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PDQ\ VLPLODU DSSOLFDWLRQV�

3URJUHVVLYH LPSURYHPHQWV LQ GHYLFH EDQGZLGWKV DUH QHHGHG WR NHHS SDFH ZLWK

WKH GHPDQG IRU LQWHJUDWHG FLUFXLWV RSHUDWLQJ DW KLJKHU IUHTXHQFLHV� +LJK HOHFWURQ

PRELOLW\ WUDQVLVWRUV �+(07V� ZLWK VKRUW JDWH OHQJWKV �| ��� zP� DUH SUHVHQWO\

WKH ODUJHVW EDQGZLGWK WKUHH WHUPLQDO GHYLFHV� +(07V ZLWK D SRZHU JDLQ FXWRo

IUHTXHQF\ �I
PD[

� RI ��� *+] KDYH EHHQ UHSRUWHG
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� 7KH VXSHULRU EDQGZLGWKV RI

+(07V LV D UHVXOW RI WKH UDSLG LPSURYHPHQW LQ +(07 EDQGZLGWK ZLWK GHHS VXE�

PLFURQ VFDOLQJ�

5HGXFLQJ WKH OLWKRJUDSKLF GLPHQVLRQV �ODWHUDO� DQG�RU WKH VHPLFRQGXFWRU OD\HU

WKLFNQHVVHV �YHUWLFDO� RI D GHYLFH LV WHUPHG GHYLFH VFDOLQJ� 6FDOLQJ SHUWLQHQW GHYLFH

GLPHQVLRQV LV FHQWUDO WR KLJK IUHTXHQF\ VHPLFRQGXFWRU GHYLFH GHVLJQ� :LWK VHYHUDO

LPSRUWDQW VHPLFRQGXFWRU GHYLFHV� WKH GHYLFH EDQGZLGWK LQFUHDVHV DV FULWLFDO OLWKR�

JUDSKLF GLPHQVLRQV DQG OD\HU WKLFNQHVVHV DUH UHGXFHG� ([DPSOHV RI KLJKO\ VFDOHG

GHYLFHV ZLWK ODUJH EDQGZLGWKV DUH ��� zP JDWH OHQJWK KLJK HOHFWURQ PRELOLW\ WUDQ�

VLVWRUV �+(07V�� ���� zP JDWH OHQJWK FRPSOHPHQWDU\ PHWDO�R[LGH�VHPLFRQGXFWRU
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DQG VXEPLFURQ 6FKRWWN\ GLRGHV XVHG DV VXE�PLOOLPHWHU ZDYH PL[HUV�

)LJ� � VKRZV I
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YV� HPLWWHU ZLGWK IRU VRPH +%7V UHSRUWHG LQ WKH OLWHUDWXUH�

,W FDQ EH VHHQ WKDW WKHUH LV QR VWURQJ FRUUHODWLRQ EHWZHHQ I
PD[

DQG HPLWWHU ZLGWK�

DW OHDVW IRU QDUURZ HPLWWHUV� &RQVHTXHQWO\� +%7V DUH QRW IDEULFDWHG ZLWK GHHS

VXEPLFURQ GLPHQVLRQV H[FHSW ZKHUH ELDV FXUUHQWV KDYH WR EH OLPLWHG IRU ORZ SRZHU
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)LJXUH �� &RPSDULVRQ RI I
PD[

DQG HPLWWHU ZLGWK IRU VRPH +%7V LQ WKH OLWHUDWXUH�

:H ZLOO QRZ H[SORUH WKH UHODWLRQVKLS EHWZHHQ I
PD[

DQG HPLWWHU DQG FROOHFWRU
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ZLGWKV� $ VLPSOH K\EULG�} PRGHO RI DQ +%7 LV VKRZQ LQ )LJ� � ZLWK WKH PRGHO

FRPSRQHQWV UHODWHG WR WKH GHYLFH SDUDPHWHUV DQG ELDVLQJ FRQGLWLRQV� 7KH H[SUHVVLRQ

IRU VKRUW FLUFXLW FXUUHQW JDLQ FRUUHVSRQGLQJ WR WKLV GHYLFH PRGHO LV
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FKDUJLQJ WLPH LV VPDOO�

CcbiBase Collector

Emitter

Cbe,tot rbe
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-

Vbe

rbb

gmVbe

rex

rc

IoutIin

rbb   base  resistance

rc    collector contact resistance

rex   emitter contact resistance

rbe = β/gm

Cbe,tot  = gm(τb + τc) + Cbe,depl

Ccbi   intrinsic collector-base capacitance

Ccbxi   extrinsic collector-base capacitance

gm = qIc / kT

Ccbx

)LJXUH �� +\EULG�} PRGHO RI DQ +%7� FRQQHFWHG H[WHUQDOO\ IRU FDOFXODWLRQ RI WKH

VKRUW�FLUFXLW FXUUHQW JDLQ�

7KH VKRUW FLUFXLW FXUUHQW JDLQ FXWRo IUHTXHQF\ I
�
FRUUHVSRQGV WR WKH IUHTXHQF\

DW ZKLFK WKH PDJQLWXGH RI $
,
LV XQLW\� 1HDU WKLV IUHTXHQF\� WKH LPDJLQDU\ SDUW RI

WKH GHQRPLQDWRU LQ (T� ��� LV PXFK ODUJHU WKDQ XQLW\� 7KH H[SUHVVLRQ IRU I
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WKH EDVH�HPLWWHU GHSOHWLRQ FDSDFLWDQFH� &
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WKH

FROOHFWRU�EDVH FDSDFLWDQFH� U
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WKH HPLWWHU FRQWDFW UHVLVWDQFH� DQG U
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WKH FROOHFWRU
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FRQWDFW UHVLVWDQFH� $W D JLYHQ FXUUHQW GHQVLW\� DOO WHUPV H[FHSW U
F
LQ WKH DERYH

HTXDWLRQ DUH LQGHSHQGHQW RI ODWHUDO VFDOLQJ� 7KH EDVH DQG FROOHFWRU WUDQVLW WLPHV

FDQ EH UHGXFHG E\ UHGXFLQJ WKH DSSURSULDWH VHPLFRQGXFWRU OD\HU WKLFNQHVVHV� +HQFH�

I
�
FDQ EH LPSURYHG E\ YHUWLFDO VFDOLQJ RI WKH GHYLFH� EXW LV LQGHSHQGHQW RI ODWHUDO

VFDOLQJ�

7KH SRZHU JDLQ FXWRo IUHTXHQF\ I
PD[

LV DQRWKHU LPSRUWDQW pJXUH�RI�PHULW RI

KLJK�IUHTXHQF\ +%7 SHUIRUPDQFH� )
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GHpQHV WKH PD[LPXP IUHTXHQF\ DW ZKLFK

D GHYLFH FDQ SURYLGH SRZHU JDLQ� )
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�
� EXW DOVR RQ WKH

EDVH�UHVLVWDQFH�FROOHFWRU�EDVH�FDSDFLWDQFH WLPH FRQVWDQW DV

I
PD[

 

�

�

S
I
�
I
FE

���

ZKHUH

I
FE
 

�

�}U
EE
&
FEL

���

ZKHUH� U
EE
LV WKH EDVH UHVLVWDQFH DQG &

FEL
LV WKH IUDFWLRQ RI WKH FROOHFWRU�EDVH FDSDF�

LWDQFH WKDW LV FKDUJHG WKURXJK WKH EDVH UHVLVWDQFH� 1R PDWWHU KRZ ODUJH WKH YDOXH
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� LW GRHV

LPSDFW WKH SHUIRUPDQFH RI PDQ\ FLUFXLWV� DQG VKRXOG EH PLQLPL]HG�
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)LJXUH �� 6FKHPDWLF FURVV�VHFWLRQ RI D GRXEOH�PHVD +%7�

7KH FURVV VHFWLRQ RI D GRXEOH�PHVD +%7 LV VKRZQ LQ )LJ� �� 7KH EDVH UHVLV�

WDQFH U
EE
KDV WKUHH FRPSRQHQWV� 7KHVH DUH� WKH FRQWDFW UHVLVWDQFH IURP WKH EDVH

2KPLF FRQWDFW� WKH VKHHW UHVLVWDQFH IURP WKH JDS EHWZHHQ WKH HPLWWHU PHVD DQG WKH

EDVH 2KPLF FRQWDFW� DQG WKH VSUHDGLQJ UHVLVWDQFH RI WKH EDVH OD\HU XQGHUQHDWK WKH
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LV WKH WUDQVIHU OHQJWK RI WKH EDVH 2KPLF FRQWDFW� 7KLV DSSUR[LPDWLRQ LV EDVHG XSRQ

WDNLQJ WKH IUDFWLRQ RI &
FE
ZKRVH FKDUJLQJ FXUUHQW VKDUHV D FRPPRQ SDWK WKURXJK

WKH EDVH ZLWK WKH FXUUHQWV DVVRFLDWHG ZLWK FKDUJLQJ &
EH
� :H QRWH WKDW WKH FROOHFWRU�

EDVH MXQFWLRQ DUHD RI GRXEOH�PHVD +%7V LV IXUWKHU LQFUHDVHG E\ WKH SUHVHQFH RI D

EDVH FRQWDFW SDG DUHD QHFHVVDU\ WR EULQJ LQWHUFRQQHFW PHWDOOL]DWLRQ RQWR WKH EDVH

2KPLF PHWDO� /DWHUDO VFDOLQJ EHORZ | � zP GRHV QRW VXEVWDQWLDOO\ LPSURYH WKH

EDQGZLGWK RI GRXEOH�PHVD +%7V�

:H KDYH GHYHORSHG D WUDQVIHUUHG�VXEVWUDWH +%7 ZKLFK FDQ EH VFDOHG ODWHUDOO\ WR

LPSURYH EDQGZLGWK
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� 7KH FURVV�VHFWLRQ RI D WUDQVIHUUHG�VXEVWUDWH +%7 LV VKRZQ

LQ )LJ� �� 7UDQVIHUUHG�VXEVWUDWH +%7V KDYH OLWKRJUDSKLFDOO\ GHpQHG QDUURZ HPLWWHU

DQG FROOHFWRU VWULSHV DOLJQHG WR HDFK RWKHU RQ RSSRVLWH VLGHV RI WKH EDVH HSLWD[LDO

OD\HU

��
� 7KLV LV WKH VSHFLDO IHDWXUH RI WKH WUDQVIHUUHG�VXEVWUDWH +%7 LQ FRQWUDVW
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WR WKH GRXEOH�PHVD +%7� 7KH IDEULFDWLRQ RI WUDQVIHUUHG�VXEVWUDWH +%7V UHTXLUHV

DFFHVV WR WKH HPLWWHU DQG WKH FROOHFWRU VLGHV RI WKH HSLWD[LDO pOP� 7KH SURFHVV

RI VXEVWUDWH WUDQVIHU DOORZV WKLV DFFHVV DQG LV DQ HVVHQWLDO VWHS LQ WKH IDEULFDWLRQ

SURFHVV�
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PD[

UDSLGO\ LPSURYHV ZLWK VXEPLFURQ ODWHUDO VFDOLQJ RI WKH GHYLFH�

7KH FURVV�VHFWLRQ RI WKH WUDQVIHUUHG�VXEVWUDWH +%7 LQ )LJ� � VKRZV D GLUHFW

6FKRWWN\ FRQWDFW WR WKH FROOHFWRU GHSOHWLRQ OD\HU� $Q 2KPLF FROOHFWRU FRQWDFW KDYLQJ

WKH VDPH ZLGWK DV WKH 6FKRWWN\ FRQWDFW ZLOO DOVR VKRZ WKH VDPH YDULDWLRQ RI I
PD[

ZLWK VFDOLQJ� 7KH WZR GHYLFHV DUH DOPRVW LGHQWLFDO H[FHSW IRU DQ H[WUD SRWHQWLDO GURS

DFURVV WKH FROOHFWRU�EDVH MXQFWLRQ RI WKH 6FKRWWN\�FROOHFWRU GHYLFH� 7KLV SRWHQWLDO

GURS� GXH WR WKH 6FKRWWN\ FRQWDFW� LV WKH GLoHUHQFH EHWZHHQ WKH ZRUN IXQFWLRQ RI
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WKH PHWDO 6FKRWWN\ FRQWDFW DQG WKH HOHFWURQ DrQLW\ RI WKH FROOHFWRU VHPLFRQGXFWRU�

$ 6FKRWWN\ FROOHFWRU FRQWDFW SURYLGHV D VOLJKW LPSURYHPHQW LQ I
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EHFDXVH RI WKH

DEVHQFH RI D FROOHFWRU FRQWDFW UHVLVWDQFH �(T� ����� ,W LV DOVR HDVLHU WR IDEULFDWH GHHS

VXEPLFURQ 6FKRWWN\ FROOHFWRU FRQWDFWV �H�J� ��� zP 7�JDWH� WKDQ GHHS VXEPLFURQ

2KPLF FRQWDFWV�

7KH VFDOLQJ ODZ RI (T� ���� VXJJHVWV WKDW WKH RSHUDWLQJ EDQGZLGWK RI +%7V

FDQ EH LQFUHDVHG ZLWKRXW ERXQGV E\ OLWKRJUDSKLF VFDOLQJ DORQH� ,Q IDFW� WR REWDLQ

XVDEOH GHYLFHV� YHUWLFDO VFDOLQJ RI WKH HSLWD[LDO OD\HU WKLFNQHVVHV PXVW DFFRPSDQ\

WKH OLWKRJUDSKLF VFDOLQJ� ([FHSW LQ WKH FDVH RI UHDFWLYHO\�PDWFKHG DPSOLpHUV DQG

GLVWULEXWHG FLUFXLWV ZKHUH I
PD[

LV WKH VROH GHWHUPLQDQW RI FLUFXLW EDQGZLGWK� ERWK

I
�
DQG I

PD[
DUH JHQHUDOO\ LPSRUWDQW IRU RSWLPXP FLUFXLW SHUIRUPDQFH LQ D JLYHQ

WHFKQRORJ\� 'HYLFHV ZLWK I
PD[

� I
�
� REWDLQHG E\ WKLQQLQJ WKH HSLWD[LDO OD\HUV

ZLWKRXW ODWHUDO OLWKRJUDSKLF VFDOLQJ ZLOO VKRZ FLUFXLW EDQGZLGWK GHWHUPLQHG E\ U
EE

DQG &
FE
� 'HYLFHV ZLWK I

PD[
� I

�
� H�J� GHYLFHV ZLWK UHODWLYHO\ WKLFN HSLWD[LDO OD\HUV

DQG VLJQLpFDQW ODWHUDO OLWKRJUDSKLF VFDOLQJ� ZLOO VKRZ FLUFXLW EDQGZLGWK GRPLQDWHG

E\ ��
E
� �

F
�� 5HGXFWLRQ RI ��

E
� �

F
� LV REWDLQHG E\ WKLQQLQJ WKH HSLWD[LDO OD\HUV�

ZKLFK XQIRUWXQDWHO\ LQFUHDVHV U
EE
&
FE
� 7KH WUDQVIHUUHG�VXEVWUDWH +%7 DOORZV IRU

WKH VXEVHTXHQW UHGXFWLRQ RI U
EE
&
FE
� $ GHYLFH KDYLQJ KLJK YDOXHV IRU ERWK I

�
DQG

I
PD[

LV WKXV SRVVLEOH�

6HYHUDO DSSURDFKHV KDYH EHHQ UHSRUWHG IRU UHGXFLQJ WKH FROOHFWRU�EDVH FDSDFL�

WDQFH RI +%7V� DQG WKHUHE\ LPSURYLQJ I
PD[

� 2QH DSSURDFK LV WKH UHGXFWLRQ RI WKH

ZLGWK RI WKH EDVH PHVD

��
� 7KLV UHOLHV RQ LPSURYHPHQWV LQ EDVH FRQWDFW WHFKQRORJ\

EHFDXVH D QDUURZ EDVH PHVD UHVXOWV LQ D VPDOOHU EDVH 2KPLF FRQWDFW DUHD� 7KH EDVH

FRQWDFW ZLGWK PXVW EH DW OHDVW RQH WUDQVIHU OHQJWK LI WKH FRQWDFW UHVLVWDQFH LV WR EH

NHSW VPDOO� ,Q FRQWUDVW� WKH WUDQVIHUUHG�VXEVWUDWH WHFKQLTXH SURYLGHV LQGHSHQGHQW

FRQWURO RI WKH EDVH DQG FROOHFWRU FRQWDFW ZLGWKV� 7KHUH KDYH EHHQ RWKHU DSSURDFKHV

WR PDNH WKH FROOHFWRU FRQWDFW ZLGWK LQGHSHQGHQW RI WKH VL]H RI WKH EDVH PHVD� VXFK DV

VHOHFWLYH HWFKLQJ WR XQGHUFXW WKH FROOHFWRU

��
� FROOHFWRU LVRODWLRQ LPSODQW

��
� FRQWDFW�

LQJ WKH EDVH ZLWK D YHU\ QDUURZ /�VKDSHG FRQWDFW

��
� DQG VHOHFWLYH ODWHUDO R[LGDWLRQ

RI WKH HPLWWHU

��
IRU D FROOHFWRU�XS JURZWK� +RZHYHU� IRU GHHS VXEPLFURQ VFDOLQJ�

SRZHUIXO pQH�OLQH OLWKRJUDSK\ LV OLNHO\ WR EH WKH WHFKQLTXH RI FKRLFH IRU GHpQLQJ WKH

FROOHFWRU DQG HPLWWHU FRQWDFWV RI +%7V�

,Q DGGLWLRQ WR KLJK GHYLFH EDQGZLGWKV� LQWHJUDWHG FLUFXLW SURFHVVHV PXVW LQFRU�

SRUDWH D ORZ FDSDFLWDQFH ZLULQJ HQYLURQPHQW DQG ORZ JURXQG UHWXUQ LQGXFWDQFH�

:LUH OHQJWKV� DQG KHQFH� WUDQVLVWRU VSDFLQJV PXVW EH VPDOO� *LYHQ WKDW IDVW +%7V

RSHUDWH DW | ��
�
$ FP

�
FXUUHQW GHQVLW\� HrFLHQW KHDW VLQNLQJ LV WKHQ YLWDO� 7KH

WUDQVIHUUHG�VXEVWUDWH +%7 ,& SURFHVV

��
XVHV EHQ]RF\FOREXWHQH �%&%�� D ORZ�ORVV�

ORZ GLHOHFWULF�FRQVWDQW �s
U
 ����� VSLQ�RQ GLHOHFWULF DV WKH VXEVWUDWH IRU PLFURVWULS

LQWHUFRQQHFWV� WKXV SURYLGLQJ ORZ FDSDFLWDQFH� 7KH WKLQ �
 �� zP� %&% VXEVWUDWH

ZLWK D JROG JURXQG SODQH XQGHUQHDWK DOVR SURYLGHV ORZ LQGXFWDQFH JURXQG YLDV�

7UDQVLVWRU KHDW�VLQNLQJ LV WKURXJK HOHFWURSODWHG JROG WKHUPDO YLDV�

�� )DEULFDWLRQ
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7KH $O,Q$V�,Q*D$V PDWHULDO V\VWHP ZDV FKRVHQ IRU WKH IDEULFDWLRQ RI WUDQVIHUUHG�

VXEVWUDWH +%7V� 7KH +%7 HSLWD[LDO OD\HU VWUXFWXUH �)LJ� ��D�� LV JURZQ E\ PROHF�

XODU EHDP HSLWD[\ RQ D )H�GRSHG VHPL�LQVXODWLQJ ����� ,Q3 VXEVWUDWH� VWDUWLQJ ZLWK

D ����

{

$ $O,Q$V EXoHU OD\HU� 7KH *D,Q$V FROOHFWRU LV ����

{

$ WKLFN� LV 6L�GRSHG DW

�d��
��
 FP

�
DQG FRQWDLQV D �d��

��
 FP

�
6L SXOVH�GRSHG OD\HU ���

{

$ IURP WKH EDVH�

7KLV SXOVH�GRSHG OD\HU GHOD\V WKH RQVHW RI EDVH SXVK�RXW

��
� 7KH ���

{

$ *D,Q$V EDVH

LV JUDGHG LQ ERWK GRSLQJ DQG EDQGJDS� 7KH ���

{

$ RI WKH *D����,Q����$V EDVH LP�

PHGLDWHO\ DGMDFHQW WR WKH FROOHFWRU LV %H�GRSHG DW � d ��
��
 FP

�
� 7KH UHPDLQLQJ

���

{

$ RI WKH EDVH LV %H�GRSHG DW � d ��
��
 FP

�
� %\ LQFUHDVLQJ WKH *D FHOO WHPSHU�

DWXUH SURJUHVVLYHO\ GXULQJ JURZWK RI WKH ���

{

$ OD\HU� WKH *D�,Q UDWLR LV JUDGXDOO\

LQFUHDVHG� LQWURGXFLQJ D | ���� H9 EDQGJDS JUDGLHQW DFURVV WKH ���
{

$ OD\HU� 7KH

EDVH LV WKHQ JUDGHG LQ ���

{

$ WR WKH $O,Q$V HPLWWHU� 7KH pUVW ��

{

$ RI WKH JUDGH

LV %H�GRSHG DW �d ��
��
 FP

�
DQG WKH UHPDLQGHU LV 6L�GRSHG DW � d ��

��
 FP

�
� 7KH

$O,Q$V HPLWWHU LV DERXW ����

{

$ WKLFN� 7KH pUVW ���

{

$ DUH 6L�GRSHG DW �d��
��
 FP

�

DQG WKH UHPDLQGHU LV 6L�GRSHG DW � d ��
��
 FP

�
� 7KLV LV JUDGHG LQ ��

{

$ WR WKH

,Q*D$V HPLWWHU FDS� 7KH HPLWWHU FDS LV Q

�
GRSHG ZLWK 6L DW �d ��

��
 FP

�
�

emitter

base

collector

buffer

GaInAs 1000 Å 1•10
19

 Si

AlInAs 834 Å 1•10
19

 Si

Grade 66 Å

AlInAs 500 Å 8•10
17

 Si
Grade 300 Å

GaInAs 100 Å 3•10
19

 Be

GaInAs 400 Å 2•10
16

 Si

GaInAs 50 Å 1•10
18

 Si

GaInAs 2250 Å 1•10
16

 Si
AlInAs 2500 Å

S. I. InP

GaInAs 400 Å 5•10
19

 Be

(a) (b)

0 100 200 300 400 500
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)LJXUH �� �D� 0%( OD\HU VWUXFWXUH DQG �E� %DQG GLDJUDP XQGHU IRUZDUG ELDV�

7KH EDQG GLDJUDP FRUUHVSRQGLQJ WR WKH OD\HU VWUXFWXUH RI )LJ� ��D� XQGHU IRU�

ZDUG ELDV LV VKRZQ LQ )LJ� ��E�� 7KH ELDVLQJ FRQGLWLRQV DUH DV IROORZV� EDVH�HPLWWHU

YROWDJH 9
%(

 ��� 9� FROOHFWRU�HPLWWHU YROWDJH 9
&(
 ��� 9� DQG D HPLWWHU FXUUHQW

GHQVLW\ RI �d ��
�
$�FP

�
� 7KH FROOHFWRU FXUUHQW GHQVLW\ LV DVVXPHG WR EH WKH VDPH

DV WKH HPLWWHU FXUUHQW GHQVLW\� DV LV WKH FDVH RI D QDUURZ�FROOHFWRU +%7� 7KH HoHFW

RI WKH HOHFWURQV LQ WKH FROOHFWRU VSDFH FKDUJH OD\HU GXH WR WKH FROOHFWRU FXUUHQW LV

LQFOXGHG ZKLOH FDOFXODWLQJ WKH HOHFWULF pHOG DQG WKH HOHFWURVWDWLF SRWHQWLDO LQ WKH

FROOHFWRU VSDFH FKDUJH OD\HU� $Q HOHFWURQ YHORFLW\ RI �d��
�
P�V LV DVVXPHG LQ WKHVH

FDOFXODWLRQV�

)LJ� � VKRZV VHTXHQWLDOO\� WKH VWHSV LQYROYHG LQ IDEULFDWLRQ RI WUDQVIHUUHG�VXEVWUDWH
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metal 1 polyimide metal 2 SiN NiCr contact

(c)

ground viatransistor resistor capacitor microstrip

gold ground plane

BCB   gold
thermal
    via

GaAs carrier wafer

In/Pb/Ag solder

C
B
E

ground
   via

(b)

gold ground plane

BCB

   gold
thermal
    via

C
B
E

InP substrate

AlInAs buffer

ground
   via

C
B
E

InP substrate

AlInAs buffer

(a)

)LJXUH �� )DEULFDWLRQ SURFHVV IRU WUDQVIHUUHG�VXEVWUDWH +%7V�
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+%7V� 7KH IDEULFDWLRQ SURFHVV VWDUWV ZLWK WKH HYDSRUDWLRQ RI 7L�3W�$X HPLWWHU

FRQWDFWV� $ FRPELQDWLRQ RI D GU\ HWFK� D VHOHFWLYH ZHW HWFK� DQG D QRQ�VHOHFWLYH ZHW

HWFK LV WKHQ XVHG WR HWFK GRZQ WR WKH EDVH HSLWD[LDO OD\HU� )LJ� � VKRZV D 6(0

SKRWRPLFURJUDSK RI WKH GHYLFH FURVV�VHFWLRQ DIWHU WKLV VWHS� 7KH QRQ�VHOHFWLYH ZHW

HWFK FDXVHV D ODWHUDO XQGHUFXW DQG UHGXFHV WKH HPLWWHU�EDVH MXQFWLRQ DUHD WR EHORZ

WKH OLWKRJUDSKLFDOO\ GHpQHG DUHD DV VHHQ LQ WKLV FURVV�VHFWLRQ�

emitter

base

)LJXUH �� 6(0 FURVV�VHFWLRQ RI GHYLFH DIWHU HPLWWHU�EDVH HWFK�

6HOI�DOLJQHG 7L�3W�$X EDVH PHWDO LV HYDSRUDWHG DQG VLQWHUHG DW ���

r

& IRU �

PLQXWH� 7UDQVLVWRUV DUH WKHQ LVRODWHG E\ IRUPLQJ PHVDV XVLQJ D GU\ HWFK� VWRSSLQJ RQ

WKH $O,Q$V EXoHU OD\HU� 7KLQ pOP 1L&U LV HYDSRUDWHG RQ WKH ZDIHU WR IRUP UHVLVWRUV

ZLWK �� n ( VKHHW UHVLVWLYLW\� 7KH pUVW OHYHO RI PHWDOOL]DWLRQ �PHWDO�� LV GRQH DW WKLV

SRLQW� 7KLV PHWDO IRUPV PRVW RI WKH WUDQVPLVVLRQ OLQHV� LQWHUFRQQHFW ZLULQJ� SUREH

SDGV� FDSDFLWRU ERWWRP SODWH DQG UHVLVWRU FRQWDFWV� 7KH GHYLFHV DUH SDVVLYDWHG DQG

SODQDUL]HG ZLWK SRO\LPLGH� 3RO\LPLGH DOVR SDVVLYDWHV WKH 1L&U UHVLVWRUV DQG VHUYHV

DV LQWHUFRQQHFW FURVVRYHUV IRU PXOWLSOH ZLULQJ OHYHOV� 7KH FDSDFLWRU GLHOHFWULF �����

{

$ 6L1� LV WKHQ GHSRVLWHG DQG HWFKHG DZD\ LQ XQZDQWHG UHJLRQV� (PLWWHUV DQG EDVHV

DUH FRQWDFWHG E\ HOHFWURSODWHG $X� 7KH HOHFWURSODWHG $X DOVR IRUPV WKH VHFRQG OHYHO

RI PHWDOOL]DWLRQ �PHWDO�� DQG WKH WRS SODWH IRU 0,0 FDSDFLWRUV� 7KH SURFHVV DW WKLV

SRLQW LV VKRZQ LQ )LJ� ��D�� )LJ� ��D� VKRZV D SKRWRPLFURJUDSK RI D GHYLFH DIWHU

WKLV VWHS�

7KH VXEVWUDWH WUDQVIHU SURFHVV VWDUWV ZLWK WKH GHSRVLWLRQ RI D ����

{

$ 6L1 �LQVX�

ODWRU� OD\HU E\ 3(&9' ZKLFK VHUYHV WR LQVXODWH WKH ZDIHU� 7KH ZDIHU LV WKHQ FRDWHG

ZLWK D WKLFN OD\HU RI %HQ]RF\FOREXWHQH �%&%� s
U
 ����� 7KHUPDO YLDV DUH IRUPHG

RQ WKH HPLWWHUV E\ GU\ HWFKLQJ RSHQLQJV LQ WKH %&%� 7KLV DOVR HWFKHV WKH 6L1 LQVX�



7 U DQ VIHU U HG� 6 XEVW U DW H + HW HU RMXQ FW LRQ %LSRODU 7 U DQ VLVW RU V ��

(a)

emitter

base

(b)

collector

)LJXUH �� 6(0 SKRWRPLFURJUDSK RI GHYLFH DIWHU �D� SDUWLDO IDEULFDWLRQ DQG �E�

FRPSOHWH IDEULFDWLRQ�

ODWRU OD\HU LQ WKH YLDV� 7KH YLDV DUH WKHQ pOOHG ZLWK WKLFN $X E\ HOHFWURSODWLQJ� 7KH

HOHFWURSODWHG $X DOVR IRUPV DQ HOHFWULFDOO\ DQG WKHUPDOO\ FRQGXFWLQJ JURXQG SODQH�

WKXV JURXQGLQJ DOO HPLWWHUV� *URXQG YLDV DUH DOVR IRUPHG LQ WKLV VWHS� 0LFURVWULS

LQWHUFRQQHFW OLQHV RQ %&% SURYLGH D ORZ�FDSDFLWDQFH HQYLURQPHQW ZLULQJ IRU GHQVH

FLUFXLWV� *URXQG YLDV WR WKH WKLFN HOHFWURSODWHG JURXQG SODQH SURYLGH ORZ JURXQG

UHWXUQ LQGXFWDQFH� 7KHUPDO YLDV SURYLGH HrFLHQW KHDW�VLQNLQJ IRU GHYLFHV RSHUDWLQJ

DW YHU\ KLJK FXUUHQW GHQVLWLHV� )LJ� ��E� VKRZV WKH SURFHVV DW WKLV SRLQW�

solder

ground plane

resistor device capacitor

GaAs carrier

)LJXUH �� 6(0 SKRWRPLFURJUDSK RI FURVV�VHFWLRQ WKURXJK DQ ,&�

7KH ZDIHU LV WKHQ LQYHUWHG DQG ERQGHG WR D *D$V WUDQVIHU VXEVWUDWH� 7KH ,Q3

VXEVWUDWH LV UHPRYHG LQ DQ DTXHRXV VROXWLRQ RI +&O� 7KH $O,Q$V EXoHU OD\HU LV

DOVR UHPRYHG E\ WKH VDPH HWFK� 7KLV HWFK VWRSV VHOHFWLYHO\ RQ WKH ,Q*D$V FROOHFWRU

OD\HU� 7L�3W�$X 6FKRWWN\ FROOHFWRU FRQWDFWV DUH WKHQ GHSRVLWHG� 2XWVLGH WKH DFWLYH
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FROOHFWRU DUHD� ����

{

$ RI WKH FROOHFWRU GULIW UHJLRQ DUH WKHQ UHPRYHG E\ D VHOI�

DOLJQHG ZHW HWFK WR UHGXFH IULQJLQJ FDSDFLWDQFH� 7KH SURFHVV DW WKLV VWHS LV VKRZQ

LQ )LJ� ��F�� )LJ� ��E� VKRZV D SKRWRPLFURJUDSK RI D FRPSOHWHG GHYLFH� )LJ� � VKRZV

D 6(0 SKRWRPLFURJUDSK RI WKH FURVV�VHFWLRQ RI DQ LQWHJUDWHG FLUFXLW ZLWK DFWLYH DQG

SDVVLYH FRPSRQHQWV�

 bypass
capacitor

transistor resistor capacitor microstrip

gold ground plane

BCB   gold
thermal
    via

GaAs carrier wafer

In/Pb/Ag solder

C
B
E

metal 1 polyimide metal 2 SiN NiCr contact

 SiN
 etch
mask
(metal3)

)LJXUH ��� )DEULFDWLRQ SURFHVV IRU GHYLFHV ZLWK QRQ�JURXQGHG HPLWWHUV�

7UDQVLVWRUV ZLWK QRQ�JURXQGHG HPLWWHUV �UHTXLUHG LQ ,&V� DUH IDEULFDWHG E\ SUR�

WHFWLQJ WKH 6L1 LQVXODWRU ZLWK D PHWDO OD\HU �)LJ� ��� EHIRUH DSSO\LQJ %&%� :LWKRXW

WKLV OD\HU� WKH 6L1 LQVXODWRU LV UHPRYHG GXULQJ WKH YLD IRUPDWLRQ HWFK� 7KLV PHWDO

OD\HU �PHWDO�� DOVR IRUPV SRZHU VXSSO\ E\SDVV FDSDFLWRUV DQG IRUPV D WKLUG OHYHO RI

PHWDOOL]DWLRQ� )LJ� �� VKRZV D 6(0 SKRWRPLFURJUDSK RI WKH FURVV�VHFWLRQ RI D IXOO\

IDEULFDWHG GHYLFH ZLWK D QRQ�JURXQGHG HPLWWHU�

'HYLFHV ZLWK QRQ�JURXQGHG HPLWWHUV VKRXOG KDYH VLPLODU SHUIRUPDQFH DQG KHDW�

VLQNLQJ DV WKH GHYLFHV ZLWK JURXQGHG HPLWWHUV� 6L1 KDV s
U
 � DQG | ����� :�P�.

WKHUPDO FRQGXFWLYLW\� )RU DQ +%7 ZLWK D ���d �� zP
�
HPLWWHU� WKH WKHUPDO YLD LV

�� d �� zP

�
� )RU QRQ�JURXQGHG HPLWWHU GHYLFHV� WKH FDOFXODWHG FDSDFLWDQFH IURP

WKH HPLWWHU DLUEULGJH WR WKH JURXQGHG VXEVWUDWH LV �� I)� ZKLFK LV PXFK VPDOOHU WKDQ

��� I) EDVH�HPLWWHU FDSDFLWDQFH� 7KH FDOFXODWHG ������ .�: WKHUPDO UHVLVWDQFH RI

WKH 6L1 OD\HU VKRXOG UHVXOW LQ OHVV WKDQ ���

r

& DGGLWLRQDO WHPSHUDWXUH ULVH IRU D

GHYLFH ELDVHG DW ��

�
$�FP

�
DQG ��� 9�

)RU LQWHJUDWHG FLUFXLW DSSOLFDWLRQV� KLJK GHYLFH \LHOG LV UHTXLUHG� 7KH WUDQVIHUUHG�

VXEVWUDWH +%7 ,& WHFKQRORJ\ LV EHLQJ LPSURYHG WRZDUGV WKLV JRDO� 7KH WHFKQRORJ\

LV FXUUHQWO\ FDSDEOH RI \LHOGLQJ FLUFXLWV ZLWK IHZ WUDQVLVWRUV� )LJ� �� VKRZV D SKR�
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(b)(a)

solderBCB

mesa

polyimide

collector

emitter

base

thermal via

metal3

metal2

)LJXUH ��� 6(0 SKRWRPLFURJUDSK RI �D� FURVV�VHFWLRQ WKURXJK D GHYLFH DQG �E�

FORVH�XS RI LQWULQVLF GHYLFH�

)LJXUH ��� 3KRWRPLFURJUDSK RI SDUW RI D ZDIHU ZLWK ,&V DQG GLVFUHWH GHYLFHV�
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WRJUDSK RI SDUW RI D ZDIHU ZLWK GLVFUHWH GHYLFHV DQG VPDOO LQWHJUDWHG FLUFXLWV�

7KH GHYLFH DQG FLUFXLW UHVXOWV UHSRUWHG KHUH DUH IURP GLoHUHQW ZDIHUV ZLWK VPDOO

YDULDWLRQV LQ WKH 0%( OD\HU VWUXFWXUH DQG WKH IDEULFDWLRQ SURFHVV� DQG GR QRW VLJ�

QLpFDQWO\ DoHFW WKH FHQWUDO WKHPH RI WKLV ZRUN�

�� '& DQG 5) 0HDVXUHPHQWV

$ YDULHW\ RI GHYLFHV KDYH EHHQ IDEULFDWHG ZLWK GLoHUHQW HPLWWHU DQG FROOHFWRU

ZLGWKV� ,W LV LPSRUWDQW LQ FKDUDFWHUL]DWLRQ WR GHWHUPLQH WKH HPLWWHU�EDVH DQG

FROOHFWRU�EDVH MXQFWLRQ DUHDV IDLUO\ DFFXUDWHO\� :HW FKHPLFDO HWFKHV ZLWK ODWHUDO XQ�

GHUFXWV DUH XVHG WR UHGXFH ERWK WKH HPLWWHU�EDVH DQG FROOHFWRU�EDVH MXQFWLRQ DUHDV

WR EHORZ WKHLU OLWKRJUDSKLFDOO\ GHpQHG GLPHQVLRQV� -XQFWLRQ GLPHQVLRQV DUH GHWHU�

PLQHG E\ PHDVXULQJ �ZLWK D PLFURZDYH QHWZRUN DQDO\]HU� WKH MXQFWLRQ FDSDFLWDQFHV

YV� WKH OLWKRJUDSKLFDOO\ GHpQHG MXQFWLRQ ZLGWKV� 'HYLFHV ZHUH IDEULFDWHG ZLWK ���

zP d �� zP HPLWWHUV DQG ZLWK FROOHFWRU GLPHQVLRQV RI ��� zP d �� zP �QDUURZ�

FROOHFWRU� DQG ��� zP d �� zP �ZLGH�FROOHFWRU�� 'HYLFHV ZLWK YHU\ ZLGH FROOHFWRUV

�| � zP�� DV LV QRUPDOO\ WKH FDVH LQ GRXEOH�PHVD +%7V� ZHUH DOVR IDEULFDWHG� $OO

GHYLFHV KDYH WKHLU HPLWWHU JURXQGHG E\ WKHUPDO YLDV� H[FHSW ZKHUH H[SOLFLWO\ VWDWHG�

:KLOH PRVW RI WKH GDWD SUHVHQWHG KHUH LV IRU WKH DERYH GHYLFHV� VRPH GDWD ZLOO DOVR

EH SUHVHQWHG IURP GHYLFHV ZLWK GLoHUHQW JHRPHWULHV DQG FRQpJXUDWLRQV�

���� '& PH DV X U H PH QWV
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)LJXUH ��� *XPPHO SORWV RI WUDQVIHUUHG�VXEVWUDWH +%7V ZLWK ��� zP d �� zP

HPLWWHUV DQG GLoHUHQW FROOHFWRU ZLGWKV�

)LJ� �� VKRZV WKH *XPPHO SORWV IRU WUDQVIHUUHG�VXEVWUDWH +%7V ZLWK WKH WKUHH
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GLoHUHQW FROOHFWRU ZLGWKV� 7KH LQGHSHQGHQFH RI WKHVH SORWV WR FROOHFWRU ZLGWK FDQ

EH REVHUYHG� 7KH FROOHFWRU FXUUHQW LGHDOLW\ IDFWRU Q
F
LV FORVH WR XQLW\� 7KH EDVH

FXUUHQW LGHDOLW\ IDFWRU Q
E
LV ����

'& FRPPRQ�HPLWWHU FKDUDFWHULVWLFV RI WKH +%7V DUH VKRZQ LQ )LJ� ��� 7KH VPDOO

VLJQDO FXUUHQW JDLQ DW '&� p� LV ��� $W KLJK FXUUHQW GHQVLWLHV� QDUURZ�FROOHFWRU GH�

YLFHV VKRZ VLJQLpFDQWO\ ODUJHU FROOHFWRU�HPLWWHU VDWXUDWLRQ YROWDJHV �9
&(�VDW

�� DULV�

LQJ IURP VFUHHQLQJ RI WKH FROOHFWRU HOHFWURVWDWLF pHOG E\ WKH HOHFWURQ VSDFH FKDUJH�

6FUHHQLQJ RFFXUV DW D FROOHFWRU FXUUHQW GHQVLW\ -
&
VDWLVI\LQJ WKH UHODWLRQVKLS �9

&%
�

��  7

�

&

�-
&
 Y

VDW
b T1

G
� �s� ZKHUH 7

&
LV WKH FROOHFWRU GHSOHWLRQ OD\HU WKLFNQHVV� 1

G

WKH FROOHFWRU GRSLQJ� � WKH MXQFWLRQ EXLOW�LQ SRWHQWLDO� DQG Y
VDW
WKH HOHFWURQ YHORFLW\�

,Q ZLGH�FROOHFWRU +%7V� WKHUH LV VLJQLpFDQW ODWHUDO VSUHDGLQJ RI WKH HOHFWURQ qX[ DW

KLJK FXUUHQW GHQVLWLHV

��
� UHGXFLQJ WKH FROOHFWRU VSDFH�FKDUJH GHQVLW\� /DWHUDO FXU�

UHQW FRQpQHPHQW LQ QDUURZ�FROOHFWRU +%7V UHVXOWV LQ ERWK LQFUHDVHG 9
&(�VDW

DQG

GHFUHDVHG HPLWWHU FXUUHQW GHQVLW\ DW WKH RQVHW RI I
�
FROODSVH �.LUN HoHFW�� UHVXOWLQJ

LQ LQFUHDVHG HPLWWHU FKDUJLQJ WLPHV DQG UHGXFHG I
�
�
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)LJXUH ��� '& FRPPRQ�HPLWWHU FKDUDFWHULVWLFV RI GHYLFHV ZLWK �D� QDUURZ FROOHFWRU

DQG �E� ZLGH FROOHFWRU�

7KH FRPPRQ�HPLWWHU EUHDNGRZQ YROWDJH %9
&(2

LV |� 9� GHFUHDVLQJ WR ��� 9

DW ��

�
$�FP

�
� 7KH ORZ EUHDNGRZQ YROWDJH LV GXH WR WKH QDUURZ�EDQGJDS ,Q*D$V

FROOHFWRU PDWHULDO� ,Q3 FROOHFWRUV ZLWK D ,Q*D$V�,Q$O$V OLQHDU JUDGH ZRXOG SURYLGH

VXSHULRU EUHDNGRZQ

��
� 2XU FXUUHQW IDFLOLWLHV GR QRW SHUPLW ,Q3 JURZWK� *LYHQ WKDW

YHUWLFDO VFDOLQJ PXVW DFFRPSDQ\ ODWHUDO VFDOLQJ WR REWDLQ FRPPHQVXUDWH LPSURYH�

PHQW LQ ERWK I
�
DQG I

PD[
� VFDOHG ��� zP GHYLFHV ZLOO GHPDQG YHU\ WKLQ ����������

{

$ � FROOHFWRUV� DQG ,Q3 PXVW EH HPSOR\HG�

'& FKDUDFWHULVWLFV RI WKH GHYLFHV ZLWK ��� zP d �� zP HPLWWHUV DQG ��� zP d ��

zP FROOHFWRUV ZHUH PHDVXUHG LQ WKH FRPPRQ�EDVH FRQpJXUDWLRQ DOVR� )LJ� �� VKRZV

WKHVH FKDUDFWHULVWLFV� 7KH FRPPRQ EDVH FXUUHQW JDLQ o LV ����� 7KH FRPPRQ�EDVH

EUHDNGRZQ YROWDJH %9
&%2

LV | � 9� GHFUHDVLQJ WR ��� 9 DW ��
�
$�FP

�
�

:H QRZ FRPSDUH WKH '& FKDUDFWHULVWLFV RI GHYLFHV ZLWK QRQ�JURXQGHG HPLWWHUV

�ZLWK WKHUPDO YLDV� DQG GHYLFHV ZLWKRXW WKHUPDO YLDV� 7KUHH GHYLFHV DUH FRPSDUHG�
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$OO KDYH � zP d �� zP HPLWWHUV DQG ��� zP d �� zP FROOHFWRUV� 7KH pUVW GHYLFH KDV

LWV HPLWWHU JURXQGHG ZLWK D WKHUPDO YLD �JURXQGHG�� WKH VHFRQG GHYLFH KDV PHWDO

� WR SURWHFW WKH LQVXODWRU OD\HU �QRQ�JURXQGHG�� DQG� WKH WKLUG GHYLFH GRHV QRW

KDYH D WKHUPDO YLD �QR�YLD�� )LJ� �� VKRZV WKHLU FRPPRQ�HPLWWHU FKDUDFWHULVWLFV�

7KHUH LV YHU\ OLWWOH GLoHUHQFH EHWZHHQ WKH JURXQGHG DQG QRQ�JURXQGHG GHYLFHV� DV

ZDV H[SHFWHG IURP WKH WHPSHUDWXUH FDOFXODWLRQV LQ WKH SUHYLRXV VHFWLRQ� 7KH QR�

YLD GHYLFH KDV ORZHU EUHDNGRZQ YROWDJH DQG ORZHU FXUUHQW JDLQ GXH WR VHOI�KHDWLQJ

HoHFWV� +HQFH� D WKHUPDO YLD LV HVVHQWLDO IRU KLJK SRZHU RSHUDWLRQ�

���� 5 ) PH DV X U H PH QWV

7KH GHYLFHV ZHUH FKDUDFWHUL]HG E\ RQ�ZDIHU QHWZRUN DQDO\VLV WR �� *+]� )LJ� ��

VKRZV WKH VKRUW�FLUFXLW FXUUHQW JDLQ K��� PD[LPXP VWDEOH JDLQ �06*�� DQG0DVRQ
V
��

LQYDULDQW �XQLODWHUDO� SRZHU JDLQ 8� 3DG SDUDVLWLFV KDYH QRW EHHQ VWULSSHG� %LDV

FRQGLWLRQV DUH DV VKRZQ� ([WUDSRODWLQJ DW ��� G%�GHFDGH� I
PD[

 ��� *+] DQG

I
�
 ��� *+] IRU WKH ZLGH�FROOHFWRU GHYLFHV �)LJ� ���E��� 7KH KLJK I

PD[
LV GXH WR

WKH UHGXFHG U
EE
&
FE
WLPH FRQVWDQW GXH WR ORZ UHVLVWDQFH EDVH 2KPLF FRQWDFWV DQG WKH

ORZ LQWULQVLF FROOHFWRU�EDVH FDSDFLWDQFH� :H KDYH XVHG 0DVRQ
V JDLQ IRU H[WUDSRODW�

LQJ I
PD[

EHFDXVH RI LWV FKDUDFWHULVWLF ��� G%�GHFDGH VORSH� LWV LQGHSHQGHQFH RI WKH

WUDQVLVWRU FRQpJXUDWLRQ �FRPPRQ�EDVH YV� FRPPRQ�HPLWWHU�� DQG LWV LQGHSHQGHQFH

RI SDG LQGXFWLYH DQG FDSDFLWLYH SDUDVLWLFV�
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)LJXUH ��� 5) FKDUDFWHULVWLFV RI GHYLFHV ZLWK �D� QDUURZ FROOHFWRU DQG �E� ZLGH

FROOHFWRU�

5) PHDVXUHPHQWV �)LJ� ���D�� RI WKH QDUURZ�FROOHFWRU GHYLFHV \LHOG ��� *+]

I
�
DQG ��� *+] H[WUDSRODWHG I

PD[
� 6XFK PHDVXUHPHQWV DUH KRZHYHU DW WKH OLP�

LWV RI UHOLDELOLW\ IRU D �� *+] LQVWUXPHQW� :H QRZ HVWLPDWH I
PD[

E\ FDOFXODWLRQ

IURP I
PD[
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EE
&
FEL
� +HUH &

FEL
LV WKH LQWULQVLF EDVH�FROOHFWRU FDSDFLWDQFH�

WKH IUDFWLRQ RI &
FE
FKDUJHG WKURXJK WKH EDVH UHVLVWDQFH U

EE
� 5

EE
FRQVLVWV RI VKHHW

UHVLVWDQFH DQG FRQWDFW UHVLVWDQFH �QHJOHFWLQJ JDS UHVLVWDQFH�� 7KH PHDVXUHG EDVH

VKHHW UHVLVWDQFH LV ��� n (� %HFDXVH RI SRRU WHVW VWUXFWXUH GHVLJQ� WKH VSHFLpF

EDVH 2KPLF FRQWDFW UHVLVWLYLW\ IDOOV EHORZ OHYHOV ZKLFK FDQ EH UHOLDEO\ PHDVXUHG E\
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WKH �7/0� WHVW VWUXFWXUHV HPSOR\HG RQ WKH SUHVHQW ZDIHU� DQG ZH WKHUHIRUH WDNH

UHSRUWHG YDOXHV RI VSHFLpF FRQWDFW UHVLVWLYLW\ IRU WHVW VWUXFWXUHV ��� n b zP

�
�

��

KDYLQJ VLPLODU OHYHOV RI %H�GRSLQJ� :LWK WKHVH SDUDPHWHUV� ZH FDOFXODWH D ��� n

EDVH VSUHDGLQJ UHVLVWDQFH DQG D ��� n EDVH FRQWDFW UHVLVWDQFH� &
FE
LV H[WUDFWHG

IURP V�SDUDPHWHU PHDVXUHPHQWV E\ SORWWLQJ WKH LPDJLQDU\ SDUW RI WKH UHYHUVH DG�

PLWWDQFH SDUDPHWHU \�� YV� IUHTXHQF\� 7KH &FEL
 &

FE
UDWLR LV QRW UHDGLO\ SUHGLFWHG

IURP GHYLFH JHRPHWU\

��
� EXW LV RIWHQ pWWHG E\ FRPSDULQJ PHDVXUHG DQG PRGHOHG

V�SDUDPHWHUV� +HUH� ZH URXJKO\ HVWLPDWH WKH &
FEL

 &
FE
UDWLR DV EHLQJ HTXDO WR WKH

UDWLR RI WKH HPLWWHU�EDVH DQG FROOHFWRU�EDVH MXQFWLRQ DUHDV� )RU ZLGH�FROOHFWRU GH�

YLFHV� PHDVXUHG I
�
 ��� *+]� &

FE
 ���� I)� &

FEL
 ��� I) DQG I

PD[
 ���

*+]� )RU QDUURZ�FROOHFWRU GHYLFHV� I
�
 ��� *+]� &

FE
 ��� I)� &

FEL
 ��� I)� DQG

I
PD[

 ��� *+]� %RWK WKH DERYH FDOFXODWLRQV DQG WKH PLFURZDYH PHDVXUHPHQWV

LQGLFDWH WKDW I
PD[

LV DW OHDVW ��� *+]� 7KH 06* LV JLYHQ E\

06*  N V�� V�� N 
 ��&
FE
�

b�
�U

H[
� �N7 T,
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����

DQG LV KLJKHU IRU WKH QDUURZ�FROOHFWRU GHYLFHV EHFDXVH RI WKH UHGXFHG &
FE
�
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)LJXUH ��� 9DULDWLRQ RI I
�
DQG I

PD[
ZLWK �D� HPLWWHU FXUUHQW GHQVLW\ DQG �E�

FROOHFWRU�HPLWWHU YROWDJH�

)LJ� �� VKRZV WKH YDULDWLRQ RI I
�
DQG I

PD[
ZLWK ELDV� )

�
LV VLPLODU IRU ERWK

GHYLFHV� 7KH .LUN HoHFW WKUHVKROG LV KLJK GXH WR WKH SUHVHQFH RI WKH SXOVH�GRSHG

OD\HU LQ WKH FROOHFWRU FORVH WR WKH EDVH

��
� 7KH QDUURZ�FROOHFWRU GHYLFHV H[KLELW WKH

.LUN HoHFW DW ORZHU FXUUHQW GHQVLW\ WKDQ ZLGH�FROOHFWRU GHYLFHV� )LJ� ���E� VKRZV D

SORW RI I
�
DQG I

PD[
YV� FROOHFWRU�HPLWWHU YROWDJH� 9

&(
� $W ORZ 9

&(
� WKH FROOHFWRU

LV SDUWLDOO\ GHSOHWHG OHDGLQJ WR LQFUHDVHG &
FE
DQG UHGXFHG I

PD[
� $W KLJK 9

&(
� I

�

DQG I
PD[

GHFUHDVH� VXJJHVWLQJ D GHFUHDVH LQ WKH FROOHFWRU HOHFWURQ YHORFLW\ DW KLJK

HOHFWULF pHOGV� %\ SORWWLQJ � �}I
�
YV� � -

(
� LW LV GHWHUPLQHG WKDW WKH VXP RI WKH

EDVH DQG FROOHFWRU WUDQVLW WLPHV ��
E
� �

F
� LV ���� SV�

)LJ� �� VKRZV KRZ ODWHUDO VFDOLQJ LV DFKLHYHG E\ WUDQVIHUUHG�VXEVWUDWH +%7V�

6KRZQ LQ WKH pJXUH LV WKH YDULDWLRQ RI I
�
DQG I

PD[
ZLWK HPLWWHU FXUUHQW GHQVLW\ IRU
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)LJXUH ��� 9DULDWLRQ RI I
�
DQG I

PD[
ZLWK -

(
IRU GHYLFHV ZLWK GLoHUHQW JHRPHWU\�

WKUHH GLoHUHQW GHYLFHV� 7KH pUVW RQH KDV D � zP d �� zP HPLWWHU DQG ��� zP d ��

zP FROOHFWRU� 7KH VHFRQG RQH KDV WKH VDPH HPLWWHU EXW D QDUURZHU ��� zP d �� zP

FROOHFWRU� 7KH WKLUG RQH KDV WKH VDPH FROOHFWRU DV WKH VHFRQG RQH EXW D QDUURZHU ���

zP d �� zP HPLWWHU� )URP )LJ� �� ZH FDQ VHH WKDW I
�
LV VLPLODU IRU DOO WKUHH GHYLFHV�

6RPH GLoHUHQFH LV SUHVHQW GXH WR WKH U
H[
&
FE
WHUP LQ WKH H[SUHVVLRQ IRU I

�
�(T� �����

5HGXFLQJ WKH FROOHFWRU ZLGWK DORQH GRHV QRW VLJQLpFDQWO\ LPSURYH I
PD[

� DV WKH

LQWULQVLF SDUW RI WKH FROOHFWRU�EDVH FDSDFLWDQFH UHPDLQV WKH VDPH� 6FDOLQJ ERWK WKH

HPLWWHU DQG WKH FROOHFWRU LPSURYHV I
PD[

E\ D ODUJH DPRXQW� 7KHVH GHYLFHV DUH IURP

GLoHUHQW ZDIHUV� DQG WKXV KDYH VOLJKWO\ GLoHUHQW SDUDPHWHUV� EXW WKH JHQHUDO VFDOLQJ

WUHQG FDQ FOHDUO\ EH REVHUYHG KHUH� ,W LV H[SHFWHG WKDW ZLWK IXUWKHU VXEPLFURQ

VFDOLQJ RI WKH HPLWWHU DQG FROOHFWRU GLPHQVLRQV� D I
PD[

PXFK KLJKHU WKDQ ��� *+]

FDQ EH REWDLQHG�

$ VPDOO�VLJQDO K\EULG�} PRGHO RI WKH WUDQVIHUUHG�VXEVWUDWH +%7 ZDV GHYHORSHG

DQG LV VKRZQ LQ )LJ� ��� 7KH GHYLFH ZLWK ��� zP d �� zP HPLWWHU DQG ��� zP d ��

zP FROOHFWRU ZDV XVHG DV D UHSUHVHQWDWLYH GHYLFH EHFDXVH RI JRRG 5) DQG '& FKDU�

DFWHULVWLFV VXLWDEOH IRU FLUFXLW GHVLJQ� $OO WKH SDUDPHWHUV H[FHSW U
FH
ZHUH H[WUDFWHG

IURP ELDV GHSHQGHQFH RI V�SDUDPHWHUV UDWKHU WKDQ EHLQJ pWWHG RQ D FRPSXWHU� 7KH

&
FEL

 &
FE
UDWLR LV GHWHUPLQHG DV GHVFULEHG DERYH� 3DG SDUDVLWLFV DUH QHJOLJLEOH� 7KLV

PRGHO LV VLPSOH HQRXJK WR IDFLOLWDWH TXLFN FLUFXLW GHVLJQ DQG DQDO\VLV� DQG DOVR SUR�

YLGHV D UHDVRQDEOH pW WR WKH PHDVXUHG V�SDUDPHWHUV� :H QRWH WKDW LW LV GLrFXOW WR

pW PHDVXUHG +%7 V�SDUDPHWHU GDWD WR D K\EULG�} PRGHO IRU DQ\ +%7 RSHUDWLQJ

FORVH WR WKH .LUN WKUHVKROG� &KDUJH�FRQWURO DQDO\VLV RI DQ +%7 RSHUDWLQJ LQ WKH
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Ccbx, 15.2 fF

Base Collector

Emitter

Cbe,depl

0.13 pF

rbe,

69 Ω

rbb, 4.8 Ω

gmvbe

rex, 2.8 Ω

Cbe,diff

0.6 pF gm, 807 mS

rce,

800 Ω
vbe

Ces, 25 fF

Substrate

AE = 0.6 X 25 µm2

AC = 1.8 X 29 µm2

IC = 21 mA, VCE = 1.0 V

)LJXUH ��� 6PDOO�VLJQDO K\EULG�SL PRGHO RI D WUDQVIHUUHG�VXEVWUDWH +%7�

UHJLRQ RI FROOHFWRU pHOG VFUHHQLQJ LQGLFDWHV WKDW WKH EDVH VWRUHG FKDUJH LV PRGXODWHG

E\ WKH FROOHFWRU SRWHQWLDO� DQ HoHFW QRW PRGHOHG LQ WKH K\EULG�} FLUFXLW�

�� ,QWHJUDWHG &LUFXLWV

7UDQVIHUUHG�VXEVWUDWH +%7V KDYH EHHQ VKRZQ WR KDYH H[FHOOHQW KLJK�IUHTXHQF\

SHUIRUPDQFH

��
DQG KDYH JUHDW SRWHQWLDO IRU IXWXUH KLJK IUHTXHQF\ DQDORJ� GLJLWDO� DQG

PL[HG�VLJQDO LQWHJUDWHG FLUFXLWV� $QDORJ FLUFXLWV RI LQWHUHVW LQFOXGH SUHDPSOLpHUV�

YDULDEOH�JDLQ DPSOLpHUV� EURDGEDQG WUDYHOLQJ�ZDYH DPSOLpHUV� YROWDJH FRQWUROOHG RV�

FLOODWRUV DQG PL[HUV� 'LJLWDO FLUFXLWV OLNH '�qLS�qRSV� IUHTXHQF\ GLYLGHUV� PXOWLSOH[�

HUV�GHPXOWLSOH[HUV� VHOHFWRUV� GLJLWDO SKDVH�ORFNHG ORRSV DUH EHLQJ GHYHORSHG� ,Q WKH

PL[HG�VLJQDO FDWHJRU\� DQDORJ�GLJLWDO GDWD FRQYHUWHUV DUH YHU\ LPSRUWDQW DSSOLFD�

WLRQV DQG DUH XQGHU GHYHORSPHQW�

)RU LQWHJUDWHG FLUFXLW DSSOLFDWLRQV� WKH SURFHVV PXVW KDYH YHU\ KLJK GHYLFH \LHOG

DQG XQLIRUPLW\ RI '& DQG 5) SDUDPHWHUV� ,Q DGGLWLRQ WR D KLJK�SHUIRUPDQFH GH�

YLFH� WKHUH DUH RWKHU FULWLFDO LQJUHGLHQWV RI D ,& WHFKQRORJ\� 6RPH RI WKHVH DUH�

SDVVLYH FRPSRQHQWV OLNH UHVLVWRUV DQG FDSDFLWRUV� ORZ�ORVV WUDQVPLVVLRQ OLQHV� D ORZ�

FDSDFLWDQFH PXOWLSOH�OHYHO ZLULQJ HQYLURQPHQW� ORZ JURXQG UHWXUQ LQGXFWDQFH YLDV

DQG JRRG KHDW�VLQNLQJ� 7KH WUDQVIHUUHG�VXEVWUDWH +%7 WHFKQRORJ\ KDV WKHVH NH\

IHDWXUHV DV H[SODLQHG LQ WKH IDEULFDWLRQ SURFHVV� 'HYLFH \LHOG DQG XQLIRUPLW\ LV FXU�

UHQWO\ DW OHYHOV VXLWDEOH IRU IDEULFDWLQJ FLUFXLWV ZLWK IHZ GHYLFHV DQG LV FRQVWDQWO\

EHLQJ LPSURYHG�

���� $QDORJ F LU F X LWV

7KH pUVW GHPRQVWUDWLRQ LQWHJUDWHG FLUFXLW WR EH IDEULFDWHG LQ WKLV WHFKQRORJ\ ZDV

D IHHGEDFN DPSOLpHU

��
� )HHGEDFN DPSOLpHUV DUH VXLWDEOH IRU WHFKQRORJ\ GHPRQVWUD�
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WLRQ EHFDXVH RI WKHLU VLPSOH GHVLJQ� ORZ LQWHJUDWLRQ OHYHOV� IHZ SDVVLYH FRPSRQHQWV

DQG HDV\ WHVWDELOLW\� $ 'DUOLQJWRQ DPSOLpHU ZLWK VHULHV DQG VKXQW UHVLVWLYH IHHGEDFN
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)LJXUH ��� &LUFXLW GLDJUDP RI 'DUOLQJWRQ IHHGEDFN DPSOLpHU�

)LJ� �� VKRZV D VFKHPDWLF FLUFXLW GLDJUDP RI WKH DPSOLpHU� 7KH GRWWHG OLQH VKRZV

WKH FKLS ERXQGDU\� 4��4� IRUP WKH 'DUOLQJWRQ SDLU� 7KH HPLWWHU VWULSH OHQJWKV

RI 4� DQG 4� DUH VHOHFWHG WR PD[LPL]H EDQGZLGWK� ,I WKH HPLWWHU VWULSH OHQJWK RI

4� LV ODUJH� LWV LQSXW FDSDFLWDQFH LV ODUJH� GHJUDGLQJ EDQGZLGWK� LI LW LV WRR VPDOO�

LWV EDVH DQG HPLWWHU UHVLVWDQFHV DUH ODUJH� LQFUHDVLQJ WKH GULYLQJ LPSHGDQFH IRU

4� DQG GHJUDGLQJ EDQGZLGWK� /DUJH 4� HPLWWHU VWULSH OHQJWK LQFUHDVHV LWV 0LOOHU�

PXOWLSOLHG EDVH�FROOHFWRU FDSDFLWDQFH ZKHUHDV D VPDOO HPLWWHU VWULSH OHQJWK LQFUHDVHV

WKH EDVH UHVLVWDQFH� WKURXJK ZKLFK WKH �GHJHQHUDWHG� GHYLFH LQSXW FDSDFLWDQFH PXVW

EH FKDUJHG� +HQFH� WKHUH DUH RSWLPXP HPLWWHU VWULSH OHQJWKV IRU 4� DQG 4�� 5
I
�

WKH VKXQW IHHGEDFN UHVLVWRU� LV FKRVHQ WR SURYLGH DQ LQSXW LPSHGDQFH RI ��n� 5�

LV WKH VHULHV IHHGEDFN UHVLVWRU LQ WKH HPLWWHU RI 4� DQG VHWV WKH 4� HPLWWHU FXUUHQW

GHQVLW\ FORVH WR SHDN I
�
ELDV� 5� VHWV WKH GHJHQHUDWH WUDQVFRQGXFWDQFH RI 4� �DQG

KHQFH RI WKH FLUFXLW� WR SURYLGH WKH GHVLUHG JDLQ DQG ��n RXWSXW LPSHGDQFH� 7KH

FLUFXLW LV ELDVHG ZLWK 9
&&

DQG DQ Ro�FKLS UHVLVWRU FRQQHFWHG WKURXJK D ELDV�WHH

DW WKH RXWSXW� 7KH FROOHFWRU RI 4� LV QRW FRQQHFWHG WR WKH RXWSXW� EXW LV ELDVHG

ZLWK DQG LQGHSHQGHQW VXSSO\ WR HOLPLQDWH 0LOOHU PXOWLSOLFDWLRQ RI LWV EDVH�FROOHFWRU
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FDSDFLWDQFH� 7KH ,& FRQVXPHV �� P: '& SRZHU� )LJ� �� VKRZV D SKRWRJUDSK RI

WKH DPSOLpHU� 7KH FKLS GLPHQVLRQV DUH ��� PP d ���� PP�

)LJXUH ��� 3KRWRJUDSK RI WKH DPSOLpHU ,& ���� PP d ���� PP��

7KH DPSOLpHU FKDUDFWHULVWLFV ZHUH PHDVXUHG ZLWK D QHWZRUN DQDO\]HU WR �� *+]�

)LJ� ���D� VKRZV WKH IRUZDUG JDLQ V�� RI WKH DPSOLpHU� 7KH ORZ�IUHTXHQF\ JDLQ LV

DERXW �� G% DQG WKH ��G% EDQGZLGWK �UHODWLYH WR WKH ORZ�IUHTXHQF\ JDLQ� LV ��

*+]� 7KH JDLQ SHDNLQJ DW KLJK IUHTXHQFLHV LV GXH WR WKH VHFRQG �LQWHUQDO� SROH LQ

WKH IHHGEDFN ORRS FUHDWHG E\ WKH HPLWWHU UHVLVWDQFH RI 4� DQG WKH EDVH UHVLVWDQFH

DQG LQSXW FDSDFLWDQFH RI 4��

0

5

10

15

20

0 10 20 30 40 50 60

s 21
, d

B

Frequency, GHz

13 dB gain, 50 GHz bandwidth

(a)

-20

-15

-10

-5

0

5

0 10 20 30 40 50 60

s-
pa

ra
m

e
te

r 
m

a
g

n
itu

d
e

, d
B

Frequency, GHz

s
11

s
12

s
22

(b)

)LJXUH ��� 0HDVXUHG DPSOLpHU FKDUDFWHULVWLFV� �D� IRUZDUG JDLQ� DQG �E� UHWXUQ

ORVVHV DQG UHYHUVH LVRODWLRQ�



7 U DQ VIHU U HG� 6 XEVW U DW H + HW HU RMXQ FW LRQ %LSRODU 7 U DQ VLVW RU V ��

7KH EDQGZLGWK LV EHORZ WKH SRWHQWLDO RI WKH +%7 WHFKQRORJ\ IRU VHYHUDO UHDVRQV�

)LUVW� I
PD[

LV ORZ RQ WKH FXUUHQW ,&V GXH WR KLJK EDVH 2KPLF FRQWDFW UHVLVWDQFH�

6HFRQGO\� WKH UHVLVWRU FXUUHQW FDUU\LQJ FDSDELOLW\ ZDV ORZHU WKDQ H[SHFWHG� IRUFLQJ

XV WR ELDV WKH WUDQVLVWRUV DW OHVV WKDQ WKH LQWHQGHG GHVLJQ FRQGLWLRQV� $W WKH ELDV

FRQGLWLRQV DW ZKLFK WKH DPSOLpHU PHDVXUHPHQWV ZHUH WDNHQ� WKH WUDQVLVWRU I
�
DQG

I
PD[

DUH ��� DQG ��� *+] UHVSHFWLYHO\� )LJ� ���E� VKRZV WKH LQSXW DQG RXWSXW UH�

WXUQ ORVVHV DQG WKH UHYHUVH LVRODWLRQ RI WKH DPSOLpHU� 7HFKQRORJ\� GHYLFH� DQG FLUFXLW

GHVLJQ LPSURYHPHQWV DUH FXUUHQWO\ XQGHUZD\� DQG DUH H[SHFWHG WR \LHOG DPSOLpHUV

ZLWK KLJKHU EDQGZLGWKV�

2WKHU FLUFXLWV FXUUHQWO\ LQ GHYHORSPHQW DUH EURDGEDQG WUDYHOLQJ�ZDYH DPSOLpHUV�

YDULDEOH JDLQ DPSOLpHUV� RSWLFDO UHFHLYHU SUHDPSOLpHUV DQG PRQROLWKLF 9&2V� 7DUJHW

DSSOLFDWLRQV LQFOXGH pEHU�RSWLF WUDQVPLVVLRQ V\VWHPV IRU �� DQG ��� *ELWV�V DQG

UDGDU OLQNV�

���� 'LJ LWDO F LU F X LWV

'LJLWDO FLUFXLWV W\SLFDOO\ UHTXLUH KLJKHU OHYHOV RI LQWHJUDWLRQ WKDQ DQDORJ FLUFXLWV�

)LJ� �� VKRZV D 6(0 SKRWRPLFURJUDSK RI D WUDQVIHUUHG�VXEVWUDWH +%7 GLJLWDO WHFK�

QRORJ\ LQ GHYHORSPHQW� 0DVWHU�VODYH '�qLS�qRSV� ERWK LQ (&/ DQG &0/ FRQpJX�

UDWLRQV� ZLWK SURMHFWHG FORFN UDWHV RI �� *+] KDYH EHHQ GHVLJQHG� '�qLS�qRSV DUH

EXLOGLQJ EORFNV IRU D YDULHW\ RI GLJLWDO FLUFXLWV� 7DUJHW DSSOLFDWLRQV LQFOXGH GLUHFW

GLJLWDO IUHTXHQF\ V\QWKHVL]HUV� 08;�'(08; DQG FORFN�GDWD UHFRYHU\ FLUFXLWV IRU

ZLUHOHVV /$1V DQG UDGDU OLQNV�

�� )XWXUH :RUN

:H KDYH GHPRQVWUDWHG VFDODEOH WUDQVIHUUHG�VXEVWUDWH +%7V ZLWK YHU\ KLJK I
PD[

LQ D ,& WHFKQRORJ\� $ GHPRQVWUDWLRQ ,& LQ WKLV WHFKQRORJ\ KDV EHHQ VKRZQ� $ YDUL�

HW\ RI FLUFXLWV KDYH EHHQ GHVLJQHG DQG DUH FXUUHQWO\ LQ GHYHORSPHQW� &XUUHQW HoRUWV

VHHN WR LPSURYH WKH SURFHVV WHFKQRORJ\ DQG GHYLFH SHUIRUPDQFH� 6FDOLQJ RI HPLWWHU

DQG FROOHFWRU GLPHQVLRQV WR GHHS VXEPLFURQ GLPHQVLRQV LV EHLQJ SXUVXHG WR DFKLHYH

I
PD[

LQ WKH UHJLRQ RI ��� *+]� 9HUWLFDO VFDOLQJ LQFOXGLQJ UHGXFLQJ WKH EDVH DQG

FROOHFWRU OD\HU WKLFNQHVVHV WR LPSURYH I
�
LV LQ SURJUHVV� 7R LPSURYH WKH EUHDNGRZQ

YROWDJH� ZLGH EDQGJDS ,Q3 PXVW EH LQFRUSRUDWHG LQWR WKH FROOHFWRU� 'HYLFHV ZLWK

2KPLF FROOHFWRUV LQVWHDG RI 6FKRWWN\ FROOHFWRUV DUH EHLQJ GHYHORSHG WR IDFLOLWDWH

ORZ 9
&(

RSHUDWLRQ IRU &0/ GLJLWDO FLUFXLWV� ,PSURYHG KHDW VSUHDGLQJ LQ UHVLVWRUV

ZLWK KLJK WKHUPDO FRQGXFWLYLW\ HQFDSVXODWLRQ PDWHULDOV LV EHLQJ LQYHVWLJDWHG� 7KH

VXEVWUDWH�WUDQVIHU SURFHVV LQYROYLQJ ,Q�3E�$J VROGHU LV D VLJQLpFDQW IDFWRU OLPLW�

LQJ \LHOG� DQG WKH *D$V WUDQVIHU VXEVWUDWH LPSDLUV KHDW�VLQNLQJ� 6XEVWUDWH�WUDQVIHU

ZLWK D IHZ KXQGUHG PLFURQV RI HOHFWURSODWHG KLJK WKHUPDO FRQGXFWLYLW\ FRSSHU�

UDWKHU WKDQ VROGHU� LV EHLQJ LQYHVWLJDWHG� 7KH WKLFN HOHFWURSODWHG &X LWVHOI DFWV DV

WKH FDUULHU ZDIHU� HOLPLQDWLQJ WKH *D$V FDUULHU ZDIHU� $QRWKHU PDMRU OLPLWDWLRQ WR

WKH \LHOG LV WKH FULWLFDO DOLJQPHQW UHTXLUHG EHWZHHQ WKH HPLWWHU DQG FROOHFWRU RQ HL�

WKHU VLGH RI WKH EDVH HSLWD[LDO OD\HU� 7KH ZRUN SUHVHQWHG KHUH XVHG D FRQWDFW DOLJQHU
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)LJXUH ��� 7UDQVIHUUHG�VXEVWUDWH +%7 GLJLWDO ,& LQ GHYHORSPHQW�

ZLWK FUXGH OLWKRJUDSKLF FDSDELOLWLHV� 3URMHFWLRQ OLWKRJUDSK\ V\VWHPV VKRXOG HQDEOH

pQH�OLQH OLWKRJUDSK\ DQG GHHS VXEPLFURQ DOLJQPHQW SUHFLVLRQ�

:LWK WKH GHPRQVWUDWHG KLJK EDQGZLGWK RI WUDQVIHUUHG�VXEVWUDWH +%7V� DQG ZLWK

WKH SURFHVV IHDWXUHV GHOLQHDWHG DERYH� 06,�VFDOH FLUFXLWV DW ��� *+] FORFN UDWHV

VKRXOG EH IHDVLEOH�

$FNQRZOHGJPHQWV

7KH DXWKRUV ZRXOG OLNH WR WKDQN 3URI� +� .URHPHU� 'U� :� (� 6WDQFKLQD DQG

'U� 0� *� &DVH IRU LQYDOXDEOH GLVFXVVLRQV GXULQJ WKH FRXUVH RI WKLV ZRUN� :H ZRXOG

OLNH WR DFNQRZOHGJH WKH FRQWULEXWLRQ RI 'U� 0� -� 0RQGU\ LQ HDUO\ PDWHULDO JURZWK

GXULQJ WKH JHQHVLV RI WKLV SURMHFW� 7KLV ZRUN ZDV VXSSRUWHG E\ WKH $)265 XQGHU

JUDQW )��������������� 215 XQGHU JUDQW 1���������������� DQG '$53$ XQGHU

WKH 7KXQGHU 	 /LJKWQLQJ� 0267� DQG 27& SURJUDPV�
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