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°�g h ± ² ³ a _ ´ ³ a µ�² ± ¶�· ¸�h ¹ a`³ g ´ g º�² ± ± ² b�fU_ a`· g h ·0» °0¼�½�¾�¿	· ÀUÁ Â Ã�a h gUº�^�· ±!a ± ± h a`³ ± ² µ�g0_ ² f`Ä�±$· ^`¸�h ³ g ·�¹ ^`h
^`Å�± ² ³ a _�² b�± g h ³ ^`b�b�g ³ ± · Æ g · Å8g ³ ² a _ _ ¶$¹ ^`h�Å8a h a _ _ g _�c�a ± a$_ ² b�Ç�·�Á & Ã Æ�Á È Ã É�Ê!· ² b�f$· g _ g ³ ± ² µ�g�^ Ë�² c�a ± ² ^`b0¹ ^`h
¹ a Ì�h ² ³ a ± ² ^`bDÁ Í`Ã Æ�Î�a _ _ Å�_ ¸�fUg Ï<³ ² g b8³ ² g ·�a b8c�^`¸�± Å�¸�±�Å8^ Î�g h ·�^ ¹�º�¸�_ ± ² ´ º�^�c�g�°0¼�½�¾�¿	·�Ä8a µ�g$Ì8g g b
² b8³ h g a`· g c0¸�Å#± ^0Ð�'�ÑBÁ Ò�´ Â Ó`Ã�a b8c�Â Ô`Ó�º�ÕOÁ Ð Ã Æ h g · Å8g ³ ± ² µ�g _ ¶�É�Ö$¸�g�± ^$± Ä�g�_ a h f`g�h g ¹ h a`³ ± ² µ�g�² b8c�g Ë
· ± g ÅM² b8c�¸8³ g c�Ì�¶t± Ä�g�^ Ë�² c�g�a Å8g h ± ¸�h g�± h a b8· µ�g h · g<· ² b�f`_ g ´ º�^�c�g�g º�² · · ² ^`bD³ a bDÌ8g�º<a ² b�± a ² b�g c
^`b�_ ¶D² bDµ�g h ¶t· º<a _ _�a`³ ± ² µ�g�c�² a º�g ± g h0c�g µ�² ³ g · É�½�g _ g ³ ± ² µ�g#^ Ë�² c�a ± ² ^`bD^ ×	g h ·U± Ä�g<Å8^�· · ² Ì�² _ ² ± ¶�± ^
h g _ ² a Ì�_ ¶�¹ a Ì�h ² ³ a ± g#a`³ ± ² µ�gUc�² a º�g ± g h ·�^ ¹�g µ�g b<_ g · ·�± Ä8a btÈ � º�É!Ø�a Ë�² º�¸�ºÙ· ² b�f`_ g ´ º�^�c�g0Å8^ Î�g h
^ ¹�· ¸8³ Ä�°0¼�½�¾�¿	·�g º�² ± ± ² b�f!a ±�Ú`Ô`Ó�b�ºÙÎ�a µ�g _ g b�f`± Ä#Ä8a`·�a _ h g a`c�¶�Ì8g g b�² b8³ h g a`· g c#¸�Å�± ^#&�É '�º�Õ
Á Û Ã�a Å�Å�_ ¶�² b�f�a�È`Ó�b�º@± Ä�² b<^ Ë�² c�g0_ a ¶�g h Æ�Î�Ä�² ³ Ä<² ·�± ^�Ì8g#³ ^`º�Å8a h g c�Î�² ± Ä�Í�É Í�º�Õ\· ² b�f`_ g ´ º�^�c�g
^`¸�± Å�¸�±$Å8^ Î�g h$^`Ì�± a ² b�g c�² b<Å�h ^`± ^`b�² º�Å�_ a b�± g c�c�g µ�² ³ g ·!Á Â Ã�a ±$Ú`Ð`Ó�b�º�Î�a µ�g _ g b�f`± Ä�É
Ü b<± Ä�² ·�Å8a Å8g h�Î�g0· ± ¸8c�¶<· ² b�f`_ g ´ º�^�c�g0a b8c�b�g a h _ ¶�· ² b�f`_ g ´ º�^�c�g$^ Ë�² c�g0³ ^`b�Ý8b�g c�Ä�² f`Ä<g Ï<³ ² g b8³ ¶
°0¼�½�¾�¿	·�g º�² ± ± ² b�f�a ±�· Ä�^`h ± g h�Î�a µ�g _ g b�f`± Ä8· É�¼�_ g a h�g µ�² c�g b8³ g�² ·�f`² µ�g b!¹ ^`h�± Ä�g�² b8³ h g a`· g�^ ¹	· ² b�f`_ g ´
º�^�c�g0Å8^ Î�g h!a ±$Ô`Ð`Ó�b�º�Î�a µ�g _ g b�f`± Ä�Ì�¶�Å�_ a`³ ² b�f#± Ä�gU^ Ë�² c�g!_ a ¶�g h�² b�± Ä�g0µ�² ³ ² b�² ± ¶#^ ¹�aUb�^�c�g#² b
± Ä�g�· ± a b8c�² b�f$Î�a µ�g�Å8a ± ± g h b�É�Ø�^�c�g�³ ^`b�± h ^`_�² ·�^`Ì�± a ² b�g c0Ì�¶!µ`a h ¶�² b�f$± Ä�g�a Å8g h ± ¸�h g�c�² a º�g ± g h�a b8c
¹ ^`h�± Ä�g�Ý8h · ±�± ² º�g�± Ä�g�_ ^`b�f`² ± ¸8c�² b8a _�Å8^�· ² ± ² ^`b�^ ¹	± Ä�g$³ ^`b�Ý8b�g º�g b�±�_ a ¶�g h É�Ü b8³ h g a`· g cU· ² b�f`_ g ´ º�^�c�g
^`¸�± Å�¸�±$Å8^ Î�g h$^ ¹�¸�Å�± ^�&�É &`Ð�º�Õ\² ·�^`Ì8· g h µ�g c�¹ ^`h�Î�g a Ç�g b�g c�^`Å�± ² ³ a _	f`¸�² c�² b�f�É

Þ$¥§ß*à�á$¯ ®�à�â�©�ª	$®	©8�ª8àBã�¨$¬3ä�ª8«$®�à�å�å�¯ ¨$æ

Ö$g µ�² ³ g ·<² b�µ�g · ± ² f�a ± g c	ÆU· ³ Ä�g º<a ± ² ³ a _ _ ¶�· Ä�^ Î�bL² b�ç�² f�É#Â`Æ#³ ^`b8· ² · ±�^ ¹<³ a h Ì8^`b�c�^`Å8g c*Å�´ ± ¶�Å8g
è _ é ê ë ì!a é ê í è · î è _ é ê ï ì!a é ê ð è ·#a b8c�· ² _ ² ³ ^`b�c�^`Å8g cMb�´ ± ¶�Å8g è _ è · î è _ é ê ï ì!a é ê ð è ·�ñ�h a f`fth g ò8g ³ ± ^`h ·
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3.5 µm VCSEL vs. 5 µm SM fiber
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light output TiAu bondpad
polyimide passivation
p-doped Bragg reflector
oxidized Al O /AlAs
current aperture
3 active GaAs QWs
n-doped Bragg reflector
n-GaAs substrate
GeNiAu contact

X Y
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500 m graded index
multimode fiber

'�( )+*�,+*�-�.�/�0 1 ( 2�0 3 4 5 6�7 0 4 8�/:9 ;�1�4 <�0�=+5 4 5�4 1 5 3�7 2�( 7 7 ( ;�3>0 .�/�0 1 ( 2�0 3 4 7 *

? @ A�B�@ CED @>F GIH�J�K�L�M N�O+P QSR�T�U ?�V�H�WYX�M N M:Z M N @�[�\ N ]_^�` `�abO:cb[�\ N ]�d�B�N�M C+efM�X�X+\ N \ d�CEM gET�\ M�? h
d�Z�M:T�\ M�?�D B�Z Z @ C+NId i�O+P j>k%lmM CEX%O+P QSR�T�U ?�kYd+X+B�g M N \ d�CY[�\ N ]%^�` `�a �+n Q:coM Z @:D d�kfT�\ C�@ X>\ C%M
T�\ M�? p N @ @:M CEX>i @ XSN d>N ]�@�c:q�K+r�s�P�t�B�N u�B�NIuEd [�@ Z�\ ?�g M B�CED ]�@ X>\ CYM:T�B�N N p D d�B�u�g @ XSv�Z M�X+@ Xf\ CEX+@ w
kfB�g N \ kYd+X+@>xETE@ ZS[�\ N ]yQ �{z k|D d�Z @%X+\ M kY@ N @ Z>M CEXyQ ��� k}g @ C�v�N ]�P�~�]�@%N Z M CE? kY\ N N @ X�? \ v�CEM g
\ ?:uEM�? ? @ X�N ]�Z d�B�v�]yMY��M Z \ M T�g @YM N N @ C+BEM N d�ZSM CEX�X+@ N @ D N @ X_[�\ N ]�M_O_R����fTEM CEX+[�\ X+N ]�R�@ Z k%M p
C�\ B�k�M ��M g M CED ]�@>u�]�d�N d+X+\ d+X+@_F l�GI�:L P�~�]�@Su�Z @ M kYu�g \ xE@ XfT�\ N�? @ A�B�@ CED @:\ ?�kYd�C�\ N d�Z @ X%[�\ N ]{M C
@ g @ D N Z \ D M g�? M kYu�g \ C�vSd�? D \ g g d�? D d�uE@>M CEX_M CEM g e+� @ Xf[�\ N ]_MST�\ N�@ Z Z d�Z�Z M N @fF J�rIH�L�X+@ N @ D N d�Z P

�������������S�E�����E��� ����� ���

sEd [bN ]�Z @ ? ]�d�g XYX+@ �+\ D @ ?IM Z @:D Z BED \ M g+i d�Z�T�\ M�? p i Z @ @�X�M N M>N Z M CE? kY\ ? ? \ d�Cf\ CYd�Z X+@ Z�N d>kY\ C�\ kY\ � @�N ]�@
N B�Z C+p d�CYX+@ g M e�P���\ v�P�Q�? ]�d [�?�N ]�@�@ e�@�X+\ M v�Z M k%?�i d�Z�T�\ M�? @ X>M CEXST�\ M�? p i Z @ @�O+P Q:R�T�U ?IGIH�J�K:V�H�W
kYd+X+B�g M N \ d�C{i d�Z>TEM�D ��p N d p TEM�D ��N @ ? N \ C�v_M CEX�N Z M CE? kY\ ? ? \ d�C�d ��@ Z>Q ��� k�kfB�g N \ kfd+X+@:xETE@ Z P_l�g g
@ e�@ ?�M Z @�[�\ X+@�d�uE@ CfM CEXf? e+kYkY@ N Z \ D�P���d�Z�C�d�C+p T�\ M�? @ XSkYd+X+B�g M N \ d�C>[�@�d�TE? @ Z ��@�M�N B�Z C+p d�CYX+@ g M e
d i�� �:��� ��� uE?�M CEX�MfT�Z d�M�X+@ C�@ X_N B�Z C+p d�C�Z \ ? @SN Z M�D @SX+B�@SN d%\ C+N @ Z ? e+kfTEd�g�\ C+N @ Z i @ Z @ CED @�P�~�]�@
Z @ ? B�g N ?�d iIN ]�@�N Z M CE? kY\ ? ? \ d�C%@ w+uE@ Z \ kY@ C+N ?�M Z @>? B�kYk%M Z \ � @ X>\ C_��\ v�P��+h�[�]�@ Z @:N Z \ M C�v�g @ ?�X+@ C�d�N @
T�\ M�? @ XSO+P Q�R�T�U ?IGIH�J�K�TEM�D ��p N d p TEM�D �>N @ ? N \ C�v�h Z ]�d�kfTE?�X+@ C�d�N @�T�\ M�? p i Z @ @�TEM�D ��p N d p TEM�D �:N @ ? N \ C�v�h
? A�BEM Z @ ?�X+@ C�d�N @�T�\ M�? @ X>N Z M CE? kY\ ? ? \ d�C:d ��@ Z�Q ��� kod i�kfB�g N \ kfd+X+@�xETE@ Z h�M CEXSD \ Z D g @ ?�X+@ C�d�N @�T�\ M�? p
i Z @ @>N Z M CE? kY\ ? ? \ d�C%d ��@ Z�Q ��� k�d iIkfB�g N \ kfd+X+@�xETE@ Z P�~�]�@>T�\ N p @ Z Z d�Z�Z M N @>d i�O+P Q%R�T�U ?�Z @ k%M \ CE?
TE@ N N @ ZIN ]EM C{� �� �¡ ¡ i d�ZIT�\ M�? @ XYM�?I[�@ g g�M�?�i d�Z�T�\ M�? p i Z @ @�d�uE@ Z M N \ d�C%M CEXSi d�ZITEM�D ��p N d p TEM�D �SN @ ? N \ C�v
M�?�[�@ g g�M�?�i d�Z�N Z M CE? kY\ ? ? \ d�C_d ��@ Z�Q ��� k�d iIv�Z M�X+@ X%\ CEX+@ wYxETE@ Z P�~�]�@>Z @ D @ \ ��@ Xfd�u�N \ D M g�uEd [�@ Z
C�@ D @ ? ? M Z eyi d�Z%M�T�\ N p @ Z Z d�ZfZ M N @{d i%¢|� �� �¡ ¡ \ ?YM�?Yg d [�M�?{£�O�� n � X�J�k|i d�ZYT�\ M�? @ X�TEM�D ��p N d p
TEM�D �%N @ ? N \ C�vfM CEX�£�O ��n QYX�J�k¤i d�Z�T�\ M�? p i Z @ @>TEM�D ��p N d p TEM�D �YN @ ? N \ C�vf[�]�\ g @>Q ��� k�N Z M CE? kY\ ? ? \ d�C



��� � � � ��� 	 	�
�� ���� ��������� ����� � ��� ��� � � � � � ���

100 ps

20
0 

m
V

1 V

-1 V

100 ps

20
0 

m
V

1 V

-1 V

100 ps

20
0 

mV

1 V

-1 V

100 ps

20
0 

mV

1 V

-1 V

a) back-to-back, biased

c) back-to-back, bias-free

b) 500m MMF, biased

d) 500m MMF, bias-free

 "! #�$&%�$�'"( )+*�! , #.- , /�01- ) 2 3.- *�) *4, 5�6�$ %�798�: 0�;&<>=@?A*�, 5 ,�- , 5 )+, B.*C6 D E>FHG+I@3.- *�J ) B.# 5 K�L 3.-�, M
8.! , 0 ) *�8�, 2 N O 5 3 O 8�, 2 N15 ) 0 5 ! B.#�P�8�M�8.! , 0 ) *�5 - , B.0 /�! 0 0 ! 3.B+3 Q ) ->% R R�/S3 L@/�T.J 5 ! /�3.*�)9U�8�) - P�2 M>8.! , 0 O L - ) )
8�, 2 N O 5 3 O 8�, 2 N�5 ) 0 5 ! B.#1, B.*V*�M>8.! , 0 O L - ) )95 - , B.0 /�! 0 0 ! 3.B13 Q ) ->% R R�/W3 L&/�T.J 5 ! /�3.*�)XU�8�) - $

Y Z [�\�] Y Z ^X_VY Z ` Z ] a�Z b+c.d�e ] ` _ f&d�c g�Z Y9c h9i�j.j�k lVb�m�no_ p�b4i�j.q�k r�b�m�nsh c.Y9t�] _.^ Z b�_ p�b�t�] _.^ u h Y Z Z
c.d�Z Y _ e ] c.p"v�Y Z ^ d�Z ` e ] a�Z f w�x"y�z�Z�d�c g�Z Y�d�Z p�_ f e wVc h � x {1b�mHh c.Y�t�] _.^ Z b�_ p�b�t�] _.^ u h Y Z Z�c.d�Z Y _ e ] c.p�] ^
] p�b�Z d�Z p�b�Z p�e�c hXe z�Z1|�t�Z Y�f Z p�}.e z4_ f n�c�^ e�] p�b�Z d�Z p�b�Z p�e�c hXe z�ZVmX~>��x"y�z�Z+d�c g�Z Y�d�Z p�_ f e w�h c.Y
j�x l��9t�� ^�e Y _ p�^ n�] ^ ^ ] c.pAc a�Z Y�l.q.q�n�c h�nV\�f e ] nVc�b�Z�|�t�Z Y�` c.n�d�_ Y Z b�e c�t�_.` ��u e c u t�_.` ��e Z ^ e ] p�}
] ^9��x {+b�m�h c.Y9t�] _.^ Z b�_ p�b�t�] _.^ u h Y Z Z�c.d�Z Y _ e ] c.p"x

�9���C�X�9�"� �9��� �X�
� ZAz�_ a�Z�h c.Y�e z�Z�|�Y ^ e�e ] n�Z�^ \�` ` Z ^ ^ h \�f f w�b�Z n�c.p�^ e Y _ e Z bHt�] _.^ u h Y Z ZAb�_ e _Ce Y _ p�^ n�] ^ ^ ] c.p�gX] e z
j D E i ��� �9m9�V^ ] }.p�_ f ^X_ eXj�x lV�9t�� ^9b�_ e _1Y _ e Z�\�^ ] p�}V_1z�] }.z�d�Z Y h c.Y n�_ p�` Z�^ Z f Z ` e ] a�Z f w�c ��] b�] � Z b
��_.��^1���X��~��H^ c.\�Y ` Z�x��smX~>��c h � q�� E E ] ^�c.t�e _ ] p�Z bAh c.Y+_�Y Z ` Z ] a�Z b�d�c g�Z Y1c h1i�j.j�k l�b�m�n
h c.Y�t�] _.^ Z b4_ p�bHi�j.q�k r�b�m�n�h c.Y�t�] _.^ u h Y Z ZVe Y _ p�^ n�] ^ ^ ] c.pAc a�Z Y�l.q.q�n�c h�}.Y _.b�Z b4] p�b�Z ��nV\�f e ] u
n�c�b�ZX|�t�Z Y x>m�] _.^ u h Y Z ZXc.d�Z Y _ e ] c.p�}.Y Z _ e f w1h _.` ] f ] e _ e Z ^&c.d�e ] ` _ f�] p�e Z Y ` c.p�p�Z ` e ] c.pV^ w�^ e Z n�^&t�\�e�e z�Z
_.` z�] Z a._ t�f ZXt�] e@Y _ e ZX] ^&f ] n�] e Z b9t�w1e z�ZXe \�Y p�u c.p�b�Z f _ w�c h"e z�ZX���X��~��&x�y�z�ZXe \�Y p�u c.p�b�Z f _ w1c h"e z�Z
���X��~���^ e \�b�] Z b+] ^@f Z ^ ^@e z�_ p � q.q1d�^&h c.Y�d�\�f ^ Z ^@c h&j���_ d�d�f ] Z b+gX] e z�c.\�e�_ p�wVt�] _.^ x@y�z�Z�Y Z ^ \�f e ^
c.t�e _ ] p�Z bC^ Z Z n�d�_ Y e ] ` \�f _ Y f wA\�^ Z h \�f@h c.Y1n�_.^ ^ ] a�Z f w�d�_ Y _ f f Z f>b�_ e _�e Y _ p�^ n�] ^ ^ ] c.p4gX] e z4���X��~��
e Y _ p�^ n�] e e Z YX_ Y Y _ w�^ x



��� ��������	 
��  ��� � ��������� ���� ��� ��� ������� �� 
  � � � � �� � ! ��"��� #� � !  � $%� ��"�
 &

-36 -32 -28 -24 -20 -16 -12
h<P>  (dBm)  

10-2

10-4

10-6

10-8

10-10

B
E

R

back-to-back biased
back-to-back bias-free
500 m biased
500 m bias-free

2.5 Gb/s Data Rate
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¹�ºe�» b>¼ bdi�» h i�ºbdº�½R¾f bdcdf e ½ ½�h it¿�e f À�Á Â Ã f cde Á ½ ¼ Ã Â e6h i�» e cdf Ã » e Ät¼ h f ¼ ºh »=Å Æ�Ç*È�É Ê�» e ¼ ËibdÂ bdcdÀth i
» e f Ì=½�b ÍRh i�» e cdf Ã » h bdi�Ä�e i�½ h » À�Ã i�Ä�¼ Â b�¼ Î�f Ã » e�Ï�e ibdf Ì�bdº�½�¼ bdÌ�¾º» h ic>Ð�Ã i�Ä�Ñ!h Ä�» Ë�½=Ñ!h Â Â�Ð�e
Ã ¿dÃ h Â Ã ÐÂ e�» bte Â e ¼ » f bdih ¼=Ì�h ¼ f b�¼ Ëh ¾�Ã i�Ä�Ì�ºÂ » h ¼ Ëh ¾�½ À½ » e Ì=½ Ò�Ó`Ëh ½=Ä�e ¿�e Â bd¾Ì�e i�»�¼ f e Ã » e ½=Ã
cdf e Ã »=Ä�e Ì=Ã i�Ä>Í bdf�Ëh cdË�Á Ð�Ã i�Ä�Ñ!h Ä�» Ë*Ï�Ëh cdË�Á Ä�e i�½ h » Àth i�» e f ¼ bdiie ¼ » ½�Ñ!Ëh ¼ Ë�¼ bdi�¿�e i�» h bdi�Ã Â!e Â e ¼ Á
» f h ¼ Ã Â!h i�» e f ¼ bdiie ¼ » h bdi�» e ¼ ËibdÂ bdcdh e ½RÃ f e=e Ô�¾�e ¼ » e Ä�ibd»R» b�Ð�e�Ã ÐÂ e�» b�Í ºÂ Õ�Â Â#Ö × Ø Ï�ie h » Ëe f�bdi
½ À½ » e Ì�Á » b Á ½ À½ » e Ì�Ï ibdf`¼ Ëh ¾�Á » b Á ¼ Ëh ¾Rbdf`¼ Ëh ¾�Â e ¿�e Â Ò*É i�bdf Ä�e f
» b?b ¿�e f ¼ bdÌ�e�» Ëe�h i�» e f ¼ bdiie ¼ » h bdi
Ð�bd» » Â e ie ¼ Î�Ïie Ñ¢h i�» e f ¼ bdiie ¼ » h bdi�» e ¼ ËibdÂ bdcdh e ½`Ë�Ã ¿�e?» b�Ð�eRÄ�e ¿�e Â bd¾�e Ä�Ï�Ñ!Ëe f e�bd¾» b�e Â e ¼ » f bdih ¼
h i�» e f ¼ bdiie ¼ » ½�Ì=Ã À�b Ù�e f#Ã » » f Ãd¼ » h ¿�e?½ bdÂ º» h bdi�½ Ò
Ó`ËeRf e Ú�ºh f e Ì�e i�» ½�b Í`Í º» ºf e�h i�» e cdf Ã » e Ä�¼ h f ¼ ºh » ½#Å É Û`½ Ê�Ã i�Ä�Ì�ºÂ » h ¼ Ëh ¾�Ì�b�Ä�ºÂ e ½�¼ Ã i�bdiÂ À6Ð�e
Í ºÂ Õ�Â Â e Ä�º�½ h ic�bd¾» h ¼ Ã Â�h i�» e f ¼ bdiie ¼ » ½
h Í*» Ëe�bd¾» h ¼ ½[Õ�»`h i�» b?» Ëe#¼ Ëh ¾�Ã f ¼ Ëh » e ¼ » ºf e�Ò[Ó`Ëh ½
Ì�e Ã i�½
» Ë�Ã »�b ¿�e f Ã Â Â
É ÜdÝ�f Ã » e ½#h i�» Ëe�Ó`Ðh » Ü ½?f Ã icde�½ ËbdºÂ Ä�Ð�e�Ì=ÃdÄ�e�Ã ¿dÃ h Â Ã ÐÂ eRÐ�À6º�½ h ic=Ì=Ãd½ ½ h ¿�e Â À
¾�Ã f Ã Â Â e Â#h i�» e f ¼ bdiie ¼ » ½ Ï!e Ãd¼ Ë�bd¾�e f Ã » h ic�h i�» ËetÞ�Ðh » Ü ½�f Ã icde�Ï#f Ã » Ëe f�» Ë�Ã i¢º�½ h ic�Ãt½ Ì=Ã Â Â
i�ºÌ�Ð�e f`b Í`¼ Ë�Ã iie Â ½ Ò`Ó`ËeRßd¹IÃ f f Ã À=Ã ¾¾f b�Ãd¼ Ë�Ã ¿�bdh Ä½`Ì�ºÂ » h ¾Â e Ô�h ic?» Ëe�e Â e ¼ » f h ¼ Ã Â�½ h cdi�Ã Â ½!» b
Ã#Ëh cdË�Ð�Ã i�Ä�Ñ!h Ä�» Ë�bdiRÍ e Ñ�¼ Ë�Ã iie Â ½
Ã i�ÄR» Ëe f e Í bdf e�½ º�¼ ËR¾�Ã f Ã Â Â e Âbd¾» h ¼ Ã Âh i�» e f ¼ bdiie ¼ » ½[½ ËbdºÂ Ä
Ð�e�¼ bdÌ�¾�e » h » h ¿�e
Ñ!h » ËRÃdÄ�¿dÃ i�¼ e Ä�e Â e ¼ » f h ¼ Ã Âdh i�» e f ¼ bdiie ¼ »
½ ¼ Ëe Ì�e ½�h i�» e f Ì=½�b Í�¾�e f Í bdf Ì=Ã i�¼ e!Ã i�Ä
¼ b�½ » Ò�¹�e ½ h cdih ic�bd¾» h ¼ Ã Â�h i�» e f ¼ bdiie ¼ » h bdi�½
Ã f bdºi�Ä=ßd¹�h i¾º»`Ã i�Ä�ßd¹¢bdº» ¾º»!Ã f f Ã À½�Ä�b�e ½!Ã Â ½ b
bd¾�e i=º¾�ie Ñ�¾�b�½ ½ h Ðh Â h » h e ½[Í bdf�Ä�e ½ h cdih ic?Í Ãd½ » e f`¾�Ã f Ã Â Â e Â�¼ bdÌ�¾º» h ic�Ã Â cdbdf h » ËÌ=½�Ã i�Ä=½ À½ » e Ì=½ Ò
Ó`Ëe?h iËe f e i�»�¾�b�½ ½ h Ðh Â h » ÀRb Í*Í bdf Ì�h ic�ßd¹�Ã f f Ã À½ Ï�Ëh cdË�Á ½ ¾�e e Ä�Ì�b�Ä�ºÂ Ã » h bdi�Ö ß Ø Ï�Ã i�Ä�Ëh cdË�Á ½ ¾�e e Ä
ÄÃ » Ã�» f Ã i�½ Ì�h ½ ½ h bdi�¼ Ã ¾�Ã Ðh Â h » h e ½
Ö à[Á ß - Ø�e ¿�e i#ºi�Ä�e f*Ðh Ãd½ Á Í f e e`bd¾�e f Ã » h ic#¼ bdi�Ä�h » h bdi�½�Ö à[Á / ßdØ�Ì=Ã Î�e
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b c�d eCcVd f gVh i eCc2j k'l'mVn ol'p+q eCpVeh l r�n cVrLs n t+q i d n u l rLvVq h u�r�i e�r�l(d nCh d nCr�l(wgVn c�u g+xyk'l f fzL{�|�}'~!h �
� f u m+eCg+�Cm�u m+l(r�l o�i d l h�h u i f fVh g��!l q�s q eCx]nLm+i �Cm�oeCf u n �Cl�r�q eCp�n cVr�n tVh eCq p+u i eCc$n u'u m+l�tVnCd ��k�n q r
r�i e�r�ljVn�d k�eCg+u p+g+u�pVe k'l q�e s-���x���nCh�k'l f f2nCh�n�r�i �!l q l c�u i n f2wgVn c�u g+x]l �$d i l cVd ��e s / � �$�
i h�nCd m+i l ol r!j	i cVr�i d n u i c+��h gVd d l h h s g+f'i x�p+f l x�l c�u n u i eCc�e s�u m+l�d nCh d nCr�l�d eCcVd l p+u ���+g+u g+q l�k'eCq �
h m+eCg+f r�tVl�r�l oeCu l r�u e�u m+l�eCp+u i x�i � n u i eCc�e sLu m+l�tVnCd ��k�n q r�� g+cVd u i eCc�n cVr�n�tVl u u l q�d g+q q l c�u
d eCc�vVc+l x�l c�u-s eCq�u m+l��(��nCd u i ol�f n �l q h �

���	� � ` ���(�2�	�

� / �@� �2 (g��2n �l q j2~	� � �2¡(q n mVn x�j! @� � l c+�+j!n cVr � � ¡@� � l p+pVlj'¢ |g+t�£ ���¤ � d eCc�u i c�g+eCgVh £ k�n ol
f nCh i c+��i c�n c�e ¥�i r�i � l r�ol q u i d n f £ d n o�i u ��h g+q s nCd l £ l x�i u u i c+��f nCh l q�k�i u m�r�i l f l d u q i d�x�i q q eCq h ¦�j
§ ¨-¨-¨�©-ª+«C¬ «V®�¯V° ± ª++«C² ®	³�° ¬ ¬ ® j+oeCf �+´�j+p+p2�Vµ¶ � ·�µ¶ ¸�j / µCµC¸��

� � �@¹ � ~	�C~Vl n q j z�� º��  (i l u n f n�j  @� �@�  (eCg2j º�� »�d m+i n i j ¼+� ¼+� ½�n cVnCh j ½�� }��  �n x�x�eCcVh j ¼+� {(�C¾VeCf pVl q j
n cVr�|V� ¿	� ¹ i f d e ��c+lj	¢ |x$n f f2n cVr$f n q �Cl�h i �CcVn f	x�e�r�g+f n u i eCc$e s'´ . ��c+xÀe ¥�i r�l £ d eCc�vVc+l r�ol q £
u i d n f-d n o�i u ��h g+q s nCd l�l x�i u u i c+��f nCh l q h ¦�j(Á-Â+ÃÄ¯+« Å+Æ j!oeCf � / .�Ç@� r�oCn cVd l h(i c�ol q u i d n f�d n o�i u �
h g+q s nCd l@l x�i u u i c+�Lf nCh l q h j+p+p2�V¸Cµ ·+¶ �+j / µCµ¶�

� È � |V� �y��{-eCq � i c+ljCÉL� |V��¡(l l f h jC¼+� �y��|�d eCu u jÉL� £  @� Ê'n c2jn cVr�~	� � �{-eCf r�q l c2j2¢ � l h i �Cc�e s	�Vn t+q �£
¿	l q eCu�h g+q s nCd l £ l x�i u u i c+��f nCh l q h-k�i u m�nLpVl q i e�r�i d(�n i c$h u q gVd u g+q l ¦�j+§ ¨-¨-¨�ËV®�Ì�Í�Î�¬ Í�Ï_¨'² ° ± Ð
¬ Ñ «V® j+oeCf � �C. j+p+p2� / .�/ È · / .C� �Vj / µC´Cµ��

� � � Ê�� ¹ eCu n ��i j-|V��Ò�d m+i ��n x�n�j2n cVr ¹ �	b �n�jL¢ ¡�nCb c � h Ó b cV¿Ôh g+q s nCd l�l x�i u u i c+��f nCh l q@k�i u m�u k'e
nCd u i ol$f n �l q h ¦�j'i c�¿�q e�dC��Õ-« Ö ®�«�Â!«C² × Ø�ÂV¬ ÎC¬ °�Ù�° Ú × ± ° Æ�Î+Ø�Û�ÎC¬ ° Ñ × ÎC² Æ j ¹ eCtVlj(¼n pVn c2j
p+p2� / ÈCÈ · / È ¸�j / µC´ �+�
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p-type Bragg Reflector

Oxide Aperture

AR Coating
GeNiAu Contact n-type Bragg Reflector
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Light Output
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c\ [�S MV[ \ cQq^ \HY }qf M)[ R�S ` M)dua M�f f \ f v/Y d�Y dS ` s [ \ �q\ ^ S ` M)d�� e�����^ M�Y S ` d�j
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^ _�` Ruf ` � \ , P)P/� , P)P�W�XT� g���M)[�_�\ Y S�f ` d�|` d�j
S _�\Hc` Y X
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U V�W�W�X Y U U Z [�\][ ^�_ `Ka b�U Y XMY cEZ U U Z [�\AZ U�^ [�V�\Ode^ [�XDV�\�cE[�V�\+f Y dAd+Y g+Z _ Y U�[ ^Dh ��i�j ckb \Od]l i�i�j c
d+Z b cEY f Y X m�`�n�Y X Y b�UMU [�a d+Y X Y ded+Y g+Z _ Y U�U f Z a a�U n�[ `K^ V�X f n�Y X�Z \O_ X Y b�U Y dec%b o+Z c.V�cp[�V�f W�V�fMWO[ `�Y X
b \Ode\�[%U b f V�X b f Z [�\qZ U�b \+f Z _ Z WOb f Y dE^ [�X�Y g	Y \Aa b X r�Y XMb�_ f Z g	YDb X Y b�U sMtuZ f nqd+Z b cEY f Y X U�Z \O_ X Y b�U Z \�r
^ X [�cvl i f [Rl i�i�j cv\�Y b X�f n�X Y U n�[�a d�m�d+Z w�Y X Y \+f Z b a�x	VOb \+f V�cyY z%_ Z Y \O_ Z Y U�d+Y _ X Y b�U Y�^ X [�cv{ iJ| f [
����| sE}	Z cEZ a b X a ~	m�b�UMU Y Y \eZ \ef n�YRX Z r�n+f�nOb \OdeWOb X fM[ ^���Z r�s�l+m�_ [�\+g	Y X U Z [�\AY z%_ Z Y \O_ ~Ad+Y _ X Y b�U Y U
`�Z f n.Z \O_ X Y b�U Z \�r�b�_ f Z g	Y�d+Z b cEY f Y X m `�n�Z _ nDZ U�b�d�d+Z f Z [�\Ob a a ~D_ b VOU Y dD�+~Mf n�Y�d+Z w�Y X Y \+f Z b a	X Y U Z U f b \O_ Y	s
� b o+Z cRV�cI_ [�\+g	Y X U Z [�\EY z%_ Z Y \O_ ~D[ ^�l i�j cpa b�U Y X U�Z U��	� | ��V�f�� VOU f�h � | ^ [�X�l i�i�j cvd+Z b cEY f Y X
d+Y g+Z _ Y U s���Y d+VO_ Y dRY z%_ Z Y \O_ Z Y U�b X YMc%b Z \�a ~._ b VOU Y dE�+~RZ \O_ X Y b�U Y dRn�Y b f Z \�r.��V�f�c%b ~Rb a U [RWOb X f a ~
�OY�d+V�Y�f [Mb cEW�a Z �OY dMU WO[�\+f b \�Y [�VOU�Y cEZ U U Z [�\R� �M}+����[ ^�a b f Y X b a a ~�r�V�Z d+Y dDZ \+� W�a b \�Y�cE[+d+Y U sJ�J[�cR�
WOb X Y dEf [.�M��}+����U�`�Z f n%��V�a �Eb�_ f Z g	Y�c%b f Y X Z b a�� � ��f n�YMZ \+�OV�Y \O_ Y�[ ^J�M}+��Z \Ef n�YMx	VOb \+f V�cp`�Y a a
d+Y g+Z _ Y U�Z \+g	Y U f Z r	b f Y dMZ U�cRVO_ nM`�Y b �	Y X�d+V�Y�f [�f n�Y�U c%b a a Y X�_ [�\+�O\�Y cEY \+f�^ b�_ f [�X U s ��n�Y�c%b o+Z cRV�c
[�V�f W�V�fJWO[ `�Y X�[ ^�� ��i cEt�[���f b Z \�Y d�^ [�X�f n�Y�l i�i�j cId+Z b cEY f Y X�d+Y g+Z _ YJZ U�f n�Y�n�Z r�n�Y U f�_ `�[�V�f W�V�f
WO[ `�Y XJ^ [�X�b \RY a Y _ f X Z _ b a a ~MW�V�cEWOY d.U [�a Z f b X ~.�M��}+���%X Y WO[�X f Y dEU [M^ b X s���n�Y�WO[ `�Y XJZ U�cEY b�U V�X Y d
VOU Z \�r%bR_ b a Z ��X b f Y d%WO[ `�Y X�cEY f Y X�� ��Y `�WO[�X fDh {�� i ����`�Z f nA��X [	b�deb X Y bRW�n�[�f [+d+Y f Y _ f [�X s � b o	�
Z cRV�c�WO[ `�Y X.Z UD[��OU Y X g	Y d�b fAh�h i�i c%�pd+X Z g+Z \�re_ V�X X Y \+fRb \Od��+s le��d+X Z g+Z \�rAg	[�a f b r�YA`�n�Y X Y
b \]Y o+f X bEg	[�a f b r�YRd+X [�W][ ^ i s l%�IZ U�Z \O_ a VOd+Y dA`�n�Z _ neZ UMd+V�YRf [%\�[�\+� WOY X ^ Y _ fDU [�a d+Y X Z \�r%[�\]f n�Y
U V���cE[�V�\+f s���Y g	Y X f n�Y a Y U U�f n�Y�_ [�\+g	Y X U Z [�\RY z%_ Z Y \O_ ~Db f�c%b o+Z c.V�cPWO[ `�Y XJZ UJU f Z a a�h iJ| sJ��Z r�n�Y X
_ [�\+g	Y X U Z [�\qY z%_ Z Y \O_ ~e_ [�cR��Z \�Y d%`�Z f n]cE[+d+Y X b f YR[�V�f W�V�fDWO[ `�Y XDZ U�[��OU Y X g	Y de^ [�XDU c%b a a Y XMd+Y �
g+Z _ Y U s�� f�Z U�`�[�X f nDf [�\�[�f Y�f nOb f��M��}+����U�[ ^ ��i�j cId+Z b cEY f Y X�Y cEZ f�h i�i cEt�b fJl �J| _ [�\+g	Y X U Z [�\
Y z%_ Z Y \O_ ~	sJ��b�d+Z b f Z [�\AWOb f f Y X \OU�b \OdAU WOY _ f X bRb X YDX b f n�Y X�U Z cEZ a b XJ^ [�X�f n�YDd+Y g+Z _ YDU Z � Y U�U f VOd+Z Y d�s
��\.[�W�f Z _ b aOU WOY f X V�cKZ U�U n�[ `�\RZ \R��Z r�s���^ [�XJb�l i�i�j cpd+Z b cEY f Y X�d+Y g+Z _ Y�d+X Z g	Y \.b f�� i�i c%��a b�U Y X
_ V�X X Y \+f s���X b \OU g	Y X U Y�cRV�a f Z cR[+d+Y�Y c%U U Z [�\RZ U�_ Y \+f Y X Y d.b f���{ i \�cI`�b g	Y a Y \�r�f nR`�Z f n%bDU WOY _ f X b a
`�Z d+f nR[ ^�b �O[�V�f�l�\�ces��Ob X��OY a dDX b�d+Z b f Z [�\RWOb f f Y X \OU�W�a [�f f Y d.Z \R��Z r�s � ^ [�X�b��M��}+���E[ ^Jh ��i�j c
d+Z b cEY f Y X�f ~+W�Z _ b a a ~EU n�[ `P��t�� � b \�r�a Y U�[ ^Ja Y U U�f nOb \el i�� s���Z r�s � W�X Y U Y \+f U�bRd+Y f b Z a Y d%U f VOd+~
[ ^�f n�X Y U n�[�a d._ V�X X Y \+f m	d+Z w�Y X Y \+f Z b a+X Y U Z U f b \O_ Y	m	b \OdDf n�Y X c%b a+X Y U Z U f b \O_ Y�d+Y WOY \Od+Y \O_ Z Y U�[�\Eb�_ f Z g	Y
d+Z b cEY f Y X s � b o+Z cRV�cI[�V�f W�V�f�WO[ `�Y X U�b \Od%c%b o+Z c.V�cI_ [�\+g	Y X U Z [�\%Y z%_ Z Y \O_ Z Y U�Y o+f X b�_ f Y d.^ X [�c
��Z r�s lDb X YMb a U [DZ \O_ a VOd+Y d�s� �Z w�Y X Y \+f Z b aOX Y U Z U f b \O_ Y UJd+Y _ X Y b�U Y�W�X [�WO[�X f Z [�\Ob a a ~Rf [. M¡ ¢ £JZ \Od+Z _ b f Z \�r
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��� �	��� ��d+o	]�W q�g � � d:n�n�q�g � � d�g ����b+q

� � �E Eq: �f�X k%Y d�¡�� ¢ £ � � �	¤:��¥�¢ � � � d�o	]�W q ��� d:n�n�q � �	� � � b � d�g ��¦�§+q
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� ���Ey|q+±�X k%X kK]�_ ]�d	�Eq	±�X k%X kK]�_ ]EX ^:f%²�q+��X ��X ^�]�d�³ ¡/¡/¡��:��� ´>µ�¶+�	¤+� ¶+·¸¡�� ¢ £ � � �	¤:� d+o	]�W q+e � d
n�n�q:b�b � �+b�§+g�d/g ��� ��q

� b �E�Eq�¹�Z ^�]�t:X [ X+d�y|q�©Iq�º�]��+t:X W Z	d�²�q�»�q�¼�[ ` Z Y�X ^:f�:q�©Iq:½�]�[ [ Z Y _ d�¡�� ¢ £ � � �	¤:��¥�¢ � � � � d:o	]�W q:e�e+d
n�n�q�g � §�e �:g � § �:d/g ��� � q
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]%^ _+` ]5a�]%b�c d�e f d f e f gQh f�h a�e i	f�j�k�` h kR` l�e f m�e f l f g+n ` g�oGn k�fGa�g+d aQl f p%l ^ ]Rm�q f�` l�q ^ e o�f e�n kQ^ gZn k�f
c�n k�f eOc�g�f l rRs�k�` l�]R` o�k+n�tQf5f _+m�q ^ ` g�f pZt+uv^%h f e n ^ ` gv` g�k�c�]Rc�o�f g�f ` n u%c d�n k�f5f m�` n ^ _+` ^ q�q ^ u	f e l
j�k�` h k%` l�h a�e f p%^ n�n k�fGk�` o�k%d aQl ` c�g%n f ]RmQf e ^ n a�e f l r
w ` o�r � e f m�e f l f g+n l�n k�f�n f ]RmQf e ^ n a�e f�p+f mQf gQp+f gQh f	r�xVk�f n k�f e�n k�f�l q ` o�k+n�j�^ i	f q f g�o�n kOl k�` d n�d c�e�n k�f
l ^ ]Rm�q f l�n kQ^ n8j�f e f�d aQl f p.^ n�y�z�{ L | ^ gQp � {�{ L |�} e f l mQf h n ` i	f q u } ` l�p+a�f�n cOp+` ~�aQl ` c�g5m�e c+h f l l f l�c�e
q ^ n f e ^ q�` g�k�c�]Rc�o�f g�f ` n u5` l�g�c�n�n c	cRh q f ^ e r8��a�n�^ n � z�{ L | n k�fO����� h a�e i	fOtQf h c�]Rf l8t�e c	^�p+f e�^ gQp
` l�l k�` d n f pZt+u�^ tQc�a�nOz�{�g�]�rO�	a�]R]R` g�o.a�m } ` n�]%^ u%tQf5l ^ ` pZn kQ^ nGn k�f.` g+�Qa�f gQh fOc d�n k�fOd aQl ` g�o
m�e c+h f l l�^ n�` n l�l n ^ gQp�^ e pZmQ^ e ^ ]Rf n f e l�� �Z� � r y�����^.^ gQpZ�U�Uy�z�{ L | b8` l�g�f o�q ` o�` t�q f	r
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s�k�f.f q f h n e ` h ^ q�e f l ` l n ^ gQh fOc d�n k�fOd aQl ` g�o5` g+n f e d ^�h f l�` l�c d�o�e f ^ n�` ]RmQc�e n ^ gQh f�d c�e�n k�f.q ^�l f e�mQf e �
d c�e ]%^ gQh f	rOxV` n k�i	c�q n ^ o�fRp+e c�mQlGc d�l f i	f e ^ q�i	c�q n lG^ nGn k�f.` g+n f e d ^�h f l�k�f ^ nG` l�o�f g�f e ^ n f p�j�k�` h k
kQ^�lGn cRtQfRh ^ e e ` f pZc ~�r.xvf.kQ^ i	fO]Rf ^�l a�e f pZn k�f.f q f h n e ` h ^ q�h kQ^ e ^�h n f e ` l n ` h l�c d�d aQl f pZg+�   gQ��¡ g+�¢ ^�£�l � ` g+n f e d ^�h f l�^ gQp%m+�   gQ��¡ m+� ¢ ^�£�l�` g+n f e d ^�h f l r8s�k�fO]Rf ^�l a�e f ]Rf g+n l�kQ^ i	fGtQf f g�h ^ e e ` f pRc�a�n
t+uZ]Rf ^ gQl�c d�^5d c�a�eGmQc�` g+n�n f h k�g�` ¤	a�fG` g�c�e p+f eGn cRf q ` ]R` gQ^ n fOh c�g+n ^�h n�e f l ` l n ^ gQh f l rOs�k�f5h kQ^ e �
^�h n f e ` l n ` h l�c d�n k�fRl ^ ]Rm�q f l�j�f e fO��� ¢ ^�£�l bO� �O¥�¦ {	§ ¨�h ]Z©	ª.«Qg } ���   gQ��bO� ¦�¥�¦ {	§ ¬�h ]Z©	ªG��f }
�� ¢ ^�£�l bG�®��   gQ��b�� ¦�¥+¦ {	§ ¬�h ]Z©	ªG�	` rGs�k�f5l ^ ]Rm�q f l�j�f e fOm�e f mQ^ e f p�^�l�d c�q q c j�l ¯�£�d n f e�n k�f
d aQl ` g�oZm�e c+h f l l.^ gQpvn k�f5e f ]Rc i�^ q�c d�c�g�f%l a�tQl n e ^ n fRj�f5kQ^ i	f5f n h k�f pZ]Rf l ^�lG^ gQp�d c�e ]Rf pZn j�c
]Rf n ^ q�h c�g+n ^�h n l�c�g5n k�f�]Rf l ^�^�l�j�f q qQ^�l�c�g5n k�f�l f ]R` h c�gQp+aQh n c�e�tQf q c jGr�£�l�` n8h ^ g5tQf�l f f gOd e c�]
n k�f.d c�q q c j�` g�o w ` o�r�°%n k�fRh kQ^ e ^�h n f e ` l n ` h l�^ e f5q ` g�f ^ e�d c�eOtQc�n k%± a�gQh n ` c�gvn u+mQf l rRs�k�fRl q c�mQfRc d
n k�fGh a�e i	f l�` gQp+` h ^ n f l�]%^ ` g�q uOn k�f�l f e ` f l�e f l ` l n ^ gQh f�` g5n k�fGl f ]R` h c�gQp+aQh n c�e l r�s�k�` l8` l�h c�g+²Qe ]Rf p
t+u�n k�f5k�` o�k�f eOp+c�m�` g�o%c d�n k�f5m+� ¢ ^�£�l�j�k�` h kvq f ^�p�l�n cZ^%tQf n n f eGh c�gQp+aQh n ` i+` n u	r.³�c j�f i	f e�n k�f
p+f mQf gQp+f gQh f�c d�n k�f�` g+n f e d ^�h f8e f l ` l n ^ gQh f�c�g5p+c�m�` g�oGh c�gQh f g+n e ^ n ` c�gQl�l n ` q q	kQ^�l�n c�tQf�` g+i	f l n ` o	^ n f p
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