò�úã; (c) õÇ� −20 dBm �&Ò�úã; (d) õÇ� −25 dBm �&Ò�úã

ã 9 5\>6� 1.75 mA � PRBS &Òò´�m�&Òõ
ÇCz�­�ã

ã 9 ¤«� VCSEL ¥ PRBS &Òò´�m�

&ÒõÇCz�¢�Ú�ý­�, ã¥�X&Ò
õÇ�O�, ò´�mlÐ©��ú~�ÅìÑ
y�5�ì��eü, ù�y�(ÜOÃ�Ú­
� [13] ?�Ú�y
�Ú�A��ò�eüù�*
:, ã¥�ý­��¢�­�[Ü§Ý�p, �y
²
 VCSEL ú1�.��(5.

¢�¥�X&ÒõÇ�O�, ·��uyOÃ
�¸�Å��áÅ���£Ä, ù�Cz��¸�
Å���½�&ÒÅ�3 VCSEL nSÃ{¢y�
Z��, l
~�
ÑÑ&Ò�OÃ, ü$
&Ò
ò´�m, Xã 9 ¤«. �
�fù�K�, 3O�
&ÒõÇ�Ó�, �I�N!&ÒÅ�5�lOÃ
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¸�Å��Cz;,, l
���Z¢�(J.

5 ( Ø

ïÄ
 VCSEL ��Ú�Aé 2.5 Gbps PRBS

ú 1 ò ´ � K �. Ï L n Ø © Û Ú ¢ � ï Ä u
y VCSEL ¥�õÇ&ÒÑ\4´ÚåOÃ�Ú
�A, l
��OÃÚò�Ì¸��eü!�°�
*ÐÚ¸�Å��¤£, ù
Cz¦�ú1&Ò�
ý~�, �ò��mü$. Ïd�
�± “0/1” S

��ò���5, I�3·Ý��&ÒõÇ�Ó
�, N!&ÒÅ��OÃ¸�Å��±��, ¿`
z VCSEL ì��(�, ¦OÃÚò�Ìäk�²
"�°�, l
3k�ü$&Ò�ý�Ó�O�
&Òò�þ. ©¥ê��ý�¢�(JÎÜ�Ð,

é VCSEL ú1ò��nØïÄk�½���¿
Â.

�öa�ÜH�ÆÔnÆ�g1 P�Jø VCSEL

ì�.
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Dependence of slowing light in vertical-cavity
surface-emitting laser on saturation effect

Ma Ya-Nan† Luo Bin Pan Wei Yan Lian-Shan Zou Xi-Hua
Yi An-Lin Ye Jia Wen Kun-Hua Zheng Di
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Abstract

The dependence of slowing light on the saturation effect in the vertical-cavity surface-emitting laser (VCSEL) is demonstrated.

Combining the boundary conditions with the optical field distribution in VCSEL, the phase expression and the delay expression of the

signal are derived. Based on these expressions and the rate equation, the relation between signal power and time delay is presented.

Then the experimental demonstration shows the delays and the eye diagrams of a 2.5 Gbps pseudo-random binary sequence (PRBS)

signal, when the VCSEL is working in the saturation condition. The theoretical and experimental results show that the high-power

signal transmitted in the VCSEL could achieve better signal quality at the expense of the lower time delay. In order to obtain larger

delay, on the one hand, the signal power should be controlled. On the other hand, the signal wavelength should be carefully adjusted to

track the peak gain wavelength of the VCSEL caused by the saturation effect.

Keywords: slow light, vertical cavity surface emitting laser, saturation effect
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