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$75 $GDSWLYH &RPPXQLFDWLRQV 5HVHDUFK /DERUDWRULHV

���� +LNDULGDL� 6HLND�FKR� 6RUDNX�JXQ� .\RWR� ��������� -DSDQ

(�PDLO� ZZKX#DFU�DWU�FR�MS

���
����� !�"��

3KDVH VKLIWHUV SOD\ D NH\ UROH LQ DUUD\ DQWHQQDV� HVSHFLDOO\ SKDVHG DUUD\ DQWHQQDV� 5HFHQWO\� D

ZDYHOHQJWK FRQWUROOHG YDULDEOH SKDVH VKLIWHU IRU DQ LQGHSHQGHQWO\ VWHHUDEOH PXOWLEHDP DQWHQQD ZDV

SURSRVHG� ZKHUH RSWLFDO EHDP IRUPLQJ QHWZRUNV �%)1� DUH XVHG DLPLQJ DW EURDGEDQG %)1� DQG

UHGXFLQJ VL]H DQG FRPSOH[LW\ RI PLFURZDYH %)1 >�@� 2QH LPSRUWDQW SRLQW RI WKLV RSWLFDO %)1 LV WKDW

WKH PLFURZDYH SKDVHV RI DUUD\ DQWHQQDV DUH FKDQJHG E\ WKH RSWLFDO ZDYHOHQJWK� 7KH SKDVH VKLIWHU

UHTXLUHV DQ RSWLFDO ZDYHJXLGH ZLWK KLJK ELUHIULQJHQFH %  Q7( � Q70 DQG KLJK G%�Gλ èQ7( DQG Q70 DUH

WKH IXQGDPHQWDO PRGH LQGLFHV IRU 7( DQG 70 PRGHV� ZH FDOOHG G%�Gλ ELUHIULQJHQFH GLVSHUVLRQ� >�@� ,Q

RUGHU WR REWDLQ VXFK DQ RSWLFDO ZDYHJXLGH� ZH KDYH SURSRVHG D QRYHO ZDYHJXLGH KDYLQJ KLJKHU YDOXHV

RI % DQG G%�Gλ WDNLQJ QRW RQO\ PDWHULDO RI WKH ZDYHJXLGH EXW DOVR VWUXFWXUH LQWR DFFRXQW� DV VKRZQ LQ

)LJ� � >�@�

$QDO\VLV RI RSWLFDO ZDYHJXLGHV IDOO LQWR WZR FDWHJRULHV� QXPHULFDO PHWKRGV VXFK DV %30 RU

)(0� DQG DQDO\WLF RU VHPL�DQDO\WLF PHWKRGV� 7R DQDO\]H WKH SURSDJDWLRQ RI ZDYHJXLGH LQ )LJ���

QXPHULFDO PHWKRGV DUH XVHG ILUVW� +RZHYHU� WR REWDLQ DFFXUDWH UHVXOWV� D ILQH PHVK DQG D ORQJ

FDOFXODWLRQ DUH QHHGHG� ,Q VRPH FDVHV� WKH FDOFXODWLRQ OHQJWK LV PRGHUDWHG E\ D YHU\ VPDOO ZDYHJXLGH

VL]H� $QDO\WLF PHWKRGV DUH SUHIHUDEOH LQ WHUPV RI HDVH DQG FRPSXWHU UHVRXUFHV� +RZHYHU� IHZ

ZDYHJXLGHV GHWHUPLQHG IURP 0D[ZHOO©V HTXDWLRQV FDQ EH VROYHG H[DFWO\ >�@� $PRQJ WKH PDQ\

DSSUR[LPDWH PHWKRGV� WKH HIIHFWLYH�LQGH[ PHWKRG �(,0� LV SUREDEO\ PRUH SRSXODU RQH IRU WKH VWXG\ RI

UHFWDQJXODU�FRUH ZDYHJXLGHV� 6LQFH RQO\ WKH VROXWLRQV IRU WKH VODE ZDYHJXLGHV DUH UHTXLUHG� WKH (,0

PHWKRG LV PRUH HIILFLHQW WKDQ PHWKRGV WKDW VROYH WKH UHFWDQJXODU VWUXFWXUH GLUHFWO\� 5HFHQWO\� DQ

LPSURYHG PHWKRG ZLWK EXLOW�LQ SHUWXUEDWLRQ FRUUHFWLRQ KDV EHHQ SURSRVHG ZKLFK JLYH DFFXUDWH UHVXOWV

WR WKH FORVH�WR�FXWRII UHJLRQ >�@� +RZHYHU� WKH PHWKRG LV XVHG WR DQDO\VH UHFWDQJXODU ZDYHJXLGH�

,Q WKLV SDSHU� ZH H[WHQG WKH FODVVLFDO (,0 PHWKRG WR WKUHH�OD\HU RSWLFDO ZDYHJXLGH� 7KH QHZ

WKHRUHWLFDO PHWKRG LV SUHVHQWHG ILUVW� 7KHQ� E\ XVLQJ WKLV PHWKRG� FRPSXWHG UHVXOWV RI WKUHH�OD\HU

ZDYHJXLGH IRU WKH XVH RI WKH SKDVH VKLIWHU DUH GHPRQVWUDWHG�

)LJ� �� 3URILOH RI D WKUHH�GLPHQVLRQDO WKUHH�OD\HU RSWLFDO ZDYHJXLGH� ZKHUH D� DQG D� DUH

WKH WKLFNQHVV RI WKH OD\HUV DQG E LV WKH ZLGWK RI WKH OD\HUV� QFR� QFK DQG QFO �QFR ! QFO ! QFK�

DUH WKH UHIUDFWLYH LQGLFHV RI WKH FRUH� WKH FKDQQHO DQG WKH FODGGLQJ� UHVSHFWLYHO\�

#�����$�%&���&�'��

)ROORZLQJ WKH WHFKQLTXH LQ 5HI� >�@� WKH HIIHFWLYH�LQGH[ PHWKRG VKRZQ LQ )LJ� � �D� DQG �E� LV

HTXLYDOHQW WR VROYLQJ WKH SURILOH VKRZQ LQ )LJ� ��F�� ZKLFK GLIIHUV IURP WKH RULJLQDO SURILOH VKRZQ LQ

)LJ� �� )LJXUH � �D� VKRZV WKDW γ  � JLYHV WKH FRQYHQWLRQDO HIIHFWLYH�LQGH[ PHWKRG� DQG γ  � JLYHV
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WKH 0DUFDWLOL PHWKRG >�@� >�@� :H FDQ VROYH WKH SURSDJDWLRQ TXHVWLRQV DIWHU GHWHUPLQLQJ WKH γ YDOXH�
7KH QH[W VHFWLRQ FRQWDLQV UHVXOWV IRU WKH GHSHQGHQFH RQ WKH QRUPDOL]HG IUHTXHQF\ 9� FDOFXODWHG ZLWK

DQ DFFXUDWH γ� ZLWK � � γ � ��

)LJ� �� �D� 6ODE ZDYHJXLGH WKDW DSSUR[LPDWHV WKH WKUHH�OD\HU VWUXFWXUH LQ )LJ� �� �E� 6ODE

ZDYHJXLGH IURP ZKLFK WKH HIIHFWLYH LQGH[ Q[ LQ �D� LV GHWHUPLQHG� �F� ([DFW VWUXFWXUH IRU

�D� DQG �E��

$FFRUGLQJ WR WKH VWDQGDUG SHUWXUEDWLRQ DQDO\VLV >�@� ZH FDQ ZULWH
���� βββ ∆+= ZKHUH �β LV

WKH FDOFXODWHG SURSDJDWLRQ FRQVWDQW� β LV WKH H[DFW YDOXH� DQG ∆β LV WKH GLIIHUHQFH� :H WUHDW WKH SURILOH

VKRZQ LQ )LJ� � �F� DV D SHUWXUEDWLRQ RI WKH RULJLQDO SURILOH� 7KH SURSDJDWLRQ FRQVWDQW GLIIHUHQFH LV

JLYHQ E\
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N LV WKH IUHH�VSDFH ZDYHQXPEHU�
D

ψ DQG
E

ψ DUH WKH PRGH ILHOGV LQ WKH VODE ZDYHJXLGHV VKRZQ LQ

)LJ� � �D� DQG �E�� UHVSHFWLYHO\� 7KH RSWLPDO YDOXH RI γ LV IRXQG E\ VHWWLQJ WKH �β∆ WR ]HUR� ,W JLYHV�
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)LJXUH � VKRZV RXU FDOFXODWHG UHVXOWV RI WKH IXQGDPHQWDO 7(�PRGH DQG 70�PRGH� 7KH

QRUPDOL]HG SURSDJDWLRQ FRQVWDQW LV � ���
���

�����
HII

−−= � DQG WKH QRUPDOL]HG IUHTXHQF\ LV

�

�

�

��
����	 −= � 7KH VL]H RI WKH :�W\SH WKUHH�OD\HU RSWLFDO ZDYHJXLGH VWUXFWXUH LQ )LJ�� DUH D�  

��� µP� D�  ��� µP� DQG E  � µP� 7KH UHIUDFWLYH LQGLFHV DUH WKRVH RI *D$V�$O*D$V ZLWK Q�  QFR  

���� Q�  QFK  ����� DQG Q�  QFO  ��� >�@� 7KH FLUFXODU SRLQWV DQG WKH VROLG WULDQJXODU SRLQWV DUH WKH

QXPHULFDO UHVXOWV RI PRGH VROYHUV RI $', PHWKRG LQ %30�&$' >�@ DQG PRGH VROYHUV LQ )(0 >��@�

ZKLFK PHVKHG HQRXJK DQG DJUHHG ZLWK HDFK RWKHU� DQG DUH XVHG DV FRPSDULVRQV IRU RXU GDWD� 7KH

GDVKHG OLQH γ  � LV IRU WKH FRQYHQWLRQDO HIIHFWLYH�LQGH[ PHWKRG� DQG WKH GDVKHG OLQH γ  � LV IRU WKH
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0DUFDWLOL PHWKRG� 7KH VROLG OLQH LV RXU QRYHO UHVXOW� 7KH DFFXUDWH UHVXOWV IRU WKH IUHTXHQF\ DUH IRXQG

EHWZHHQ WKHVH WZR DSSUR[LPDWLRQV � � γ � �� 7KH ILJXUH VKRZV WKDW RXU PHWKRG LV PXFK PRUH DFFXUDWH
WKDQ RWKHU DSSUR[LPDWLRQV�

)LJ� �� 7KHRUHWLFDOO\ DQG QXPHULFDOO\ FDOFXODWHG UHVXOWV IRU �D� WKH 7(���PRGH� �E� WKH

70���PRGH� 7KH PLGGOH VROLG OLQH LV WKH UHVXOW RI XVLQJ HT� ���� 7KH FLUFXODU SRLQWV DQG

WKH VROLG WULDQJXODU SRLQWV DUH WKH QXPHULFDO PRGH VROYHV RI WKH $', DQG )(0 PHWKRGV�

)RU D FRPSDULVRQ� )LJXUH � VKRZV WKH HIIHFWLYH LQGH[ HUURU
�

 ��
HII

∆ LQ WKH FORVH�WR�FXWRII

UHJLRQ �9 � ��� WKH VODE OD\HUHG ZDYHJXLGH� γ  � �WKH 0DUFDWLOL PHWKRG�� γ  � �WKH FRQYHQWLRQDO

HIIHFWLYH�LQGH[ PHWKRG�� DQG RXU UHVXOWV� 7KH UHIUDFWLYH�LQGH[ GLIIHUHQFHV DUH

!""#! ��
����

=−=∆ ���� DQG !$%#! ��
����

=−=∆ ���� � 7KH DVSHFW UDWLR .  E� D� UDQJHV

IURP � WR ��� 2XU UHVXOWV VKRZ WKDW WKH HUURU LQ WKH LPSURYHG PHWKRG LV PXFK VPDOOHU WKDQ WKDW LQ

RWKHU PHWKRGV DQG DOO RI WKH HUURU YDOXHV DUH OHVV WKDQ �������� HYHQ LQ WKH FORVH�WR�FXWRII SURSDJDWLRQ

UHJLRQ� 7KH UHVXOWV JHW FORVHU WR WKH VODE ZDYHJXLGH UHVXOWV� ZKHQ WKH DVSHFW UDWLR .  E�D� LQFUHDVHV�

)LJ� �� (UURU FRPSDULVRQ RI (,0 PHWKRGV LQ

FORVH�WR�FXWRII UHJLRQ ZKLOH .  E�D�

FKDQJHG�

)LJ� �� 7KH UHIUDFWLYH LQGLFHV RI *D$V�

$O*D$V DW ����µP >�@�

.����)�������λ��-�'�&&��)+&���)�%��*�)�%��$�"!)*��)/&0 "�&%

:H FDOFXODWHG WKH ELUHIULQJHQFH %  Q7( � Q70 DQG ELUHIULQJHQFH GLVSHUVLRQ G%�Gλ RI WKH WKUHH�

OD\HU RSWLFDO ZDYHJXLGH ZLWK 0�W\SH DQG :�W\SH VWUXFWXUHV� DQG FRPSDUHG ZLWK WKH UHVXOWV IRU

UHFWDQJXODU VWUXFWXUHV� 7KH UHIUDFWLYH LQGLFHV DUH WKRVH RI *D$V�$O*D$V DW ����µP� VKRZQ LQ )LJ� �
>�@� )LJXUH � VKRZV WKH ELUHIULQJHQFH YV� QRUPDOL]HG ZDYHOHQJWK� 7KH GDVKHG OLQHV EHORQJ WR WKH

PXOWL�PRGH UHJLRQ DQG WKH VROLG OLQHV EHORQJ WR WKH VLQJOH�PRGH UHJLRQ� )URP WKH FXUYH ZH FDQ VHH

WKDW WKH ELUHIULQJHQFH % KDV D SHDN LQ RU QHDU WKH VHFRQG�PRGH UHJLRQ� DQG WKH SHDN ELUHIULQJHQFH

GLVSHUVLRQ G%�Gλ LV LQ WKH PLGGOH RI VLQJOH�PRGH UHJLRQ� 7KH SHDN G%�Gλ DQG LWV 9 YDOXH FDQ EH

FRQWUROOHG E\ WKH ZDYHJXLGH VWUXFWXUH� UHIUDFWLYH LQGH[� DQG ZDYHOHQJWK� $PRQJ WKH VWUXFWXUHV� WKH

:�W\SH WKUHH�OD\HU ZDYHJXLGH SURGXFHV WKH KLJKHVW % DQG G%�Gλ� 7R PRYH WKH SHDN G%�Gλ WR WKH

ZDYHOHQJWK RI ���� µP UHJLRQ� ZH QHHG WR FKDQJH WKH SDUDPHWHU RI WKH RSWLFDO ZDYHJXLGH�
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)LJXUH� VKRZV DQ H[DPSOH RI KLJK G%�Gλ WKUHH�OD\HU *D$V�$O*D$V RSWLFDO ZDYHJXLGH VWUXFWXUH

DURXQG ����µP� 7KH GDWD DUH %  ������ G%�Gλ  ������ ��µP� %�λG%�Gλ  ����� %\ XVLQJ WKHVH GDWD�

±�� QP ZDYHOHQJWK WXQLQJ FDQ UHVXOW LQ ±��° DUUD\ DQWHQQD EHDP VWHHULQJ LQ WKH FDVH RI ∆/  � PP

>�@�

)LJ� �� %LUHIULQJHQFH % YV� QRUPDOL]HG

ZDYHOHQJWK λ�λF� 7KH UHIUDFWLYH LQGLFHV DUH

QFR  ���� QFK  ����� DQG QFO ����

)LJ� �� $Q H[DPSOH RI KLJK G%�Gλ :�W\SH

WKUHH�OD\HU *D$V�$O*D$V RSWLFDO ZDYHJXLGH

VWUXFWXUH DW ����µP ZLWK D�  ���� µP� D�  
���� µP� E  ��� µP� QFR  ����� QFK  �����

DQG QFO  �����

1�����!* %"��%

:H WKHRUHWLFDOO\ DQDO\]HG WKH WKUHH�GLPHQVLRQDO WKUHH�OD\HU RSWLFDO ZDYHJXLGH� ZKLFK LV XVHIXO

LQ D EURDGEDQG RSWLFDO VLJQDO SURFHVVLQJ EHDP�IRUPLQJ QHWZRUN IRU D VWHHUDEOH PXOWLEHDP DUUD\

DQWHQQD� DQG H[WHQG WKH HIIHFWLYH�LQGH[ PHWKRG� 1XPHULFDO H[DPSOHV VKRZ WKDW WKLV LPSURYHG PHWKRG

LV VLPSOHU DQG PRUH HIILFLHQW WKDQ WKH FRQYHQWLRQDO HIIHFWLYH�LQGH[ PHWKRG� DQG WKH PHWKRG SURGXFHV

PRUH DFFXUDWH UHVXOWV� :H DOVR REWDLQ D KLJK ELUHIULQJHQFH GLVSHUVLRQ RI G%�Gλ  ����� ��µP� ZKLFK
LV KLJKHU WKDQ ������ ��µP REWDLQHG EHIRUH LQ D *D$V�$O*D$V RSWLFDO ZDYHJXLGH >�@� 7KH H[DPSOH

RSWLFDO ZDYHJXLGH RI )LJ�� FDQ SURSRVH D ±��° DUUD\ DQWHQQD EHDP VWHHULQJ E\ ±�� QP ZDYHOHQJWK

WXQLQJ�

�!,��2*&�0&3&��%

7KH DXWKRUV WKDQN 'U� %� .RPL\DPD� SUHVLGHQW RI $75 $GDSWLYH &RPPXQLFDWLRQV 5HVHDUFK

/DERUDWRULHV� IRU KLV FRQWLQXRXV HQFRXUDJHPHQW�

�&-&�&�!&%

�� .� ,QDJDNL DQG <� 0L]XJXFKL� ¦2SWLFDO 6LJQDO 3URFHVVLQJ %HDP )RUPLQJ 1HWZRUN IRU 6WHHUDEOH 0XOWLEHDP $QWHQQD�§ $30&©���

<RNRKDPD� -DSDQ� ����� SS� ��������

�� .� ,QDJDNL� :� :� +X� DQG <� 0L]XJXFKL� ¦:DYHOHQJWK FRQWUROOHG YDULDEOH SKDVH VKLIWHU IRU LQGHSHQGHQWO\ VWHHUDEOH PXOWLEHDP

DQWHQQD�§ 0:3
��� 0HOERXUQH� $XVWUDOLD� ����� SS��������

�� :� :� +X� .� ,QDJDNL� 7� $NL\DPD DQG <� 0L]XJXFKL� ¦1RYHO RSWLFDO ZDYHJXLGH GHVLJQ IRU VWHHUDEOH PXOWLEHDP DQWHQQD %)1�§

02&©��� &KLED� -DSDQ� ����� SS������

�� $� :� 6Q\GHU DQG -� '� /RYH� ¦2SWLFDO :DYHJXLGH 7KHRU\�§ &KDSPDQ 	 +DOO� /RQGRQ� ����� &KDS���� ���

�� .� 6� &KLDQJ� .� 0� /R DQG .� 6� .ZRN� ¦(IIHFWLYH�LQGH[ PHWKRG ZLWK EXLOW�LQ SHUWXUEDWLRQ FRUUHFWLRQ IRU LQWHJUDWHG RSWLFDO

ZDYHJXLGHV�§ -� RI /LJKWZDYH 7HFK�� ����� SS��������

�� $� .XPDU� .� 7K\DJDUDLDQ DQG $� .� *KDWDN� ¦$QDO\VLV RI UHFWDQJXODU�FRUH GLHOHFWULF ZDYHJXLGHV� $Q DFFXUDWH SHUWXUEDWLRQ

FRUUHFWLRQ�§ 2SW� /HWW� 9RO� �� ����� SS������

�� (� $� -� 0DUFDWLOL� ¦ 'LHOHFWULF UHFWDQJXODU ZDYHJXLGHV DQG GLUHFWLRQDO FRXSOHUV IRU LQWHJUDWHG RSWLFV�§ %HOO 6\VW� 7HFK� -�� YRO� ��� �����

SS����������

�� %� /� :HLVV� ¦3URSHUWLHV RI DOXPLQLXP JDOOLXP DUVHQLGH�§ HG� ,163(&� /RQGRQ� ����� SS��������

�� 2SWLZDYH &R�� ¦%30�&$' ZDYHJXLGH RSWLFV PRGHOOLQJ VRIWZDUH V\VWHP§� 9HUVLRQ ����

��� 0� .RVKLED� ¦&RPSXWHU�DLGHG GHVLJQ RI LQWHJUDWHG RSWLFDO ZDYHJXLGH GHYLFHV§� LQ ¦)LQLWH HOHPHQW VRIWZDUH IRU PLFURZDYH HQJLQHHULQJ§�

-RKQ :LOH\ 	 6RQV ,QF�� 1HZ <RUN� ����� &KDSWHU ��

0.2 0.4 0.6 0.8 1.0
0.000

0.001

0.002

0.003

0.004

B
ir

ef
ri

ng
en

ce
 B

Normalized wavelength 

W-type

M-type

Rectangle

-0.2

-0.1

0.0

0.1

0.2

1.5 1.55 1.6

B
, d

B
/d

λ  
[1

/µ
m

],
 B

-λ
dB

/d
λ

Wavelength [µm]

B-λdB/dλ

dB/dλ

B


