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Abstract

Thin-film solar cells are second-generation solar cells and they are gaining more traction than the first-
generation c-Si solar cells. This is due to the advantages they have over conventional solar cells.
The advantages are that they are lightweight, flexible, cheaper and also have better aesthetics than
conventional solar cells. Thin-film cells are being processed on a flexible aluminium substrate at HyET
Solar which is a Netherlands based company. Their processing technique involves depositing thin-film
silicon solar cells on a temporary flexible aluminium substrate. The cells are laminated on a plastic
carrier foil and the Al substrate is etched away.

HyET solar produces tandem and amorphous single-junction solar cells. For their tandem solar
cells, the bottom layer is crystalline. Hence, single-junction crystalline silicon cells are developed at TU
Delft to incorporate them into the tandem modules at HyET solar. The crystalline silicon cells deposited
at TU Delft are characterized using SEM and raman. The cells deposited at Delft are processed at HyET
solar and characterized.

Upon characterization, the crystalline fraction and deposition rates increase with an increase in
deposition power in the intrinsic layer. The crystalline fraction and deposition rate of a cell does not
change by changing the cell thickness of the i-layer. The cell characteristics also change with a change
in the silane flow rate in the i-layer. The optimal deposition power with an optimal crystalline fraction was
40W and the corresponding silane flow rate was 3.3 sccm. The deposition rate for a 40W deposition
power was 0.41 nm/s. Cells deposited using these parameters were then processed at HyET solar.

The cells developed at HYET Solar was shunted. The cause of the shunts was critically analyzed
and depositing an amorphous n-layer with a thickness of 80nm seemed to get rid of the shunts. The
JV characteristics of the cell were not significant under illumination but the cells displayed diode be-
haviour when measured in the dark (dark JV). All the deposition parameters except for the deposition
time (thickness of deposition) have been optimized for an nc-Si single-junction cell. Further dedicated
research on thin-film silicon cells can be performed to improve the electrical characteristics of the cell.
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LVGRQH ZKLFKLQFOXGHV ODVHUVFULELQJWKHQ EDFNFRQWDFW VSXWWH

TKHQWKHUHVXOWV IURP WKH FKDUDFWHUL]DWLRQRIWKHFHOOVDUH WR
VRODU FHOOV ZKLFK DUH EHLQJ SURGXFHG DW +\(7 VRODU

+\(7 VRODU SURGXFWLRQ SURFHVYV

+\(7 VRODULVDFRPSDQ\EDVHGLQ $UQKHP 1HWKHUODQGV 7KH\ZHUHIRXQ
WKLQ ILOP D 6L VLQJOH MXQFWLRQ DQG WDQGHP VRODU FHOOV 7KH\ XVH |
SURFHVV WR SURGXFH WKH FHOOV

$OXPLQLXPIRLOV DUH XVHG DV WHPSRUDU\VXEVWUDWHY ZKLFK DUH SDV
LQ WKH 5 5 SURFHVV 7KHVH SURFHVVHV DUH DXWRPDWHG DQG KRPRJHQHR
WLQXRXVO\ E\ MXVW VXSSO\LQJ QHZ DOXPLQLXP IRLOV $OXPLQLXP IRLOV
DUH VXLWDEOH IRU KLJK SURFHVV WHPSHUDWXUHY UHTXLUHG WR GHSRVL)\
LV )OXRULQH GRSHG 7LQ 2[LGH )72 LV GHSRVLWHG RQ WKH DOXPLQLXP VX
VXUH FKHPLFDO YDSRXU GHSRVLWLRQ $3&9' DWKLJKWHPSHUDWXUHV EHW.
UDWHV XS WR QP VDUHDFKLHYHG DQG WKH 7&2 LV KRPRJHQHRXVO\ GHSR
DUH GHSRVLWHG LQ S L Q VXSHUVWUDWH FRQILIXUDWLRQ XVLQJ SODVPD t
3(&9' 7KHVH GHSRVLWLRQV DUH GRQH DW D UDGLR IUHTXHQF\ 5) RI 0-
DWXUH PD\ UHDFK X®WRXUP&EHOWO\ +\(7 VRODU SURGXFHV VLQJOH MXQFWL
WDQGHP VRODU FHOOV LQ WKH FRQILIXUDWLRQ PHQWLRQHG DERYH

$IWHU GHSRVLWLRQ ODVHU VFULELQJ 3 3 LV GRQH WR GHILQH WKH DF)\
LV SRXUHG DW WKH VFULEHV WR LQVXODWH WKH DFWLYH OD\HUV 7KH EDEN
55V\WWHP XVLQJD '& PDJQHWURQ VSXWWHULQJ V\VWHP 7KH 7&2 ILOOHU L
WKH EDFN FRQWDFW 7KHQ WKH FHOO LV ODPLQDWHG RQ WKH EDFN FRQWDF
PHFKDQLFDO SUHVV WR FRPSOHWHO\ ODPLQDWH LW 7KH WHPSRUDU\ DOXP
ZHW FKHPLFDO HWFKLQJ )LQDOO\ WKH SRO\PHUHQFDSVXODWLRQLV GRQH
>@ 7KLV FDQEHEHWWHU XQGHUVWRRG IURP WKH ILIXUH



T QWURGXFWLRC

JLIXUH 7KH5 5§ SURGXFWLRQ SUR#HVV DW +\(7 VRODU >



$LP DQG RXWO

7KHDLP DQG WKH RXWOLQH RI WKH WKHVLVY LQFOXGH RSWLPL]LQJ WKH GHSF
VLQJOH MXQFWLRQ QDQRFU\WWDOOLQH VLOLFRQ WKLQ ILOP VRODU FHOOV
ZRXOG KHOS +\(7 VRODU LQ WKH IXWXUH ZLWK WKHLU UROO WR UROO SURG
6RPH RI WKH UHVHDUFK TXHVWLRQV WKDW ZLOO EH DQVZHUHG LQ WKLV WKH

f'"RHY WKH FHOO FKDUDFWHULVWLFV FKDQJH IRU D FKDQJH LQ GHSRVLWL
ZKDW LV WKH RSWLPDO GHSRVLWLRQ SRZHU"

f'"RHVY WKHFHOO FKDUDFWHULVWLFV FKDQJH ZLWK WKH WKLFNQHVV RI WK
WLRQ SRZHU™

tf'"RHVY WKHFHOO FKDUDFWHULVWLFV FKDQJH E\ YDU\LQJ WKH VLODQH IOR
1&DQ QF 6L VLQJOH MXQFWLRQ FHOOV EH SURFHVVHG XVLQJ +\(7 6RODU S
1:KDW ZRXOG EH WKH RSWLPDO GHSRVLWLRQ WLPHDQG WKLFNQHVV IRUV

1RZWKDW WKHUHDGHU KDVEHHQLQWURGXFHG WR WKH VFRSH RI WKH SU
WKLQ ILOP WHFKQRORJLHVY DYDLODEOH LQ WKH PDUNHW ,Q FKDSWHU W K
QF 6LVLQJOH MXQFWLRQ VRODUFHOOVDUHGLVFXVVHG ,QFKDSWHU DGt
GHYHORS WKLQ ILOPFHOOVDQG WKHUHVXOWY REWDLQHG DUHGLVFXVVHG
WKLV WKHVLVY ZRUNDQG UHFRPPHQGDWLRQV IRU IXWXUH UHVHDUFK RQ QF
RQIOH[LEOH $O VXEVWUDWHYV






SHYLHZ RI WKLQ ILOP V

7TKHEDVLFSULQFLSOH XQGHUO\LQJWKLQ ILOPVRODUFHOOVLVVLPLODU WF
WKH WKLQ ILOP VRODU FHOO SURSHUWLHY DUH UHYLHZHG DQG WKH FXUUHC
GLVFXVVHG

&U\WWDOOLQHDQG DPRUSKRXV VLOLFRQ

,] ZH ORRN DW D FU\VWDOOLQH VLOLFRQ ODWWLFH WKH DUUDQJHPHQW RI
WKH ORQJ UDQJH RUGHU DQG V\PPHWU\ RI WKH ODWWLFH 7KLV ODWWLFH
PRQRFU\WWDOOLQH VLOLFRQ RUPXOWLFU\WWDOOLQH VLOLFRQ 7KH PRQRHF
FRQWLQXRXV 7KHPRQRFU\WWWDOOLQH VLOLFRQ FHOOV DUH XQEURNHQ ZL\
LWV HGJHYVY 8QOLNHPRQRFU\WWWDOOLQH VLOLFRQ PXOWLFU\WWDOOLQH VL
VLOLFRQ VWUXFWXUH KDV VRPH JUDLQ ERXQGDULHV 7KHJUDLQ ERXQGDU
ODWWLFH PLVPDWFKHGDQG OHDGWRVHYHUDO GHIHFWV DW WKHJUDLQ ER>
FDUULHU OLIHWLPH RI PXOWLFU\VWDOOLQH VLOLFRQ LV ORZHU WKDQ WKD
FKDUJH FDUULHU OLIHWLPH WKH ODUJHU WKHEDQG JDS XWLOL]DWLRQ DQ
WKHFHOO 6LQFH WKHPRQRFU\WWWDOOLQH VLOLFRQ KDV QR JUDLQ ERXQGD
DQG KLIJK RSHQ FLUFXLW YROWDJHV @ D QKEHFRXR DYRHGPXW WHE O\Y WDOOLQF
FDQ EHIXUWKHU XQGHUVWKREZ QURPOIRZXUH
&U\WWWDOOLQHVLOLFRQLVDQLQGLUHFWEDQGJDS PDWHULDO WKDW UHT)>
HIFLWHDQ HOHFWURQ IURP LWV YDOHQFH EDQG WR WKH FRQGXFWLRQ EDQC(
H9 7KLV VKRZV WKDW LW KDV D ORZDEVRUSWLRQ FRHIILFLHQW DQG UHT
LOWR WKHVLOLFRQ ZDIHUIRUWKHHOHFWURQ KROHUHFRPELQDWLRQ ZKLF

JLIXUH 7KH PRQRFU\WWDOOLQH FHOO ODWWLFH LV VKRZQ RQ WKH @HIWDQG WKH PXOW



5HYLHZ RIWKLQ ILOP VROI

7TKHUHIRUH WR DEVRUE DW OHDVW RIWKH SKRWRQV WKH FU\WWDOO
WKLFKEN >Q SUDFWLFH WKLV WKLFNQHVVFDQEHUHGXFHGE\LQGXFLQJV
WRLQFUHDVH WKH RSWLFDO SDWK OHQJWK RI OLJKW LQVLGH WKH FHOO

,Q FRQWUDVW WR FU\WWDOOLQH VLOLFRQ WKH DPRUSKRXV VLOLFRQ
KDYHDORQJ UDQJHRUGHU QRU LV LW V\PPHW U L F3D0D DAVKH\RIZADL E IR Q FOANLR
QRW ERQGHG WRJHWKHU DQG WKH\ KDYH PDQ\ GDQJOLQJ ERQGV DQG G}
EH SDVVLYDWHG ZLWK K\GURJHQ DWRPV D 6L + EHIRUH XVLQJ WKHP LC
7KHDPRUSKRXV VLOLFRQLVD GLUHFWEDQGJDS PDWHULDO ZLWK D EDQ
DUH GLUHFW EDQGJDS PDWHULDO WKH\GR QRW QHHG H[WHUQDO IRUFI
WKH YDOHQFHWR WKHFRQGXFWLRQEDQG XQOLNHFU\WWDOOLQHVLOL
RID 6LLVPRUHWKDQWKDW RIFU\WWDOOLQHVLOLFRQLQWKHYLVLEOH
ODUJHU WKLQQHUDPRUSKRXV ZDIHUV FDQ DEVRUE VLPLODU VSHFWUD
ZKLFK DUH UH@ XLUHG >

JLIXUH $PRUSKRXV VLOI@GFRQ FHOO ODWWLFH >

7KH FU\WWDOOLQH IUDFWLRQLQD VLOLFRQ ZDIHU FDQ EH YDULHG E\F
LV GRQH E\ FKDQJLQJ WKH VLODQH FRQFHQW U BV 7R Q \L @ DAVKRIEWRDULY FHG JZ
FKDQJLQJ WKH VLODQH FRQFHQWUDWLRQ IURP 7KH FHOOV ZHUH L
QR JUDLQ ERXQGDULHY DQG DV WKH FRQFHQWUDWLRQ UHDFKHG XS WF
DSSHDULQJ ZKLFK LQGLFDWHG WKH DPRUSKRXV SKDVH 7KLV WUDQVLW

7KH DPRUSKRXV SKDVH REWDLQHG LV QRW WKH K\GURJHQDWHG D 6
IRUPDWLRQ RI WKHVH JUDLQ ERXQGDULHYV ZLOO DIIHFW WKHaR SWHFDO [
EHVW QDQRFU\VWDOOLQH VLOLFRQ FHOO LQ SUDFWLFH KDV D ODWWL]|
VLOLFRQ ODWWLFH LQ WKH WUDQVLWLRQ SKDVH @LWK DVAUK R 2\D & ® DQH
QDQRFU\WWDOOLQHFU\VWDOOLQHVLOLFRQFHOOLVDPL[HGSKDVHPDYV
IUDFWLRQ LV FDOFXODWHG XVLQJUDPDQ VSHFWURVFRS\ LV IXUWKHU H

JLIXUH 3KDVHV RI WKLQ ILOP VLOLFRQ ZLWK WKH FU\VWDOOLQH @®WUXFWXUH RQ WKH C



+\GURJHQDWHG QDQRFU\VWDOOLQH VLOLFRQ VRODU FHOO

+\GURJHQDWHG QDQRFU\VWDOOLQH VLOLFRQ VRC

7TKHFXUUHQW UHVHDUFK LQ QDQRFU\WVWDOOLQH FHOOV LV PDLQO\ GLUHFW
FHOO RYHU OLJKW LQGXFHG GHJUDGDWLRQ DQG LQFUHDVLQJ WKHLU VSHFV
7KH PLFUR RU QDQRFU\WWDOOLQH VLOLFRQ FHOOV DUH QRZ PDMRUO\ XVHG
MXQFWLRQ VRODUFHOOV 6WXG\LQJDQGLPSURYLQJWKHSURSHUWLHV RIW
LQJ WKHP RQ WKHWDQGHP DQG WULSOH MXQFWLRQ FHOOV LV LPSRUWDQW
VLQJOH MXQFWLRQ FHOO 7KH SURSHUWLHV RI WKHVH OD\HUV DUH GLVFXV\

7&2 SURSHUWLHYV

7KH ZRUNLQJ Rl WKH QDQRFU\VWDOOLQH VLOLFRQ VLQJOH MXQFWLRQ FHO
FHOOV 7KH OLJKW ILUVW HQWHUV WKH FHOOV WKURXJK WKH 7&2 ZKLFK LV |
R[LGH ZKLFK DFWV DV WKH IURQW FRQWDFW Rl WKH FHOO 7KH IURQW 7&2 LV
WKH DFWLYH OD\HUV WKURXJK WKH S OD\HU 7KHIURQW 7&2 LV WH[WXUHG D
WKH DYHUDJH SDWK OHQ J& K, @ F WHBIVAKRWRKH>SDWK OHQJWK DOVR LQFUHDYV
WKHDEVRUEHU OD\HUDQG KHQFH WKH HIILFLHQF\ 7KH 7&2V DUH DOVR WUDQ
KHQFH WKH\ DUH XVHG DV WKH WRSPRVW OD\HU RI WKH FHOO 7KH\ DOVR KL
VXFK DV JRRG HOHFWULFDO FRQGXFWLYLW\ DQG WKHLU JHQHUDO RSHUDW
> @ 7&2VDUHDOVR XVHG DV EDFN FRQWDFWY RUEDFN UHIOHFWRUV ZLWK [

7KH 7&2V QHHG WR EH GHVLJQHG HIITHFWLYHO\WR LPSURYH WKH HIILFLHQ
PRQO\XVHG 7&2 PDWHULDOV DW WKH PRPHQW DU H) FQ X DWXPH GIRGH G RS HER [ L
JLQF R[LGH =Q2 $0 $=2 K\GURJHQ GRSHG ERGRRPGREBE ]L@QF R[LGH =Q2
DQG LQGLXP W@QR{HGK2LY JHQHUDOO\GHSRVLWHG XVLQJDWPRVSKHULF S
GHSRVLWLRQ $3&9' VSXWWHULQJ ORZ SUHVVXUH FKHPLFDO YDSRXU GH ¢
FKHPLFDO YDSRXU GHSRVLWLRQ 02 &9' 7KH 7&2 PDWHULDO QHHGV WR EH K
WLYH 7KH PDWHULDO ZKLFK KDV WKH EHVW WUDGH RIl EHWZHHQ WUDQVSD
WR EH LQGLXP W@Q ®R[QEH EQGLXP LV D UDUH HDUWK PHWDO LW LV YHU\ FRV
DYDLODEOH 7KH PRVW DEXQGDQWO\DYDLODEOH 7&2 PDWHULDOV ZLWK D J
DQG FRQGXFWLYLW\ ZKLFK DUH FRPPRQO\ XVH®LQ SUDFWLFH DUH)72DQG

3 LQOD\HUSURSHUWLHV

7TKHS LDQGQ OD\HUVDUH WKHPRVWLPSRUWDQW SDUW RI WKHFHOO ,Q D Q
OD\HU LV WKHILUVWGRSHG OD\HUDIWHU WKHIURQW FRQWDFW 7KHOLJKW
OLIJKWDQGPDQDJHV WR WUDQVPLW PRVW RI V@K HROL WKW W QW RHAVXK B D CHAUWIKY
KDYHD ZLGH EDQGJDS DQG D YHU\ WKLQ OD\HU 7KH WKLQ OD\HUV UHGXFH
DEVRUE WKH OLJKW WR WUDQVPLW PRVW RI WKHP WR WKHLQWULQVLF OD\HI
WR ORZHU VHULHV UHVLVWDQFH $IWHU WKHS OD\HUWKHOLJKWHQWHUV W
VHSDUDWLRQ RI FKDUJH FDUULHUV WDNH SODFH 7KHDEVRUEHU OD\HU LV L
OD\HU WKH Q OD\HU LV GHSRVLWHG 7KH Q OD\HUV DOVR PXVW EH KLJKO\ F
KLIKILOO IDFWRUV D@G HIILFLHQFLHYV >

7KHOLIKWHQWHUV WKHFHOO WKURXJK WKH 7&2 ZKLFK GLUHFWYV WKH OL.
LVKLIKOVFRQGXFWLYHDQG  GRQRWDEVRUEPRVWRIWKHOLJKW 7KHFDUUL
LQFLGHQW OLJKW WKHQ WDNHVY SODFHDW WKHLQWULQVLF DEVRUEHU OD\H
ILHOG LQ WKHFHOO FDXVHG GXH WR WKH EXLOW LQ SRWHQWLDO EHWZHHQ
WKLQ ILOP FHOOV WKH OLIHWLPH RI SKRWRJHQHUDWHG FDUULHUV DQG GL
GULIWOHQIJWK RIWKHVHFDUULHUVY OHDG WR EHWWHU DEVRUSWLRQ RI WKH
7&2V DW WKHIURQW DQG@&DFN FRQWDFW >
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JLIXUH 'LITHUHQW OD\HUV LQ D QDQRFU\\@NDOOLQH VLOLFRQ WKLQ Il

&HOO FRQILIJXUDWLRQV

7TKH QDQRFU\WWWDOOLQH VLQJOH MXQFWLRQ FHOOV KDYH GLIITHUHQW F|
VXEVWUDWH $OXPLQLXPLQ WKLV FDVH )LUVW DIURQW 7&2 LV GHSRV|
ZKLFK +\(7LQFRUSRUDWHV LV)72 VLQFH $3&9'LV XQDYDLODEOH DW WK|
RI'WKH $0 VXEVWUDWH ZKLFK DFWV DV WKH IURQW 7&2+7KW QDS RY R WHG
TKHIURQW 7&2 DQG WKHS OD\HUGR QRWDEVRUEWKHOLJKWLQWHQGHG
D L QF 6L + LQWULQVLF OD\HU ZLWK WKLFNQHVYVY DURXQG —P WR
D62 RUQ QF+#6ULZ GHSRVLWHG 7KH Q OD\HU WKLFNQHVVHV DUH DOVR
QP WKLFN $=2 LV VSXWWHUHG RQ WRS RI WKH Q OD\HU ZKLFK DFWV DV
QP WKLFN $OEDFNFRQWDFW 7KHGLIITHUHQW OD\HUVLQ D QDQRFU\V\
ILIXUH

7TKH QDQRFU\WWWDOOLQH VLOLFRQ FHOOV FDQ EH GHSRVLWHG LQ WZR
XUDWLRQV DUH QDPHO\ VXEVWUDWH DQG VXSHUVWUDWH FRQILIJIXUDWL
IURQW 7&2 LV GHSRVLWHG RQ D VXEVWUDWH VXFKDV JODVV WKURXJK Z
SLQOD\HUVDUH GHSRVLWHG DQG WKHQ WKH EDFN 7&2 DQG WKH EDFI
SHUVWUDWH FRQILIJXUDWLRQ DJRRG S L OD\HULQWHUIDFH LV UHTXLU
S LOD\HULQWHUIDFHKHOSV LQ KROHFROOHFWLRQ (OHFWURQV KDYH
WKDQ KROHVY 6R WKH SUHVHQFH RIDQ\GHIHFWV LQ WKHS LLQWHUIDF
DQG FDUULHUV EHIRUH WKH FKDUJH FDUULHU FROOHFWLRQ LQ WKH DE
UHTXLUHG IRUD FHOO GHSRVLWHG LQ VXSHUVWDWH FRQILIXUDWLRQ 7
VHHG OD\HULV JHQHUDOO\GHSRVLWHG DIWHU WKH S OD\HUWRLPSURY
VRPHFDVHVDUHDOVRLQWHIJUDWHG ZLWK WKHS OD\HU 7KHGLIILFXOW
VXSHUVWUDWH FRQILIJIXUDWLRQ DULVHY GXHWR WH[WXULQJRIWKH VXE
LQ WKH VXSHUVWUDWH FRQILIXUDWLRQ EXW GHSRVLWLRQV DUH SHUIF
HWFKHG DZD\ $OXPLQLXP LV XVHG DV WKH WHPSRUDU\ VXEVWUDWH VL
KLIJIK WHPSHUDWXUH GHSRVLWLRQV 7KHGHSRVLWLRQ FDUULHG RXW D!
WKHIROORZLQJ FRQILIXUDWL®Q DV VKRZQ LQ ILIJXUH



&EXUUHQW WKLQ ILOP WHFKQRORJLHYV

D 6XSHUVWUDWH OD\HU FRQILIXUDWLRQ IROORZHMEEYWWDWH OD\HU FRQILIXUDWLRQ

JLIXUH 6XSHUVWUDWHDQG VXEVWUDWH OD\HU FRQILIXUDWLRQ

7KH RWKHU FHOO FRQILIXUDWLRQ LV WKHVXEVWUDWH FRQILIXUDWLRQ
7&2 LV GHSRVLWHG ILUVW DIWHU ZKLFKWKHQ L SOD\HUV DUHGHSRVLWHG
FRQWDFWYV DUH GHSRVLWHG DIWHU WKH VLOLFRQ OD\HUV 7KH VXEVWUDWI
XUDWLRQ 7KHS OD\HULV GHSRVLWHG DIWHU WKHL OD\HU +HQFH WKH FH
JRRGS LOD\HULQWHUIDFH 7KH VXEVWUDWH FRQILIXUDWLHREQ FDQ EH EHW

EXUUHQW WKLQ ILOP WHFKQRORJLHYV

7KLQ ILOP VLOLFRQ VRODU FHOOV DUH WKH VHFRQG JHQHUDWLRQ RI VROD
DV HDUO\ DV WKH V. 7KLQ ILOP FKLSV ZHUH XVHG LQ VRODU FDOFXODWF
—F 6L + ZDV ILUVW GHSRVLWHG E\ 8VEL DQU. VNIQFKL MKLQ PLOP WHFKQROF
VHHQ PDVVLYHJURZWK 7KHUHDUH YDULRXV WKLQ ILOP WHFKQRORJLHV WK
%XW WKH PRVW FRPPRQO\ XVHG WKLQ ILOP WHFKQRORJLHV LQFOXGH FDGP
JDOOLXP VHOHQLGH &,*6 DQG WKHD 6L —F 6L WDQGHP FHOOV

&G7H FHOOV DUH WKH VHFRQG PRVW FRPPRQO\ XVHG WKLQ ILOP PDWHUL
DURXQG RIWKH ZRUQ@G B UHNFAMO0OV FDQ EH SURGXFHG IDVWHU DQG FKHD S
VLOLFRQ FHOOV PDNLQJ WKHP D YHU\ JRRG DOWHUQDWLYH &DGPLXP LV DE
RIPLQLQJ EXW 7HOOXULXP LV D UDUH HDUWK PHWDO WKDW PDNHV LW GLIIL
&G7HLVD,, ,9 VHPLFRQGXFWRU PDWHULDO ZKHUH HYHU\ &G DWRP LV FRQQ
YHUVD LQ WKH JLQFEOHQGH O D WaV L&EG7YVF b OFW XOUHHRI RSV LW HG XVLQJ WKH
VXEOLPDWLRQ PHWKRG 7KH &G7H FHOOV DUH GHSRVLWHG LQ WOKH IROORZL(
7KH 7&2 LV GHSRVLWHG RQ D JODVV VXEVWUDWH DIWHU ZKLFK WKH Q OD\HU
OD\HU LV GHSRVLWHG DQG LWV WKLFNQHVV LV XVXDOO\LQ WKHPLFURPHWU
WRS RIDOXPLQLXP RUPRO\EGHQXP &G7HLV D GLUHFW EDQGJDS PDWHULDC
H9 >@ 7KLV LV DOPRVW WKHRSWLPXP EDQGJDS IRUFRQYHUWLQJ WKH SKR\
WKDQ WKDW RI VLOLFRQ 7KH UHFRUG HIILFLHQF\RI WKH ODE VEDOH &G7H V
E\ WKH $PHULFDQ FRPSD@ | 7KHWGRB DO ¥R KDV LWV GLVDGYDQWDJHV 7H(
HDUWK PHWDO LQFUHDVLQJLWYV FRVW RI SURGXFWLRQ $OVR WKH &G LV W
SURGXFWLRQ

&,*6 VRODU FHOOV DUH DOVR RQH Rl WKH PRVW XVHG DOWHUQDWLYHV WF
FRQWDLQ FKDOFRJHQ DQLRQV QDPHO\FRSSHU LQGLXP JDOOLXP DQG VHOF

7KH\ DOVR DFW DV VHPLFRQGXFWRUV &,*6 LV DOVR GLUHFW EDQGJDS PD!
DURXQG —P 6LQFHWKH\DUHGLUHFWEDQGJDS PDWHULDOV WKH\KDYH
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D &G7H FKBOOV > E &,*6 FH@OV >

JLIXUH &G7HDQG &,*6 OD\®U VWUXFWXUHYV >

&,*6 FHOOV DUH XVXDOO\GHSRVLWHG RQD VRGD OLPHJODVV VXEVWUD
LVGHSRVLWHG RQ LW 7KH VRGLXP IURP WKH VRGD OLPH VXEVWUDWH
S OD\HU 7KLV LV GRQH VR WKDW WKH VRGLXP FDQ SDMVWLYRWII W®&8 JU
Q OD\HUV DUH GHSRVLWHG XVLQJ VWDJH HYDSRUDWLRQ 7KHFHOOV
ILIXUHE 7KH UHFRUG HIILFLHQF\ IRU WKH FXUUHQW &,*6 WKLQ ILOP FHO
ZHUH GHSRVLWHG ZLWK D@QG@OWKB\ROUFBURGXFHG E®@V R OB W OMRKADL\H UW
GLVDGYDQWDJHY 7KHHIIHFWRI*DDQG 1D FRQFHQWUDWLRQLV VWLOO
ORZHU HIILFLHQFLHV ZLWK KLJKHU *D FRQFHQWUDWLRQ LV VWLOO D P\V

$SDUWIURP WKH &G7HDQG &,*6 WKHPRVWFRPPRQO\XVHG WKLQ ILOP |
WDQW VLOLFRQ FHOOVDUHWKHD 6LPRGXOHY 7KHSURSHUWLHV RI WK

7KHUHFRUG HIILFLHQF\RI D 6L FHOOV LV ZKLFK ZDV GHYHORSH
> @ 7KH OD\HU VWUXFWXUH IRU WKH VDPHKN VKRR Q G @ WIKFH. HQXWUHHV R |
SURGXFHG RQ $O0 VXEVWUDWH DW +\(7 LV DW , Q WKH 8QLYHUVLW;

VRODU FHOOV FRQVWUXFWHG HQWLUHO\ RI WKLQ ILOP QDQRFU\WWDOC
> @ 7TKHVXEVWUDWHDQG VXSHUVWUDWH W\SHFHOOV ZHUH FRQVWUX|

$IWHU WKLV PRVWRIWKHUHVHDUFKLQ WKHQF 6LFHOOV KDYHEHHQ
LQWHJUDWH WKHP LQ WDQGHP RUWULSOH MXQFWLRQ FHOOV 7KH UHFF
LVDW ZKLFK ZDV DJDLQ SURGXFHG DW 8QLY KU VLKW pFGl 1D O HXNF K FAM O UL
UHFRUG HIILFLHQF\ FHOO LV DVEVRKRE QHRRNUIGHHIULXUHQF\ Rl WKH PLFUR
FHOOV SURGXFHG DW +\(7 LV DW



&EXUUHQW WKLQ ILOP WHFKQRORJLHYV

D D 6LWKLQ I@P FHOO > E OLFURPRUSK WKI@ ILOP FHOO >

JLIXUH 7KH OD\HU VWUXFWXUH RI WKHUHFRUGD 6LDQG PLFURPRUSK FHOOV






([SHULPHQWDO PH\

,Q WKLV FKDSWHU YDULRXV HTXLSPHQW XVHG DW (./ DQG +\(7 LV OLVWHG E
ZRUNLQJ SDUDPHWHUV RI DOO WKH GHSRVLWLRQ DQG FKDUDFWHUL]DWLRC
FKDSWHU

SODVPD HQKDQFHG FKHPLFDO YDSRXU GHSRVLWL

W LV RQH RI WKH LPSRUWDQW SURFHVVHV ZKLFK DUH XVHG IRU WKLQ ILOP
WHFKQRORJLHV XVHG WR GHSRVLW WKLQ ILOP VLOLFRQ 3(&9'LV DOVR XVlI
DPRUSKRXV DQG FU\WWDOOLQH VLOLFRQ 7KH 3(&9'DV WKH QDPH VXJJHVW)\
VRXUFH JDVHV IRULWY RSHUDWLRQ )RU WK HLY 8 R[FHHGGLQ@DW . bl W FEXLUERHU DI\ | |
LWV GHSRVLWLRQ 6LPLODUO\ IRU Q GR/SY\GHGD \ QUVGSKRWISKQ @HR WK HVH FK
FDUERQ GLR[LIGHG HWKDQHUK XVHG WR GHSR VAL WDNKH\WQF EH2Z RXUFH JDVHYV
XVHG IRUGHSRVLWLQJ WKH L OOQEKYOWRIWIQOBQH 6L+

&RPLQJWR LWV RSHUDWLRQ D YHU\KLJKIUHTXHQF\ 9+) JHQHUDWRU LV X
WKH HOHFWURGHV LQ WKH GHSRVLWLRQ FKDPEHU 7KH LRQV DQG IUHH UD
SURSHOOHG WRZDUGV WKH VXEVWUDWH :KHQ WKH\FRPHLQ FRQWDFW ZLW
VXEVWUDWH WDNHV SODFH DQG WK HSOBMKIRIXJB UMKIRR UPIIBGEWLRQV DUH SHUII
YDFXXP WKH GHSRVLWLRQ FRQGL WA RRW H] D ESHOAR FWDROWHESWBHVVXUH SR
IORZ UDWH FDQ EH SOD\HG ZLWK WR RSWLPLWKWXWHBGYSRNRDWRE GLIOH UDPXR
D W\SLFDO 3(&9' FKDPEHU XVHG DW 78 '"HOIW

7KH 3(&9' SURFHVV RIITHUV PDQ\DGYDQWDJHY ,W LV RQHRIWKHIDVWHVV
GHSRVLWLRQV DUH JRRG DQG XQLIRUP 7KH GHSRVLWLRQV KDYH OHVV SRU
JRRG DGKHVLRQ ZLWK WKH VXEVWUDWH $QRWKHU DGYDQWDJH RI 3(&9' LV
WHPSHUDWXUHYV WKDQ WKH RWKHU GHSRVLWLRQ WHFKQLTXHVY &RQWUROC
HQDEOH WKH XVHUWRFXVWRPL]JHWKHFHOODFFRUGLQJWRWKHQHHGV RIW
LFDO SURSHUWLHVY FDQ D O@ R, BHDFOXWRVRWPR BHKE BV VRPH WR[LF E\SURGXFWYV C
ZKLFK LV D GLVDGYDQWDJH $QRWKHU GLVDGYDQWDJH LV WKDW LW LV QRW

7KH 3(&9' HTXLSPHQW DW WKH (./ DW 78 '"HOIW LV QDPHG $0,*2 7KLV PDF}
GHSRVLWLRQ FKDPEHUV 7KH GHSRVLWLRQ FKDPEHUV DUH QDPHO\'3& '36
'3& ,Q'3& WKH S OD\HULV GHSRVLWHG '3& LVIRUQ GRSHG OD\HUV '3&
OD\HUV '3& IRUFU\WWDOOLQHLQWULQVLFOD\HUV '3& LVIRUD 6L*H +DQG
WKH IURQW 7&2 LV VSXWWHUHG XVLQJ5) PDJQHWURQ VSXWWHULQJ 7KLV P
DQG WKH SURFHVVHV FDQ DOVR EH DXWRPDWHG 7KLV DXWRPDWLRQ FDQ E
H[FHO ILOH WKDW FRQWDLQV GLIIHUHQW WLPH FRQWUROOHG VWHSV LQ HDF
LQ HDFK FROXPQ 7KLV H[FHO ILOH FDQ EH DOWHUHG WR PDNH D URERW DUP
FKDPEHUV DQG DOVR LV XVHG WR VHW WKH GHSRVLWLRQ SDUDPHWHUV IRU
VDYHV D ORW RI WLPH DV PDQXDOO\ GRLQJ WKHVH SURFHVVHV ZLOO EH D K>
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J)LIXUH 6FKHPDWLF GLDJUDP RI@(&9' FKDPEHU >

ORDG DQG WXQHFDSDFLWRU YDOXHV DUHLPSRUWDQW DQG WKH\YDU\D
7KH ORDG DQG WXQH FDSDFLWRUV KDYH WR EH VHW DW WKH U®JKW YDO
WKH ORDG DQG WXQH FDSDFLWRUV YDOXHY DUH QRW RSWLPL]HG WKH
SRZHU GXULQJ GHSRVLWLRQ ZKLFK ZLOO DIIHF& W®& Hi PMSIRF/H W DR € \R C
SODVPD ZLOO QRW JHW LJQLWHG IRUGHSRVLWLRQ LI WKH ORDG DQG WX

7KHLPSRUWDQW GHSRVLWLRQ SDUDPHWHUYV WKDW FDQ EH FKDQJHG |

t*DVIORZ UIKMHIDV IORZUDWHGHWHUPLQHY WKH YROXPHRIJDV GHOL
7KLV FDQ EH YDULHG WR GHSRVLW GLIITHUHQW FHOOV VWUXFWXUHYV
ZKHQ KLJKHU WKDQ WKH K\GURJHQ FRQFHQWUDWLRQ ZRXOG OHDG W

F'HSRVLWLRQ®BRAHIRZHU LY IJHQHUDWHG E\WKH9+) JHQHUDWRU ,WL
UHTXLUHG +LJKHUGHSRVLWLRQ SRZHU ZRXOGC@HBEWRBW KLIKIBRE
RIGHSRVLWLRQ WKHUHLV KLIJIKHULRQ ERPEDUGPHQW RQ WKH VXEV
> @

F'HSRVLWLRQ SOUBMVVLDQUHWKH GHSRVLWLRQ SRZHU ZRXOG OHDG WR Gl
SRVLWHG ,QFUHDVLQJWKH SUHVVXUHZRXOG GHFUHDVH WKHLRQH
RU PLQLPDO GHSRVLWLRQ BQ WRZHWVXFMWYXWHWDOVR KDYH D QHJ
WKH GHSRVLWLRQ +HQFH D FKDPEHU SUHVVXUH RI PEDU LV XVHG
VXEVWUDWH 7KLVLV FRQVLGHUHG WKHRSWLPXPDQGLVIROORZHG

" HSRVLWLRQ WHP&SKHHDUDPWRUMKH GHSRVLWLRQ WHPSHUDWXUH DOVR
WKH GHSRVLWLRQ SUHVVXUH $ GHSRVLWLRQ WHPSHUDWXUH RI f



5) ODJQHWURQ VSXWWHULQJ

5) 0DJQHWURQ VSXWWHULQJ

5) PDIQHWURQ VSXWWHULQJ WHFKQLTXH LV XVHG WR GHSRVLW KLJK TXDO
LV FDUULHG RXW LQ WKH '3& FKDPEHU RI WKH $0,*2 PDFKLQH DW (./ 6SXWW
GHSRVLWLRQ SURFHVYV 7KHVSXWWHULQJLQ $0,*2IRU $=2 WDNHV SODFH D\
VKRZQLQ WKHWMKIXBKDPEHU KDV SDUDOOHOHOHFWURGHYVY 7KHVXEVWUDW
HOHFWURGHDQG WKH WDUJHW LRQV DUH DW WKH RWKHU HOHFWURGH )RU
DW D UDWLR UHVSHFWLYHO\ 7KH SXULW\RIWKHVHLRQV LYV 7TKH 5) J
HOHFWULF ILHOG EHWZHHQ WKH WDUJHW DQG WKH®@OHRWUREHW7ILW LR Q
WKLV FDVH LV DUJRQ 7KH SRVLWLYH DUJRQ LRQV DUH SURSHOOHG WRZDU
ZKHUH WKH\ VSXWWHU WKH VSHFLHVY IURP WKH WDUJHW $V WKH QDPH VXJJF
GXULQJWKH SURFHVYVY 7KLVPDIJQHWLFILHOGLY SHUSHQGLFXODU WR WKH H
GHQVLW\LQFUHDVHV DV WKH PDJQHWLFILHOG WUDSV WKHaH GHRWHRQV IUR
WKH $3&9"' HTXLSPHQW LV XQDYDLODEOH DW WKH (./ WKH 5) PDJQHWURQ VS)>
IURQW 7&2 ZKLFK LV $=2

J)LIXUH 6FKHPDWLF GLDJUDP RI5) PD@QHWURQ VSXWWHULQJ >

OHWDO HYDSRUDWLRQ

7TKHEDFNUHIOHFWRU LV XVXDOO\GHSRVLWHG DW +\(7 XVLQJ WKH VSXWWHU
QRWIUHTXHQWO\DYDLODEOHDQG HDVLO\DFFHVVLEOH WKHUH LV DQ DOWH
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D E

JLIXUH 6FKHPDWLF GLDJUDP RI D WKHUPDO HYDSRUWLRQDQG E H EHDI

DW WKH (./ 7KLV VHWXS LV QDPHG 3529%$& 352 6 DQG WKH SURFHVV FD
WKHGHVLUHG GHSRVLWLRQ UDWHV DQG WKLFNQHVYV

7TKH GHSRVLWLRQ RQ WKH EDFN UHIOHFWRU LV SHUIRUPHG XVLQJ W.
DUH QDPHO\ WKHUPDO DQG HOHFWURQ EHDP HYDSRUDWLRQ H EHDP
GHSRVLWLRQ WHFKQLTXH 7KH SULQFLSOH EHKLQG WKHVH WHFKQLTXt
DQGLVHYDSRUDWHG WR JHW GHSRVLWHG RQWR WKH FROG VXEVWUDW
HOHFWULF FXUUHQW LV VXSSOLHG WR D PHWDOOLF ERDW 7KLV PHWDO
WKHEDFNUHIOHFWRU $J 7KHHOHFWULFFXUUHQW ZDUPV XS WKH PHW
7TKHHYDSRUDWHG EDFN FRQWDFW PDWHULDO LV GHSRVLWHG RQ WKH F
WKHPHOWLQJ SRLQW @I WKRFHOYAHQMLIK WHPSHUDWXUHV RIHYDSRUD
> @ 8VXDOO\ $JLV GHSRVLWHG XVLQJ WKLV WHFKQLTXH +RZHYHU W
WHPSHUDWXUH ,QVWHDG RI D PHWDOOLF ERDW D FUXFLEOH FRQWDL
KHDWHG XS E\D PDJQHWLFDOO\IRFXVHG K@JK6H R HWD VIO HNFRVHJ R YQDESHROURL
LVGHSRVLWHG RQWR WKH FROG VXEVWUDWH 7KHGHSRVLWLRQ FKDPEI
ULVN RI FROQWDPLQDWLRQ IURP RWKHU VXEVWDQFHYV LQ WKH DLU DQG I
HOHFWURQS® Y¥FKHPDWLF GLDJUDP RI ERWK WKHUPDO DQG H EHDP HYDE

SDPDQ VSHFWURVFRS\

7KH UDPDQ VSHFWURVFRS\ LV DOVR XVHG WR FKDUDFWHUL]H VRODU F}
WKH IDPRXV ,QGLDQ VFLHQWLVW &9 5DPDQ +H GLVFRYHUHG WKH UDPD
QDPHG DIWHU KLP 7KLV VSHFWURVFRS\WHFKQLTXHZRUNV RQDRDQHODV
PRQRFKURPDWLF OLJKW VRXUFH XVXDOO\D ODVHU OLJKW LV IRFXVHG |
XSRQLOQWHUDFWLRQ ZLWK WKH YDOHQFH HOHFWURQV LQ WKH FHOO VFI
EHVFDWWHUHG HODVWLFDOO\RULQ HODVWLFDOO\ 7KHZDYHOHQJWK
LV VLPLODU WR WKH LQFLGHQW OLJKW 7KLV LV DOVR FDOOHG 5D\OHL.
RFFXUV ZKHQ WKH ZDYHOHQJWK RI WKHVFDWWHUHG OLJKW LY ORZHU R
YLEUDWLRQDO HQHUJ\ RI WKH ERQGV EHWZHHQ DWRPV LQ WKH VWUXFW
FKDQJH 7KH VFDWWHUHG OLJKW ZLWK KLJKHU HQHUJ\ WKDQ WKH LQFL
WKH VFDWWHUHG OLJKW ZLWK ORZHU HQHUJ\ WKDQ WKH LQFLGHQW OL
VFDWWHUHG OLJKW LV FROOHFWHG LQ DVSHFWURPHWHU ZKLOH WKH H
QRWFKILOWHU 7KLV OLJKWFROOHFWHG DW WKHVSH@®NURPHWHU LV X\

7TKHUDPDQ VSHFWURVFRS\ PHDVXUHPHQWY ZHUH PDGH ZLWK D 5HQL\
PDWHULDO SK\VLFVODEDQG .DYOH QBPWRWOLDEVHFRE\ VHWXSY FRQWDLQ D
QP ZLWKD fEDFNVFDWWHULQJJHRPHWU\ 7KHUHG ODVHU QP LVD



5DPDQ VSHFWURVFRS\

J)LIXUH 6FKHPDWLF GLDJUDP RIUDPD@ VSHFWURVFRS\ VHWXS >

J)LIXUH 5DPDQ VSHFWURVFRS\ VHWXS DW .DYOL 1DQRODE
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JLIXUH 5DPDQ VSHFWUXP EHMRIUHHWKLQ ARPOP QF 6L VLQJOH MXQFWLRQ FHOO GHSRVL!
DPRUSKRXV DQG FU\VWDOOLQH SURSHUWLHY FDQEHLGHQWLILHG DW L

GLIIHUHQW ODVHUV ZRXOG KHOS SUREH GHHSHULQWR WKH FHOOV $ Ul
DWWKHVWDUW RIWKHL OD\HU 7KH XQDYDLODELOLW\RIWKHUHG ODVF
FDQDOVREHPDGH XVLQJD JUHHQ ODVHU 7KLV PLFURVFRSHKDVD :DL
ZLWK D ZDYHQXPEHU RIRU WKM JUHHQ ODVHU 7KH VSHFWUDO PHDVXUH
WKH VWDQGDUG UDQJH ZDYHOHRUWWHKWRUPLQLRR WKH FU\\@VBQGLIQL W\
FDQDOVREHRSHUDWHG LQ WKH H[WHQ G HGUUDIDG\[URP WKH VWWPHWFKL
K\GURJH®@ >”KH ODVHU LQWHQVLW\FDQ EH YDULHG IURP W R EXW
RI ZKLOHPDNLQJWKHPHDVXUHPHQWYV ([SRVXUHWRKLJKODVHU SRZ|
WKH PDWHULDO KHQFH LW LV SHUIRUPHG DW DQ RSWLPXP LQWHQVLW\
PHDVXUHPHQWV LV V Il WKH PHDVXUHPHQWY FRQWDLQ QRLVH WKH \
WKH VLIJQDO WR QRLVH UDWLR 7KH H[SRVXUH WLPH IRU PHDVXUHPHQ'
H[SRVXUH WLPH LV LQFUHDVHG WR V LI UHTXLUHG WR UHGXFH WKH VL
FXW SRVW GHSRVLWLRQ WR EH DEOH WR PDNH UDPDQ PHDVXUHPHQWYV
IOH[LEOH DOXPLQLXP VXEVWUDWHV LW ZDV DQ DUGXRXV WDVN WR PDNF
LQ WKH SURFHVV 7KLV LV GRQH VLQFH IODW VDPSOHV DUH VXLWDEOH I

$V PHQWLRQHG DERYH WKH UDPDQ VSHFEFWURVFRS\ VHWXS FDQ EH XVt
DPRUSKRXV IUDFWLRQV RI VLOLFRQ 7KH WUDQVYHUVHRSWLFV PRGHV
EHIRXQG DW DQF® UHVSHFWLYHO\DV VKRZQ L@ WKH ILRSRBWDQFH R
FU\WWDOOLQH IUDFWLRQ RI PDWHULDDKANVVFOQVEKX ¥DBEXQDMIF® XRQQJ
WURVFRS\ 7KHUH KDYH EHHQ VHYHUDO GLIIHUHQW SLHFHV Rl OLWHUD
SHDN ILWWLQJ DSSURDFK PRGHO ZDV LQFRUSRU D@ H & WRK LVQRSHWHHR € U
DPRUSKRXV FRQWULEXWLRQ WR WKH QDQRFU\VWDOOLQH VLOLFRQ LV I
UDQJH IURP 7AKH WKUHH SHDNV DUH QDPHO\ WUDQVYHUVH DERXV WL
/$ DQG WUDQVYHUVH RSWLFDO 72 7EAPSHRDONDKRG 7EBHDN R
DV VKRZQ LQ ILJ@UH KLV LV GRQH WR HQVXUH WKH DPRUSKRXV FRQWUL
ZLWKRXW WKH FU\WVWDOOLQH FRQWULEXWLRQ 6LPLODUO\ WKH FU\VW



JRXULHU WUDQVIRUP LQIUDUHG VSHFWURVFRS\

JLIXUH 5DPDQ VSHFWUXP XVHG WR ILW SHDNV WRALGHQWLI\ WKH FU\VWDOOLQ

FP 7KH\DUH 72 SHDNVDQG WKH\DUHILWWHG ZLW I@WSEIRVRW HQWW LD Q WK €
*DXVVLDQ DQG /RUHQW]LDQ SHDNV WKH FU\WWDOOLQH IUDFWLRQ LV FDOFX(

N N
N N N

:KHUH,, DQG ,DUHWKHJDXVVLDQ LQWHJUDWHG DW WKH ZDWHQXPEHUYV
ODWODE VFULSW LV XVHG LQ WKLV WKHVLVY WR FDOFXODWH WKH FU\VWDOOL
7KH GLVDGYDQWDJH WR WKLY PHWKRG LV WKDW LW JLYHV WKH FU\WVWDOOLQC
SDUW RI WKH PDWHULDO

7TKHVWUHWFKLQJPRGHV RIK\GULGHVDQG WKHDQDO\VLV RI WKHEXON VL
ZLWK PHDVXUHPHQWY PDGH LQ WKH HIWHQGHG UDQJH 7KLV UDQJH LV EHV
FP 7KHLQIRUPDWLRQ DERXW WKHPDWHULDO FDQEHDQDO\JHG ZLWK D VHW
MXVW OLNH WKH PHDVXUHPHQWY PDGH LQ WKH VWDQGDUG UW®HHN ,I1 D WZLC
DUHUHSUHVHQWDWLYH RI SRURXV PDWHULDO 7KHDINPBD O6 SWUHHDWHQDAMD XVOLYYHH
RI'2 6L BRQGV DV VKRZQ LQ @KEUQFXUHRRG TXDOLW\ VRODU FHOOV ZLWK ZH(
SRURXV JUDLQ ERXQGDULHV DV GLVERXOKBKDYyMNWEBHWNVRAFOMHBEDN ZKLFK ZR)
FKDUDFWHULVWLF RI WKHVHFHOOV DV VKRZQ LQ ILIJXUH

7TKH 5DPDQ VHWXS DW .DYOL DQG (63 ODE ZDV GRZQ ZLWK D ORQJ WLPH Ul
VHWXS WKDW PHDVXUHVY WKHLQWHQVLW\RI WKHVFDWWHUHG OLJKW RQFH I
DOWHUQDWLYHIRUVRPHPHDVXUHPHQWYV

e \Y

JRXULHU WUDQVIRUP LQIUDUHG VSHFWURVFRS\

7TKHPRVWH[WHQVLYHO\XVHGLQIUDUHG VSHFWURVFRS\DSSURDFK LV )RXUL
)7,5 ,WFDQEHXVHGDVDQDOWHUQDWLYHIRUPHDVXULQJWKHK\GULGH V
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JLIXUH /I DEHOOHG JUDSK RIWKH VWUHWFKLQJ PRGHV RI K\GULGHV LQ VLOLFRQ IRXQC

PLQHG E\ UDPDQ VSHFWURVFRS\| ¥KERYPDBVLRXY MEGEVRLEH GLVWLQJXLVK
WHFKQLTXH ,QIUDUHG DEVRUSWLRQ VSHFWUD UHYHDO YLEUDWLRQ P
PHQWY 7KH ZRUNLQJ SULQFLSOH RI WKLV WHFKQLTXHLQYROYHV DOLF
DV VKRZQ LQ ILIXUHVRXUFH EHDP LV VSOLW XVLQJ D EHDP VSOLWWHU [
DPRYLQJPLUURU 7KHEHDP UHIOHFWHG IURP WKHVH PLUURUV SDVVH\
7TKH VXSHULPSRVHG EHDPV DW WKH GHWHFWRU DUH XVHG WR ILQG WKH
VSHFWUXP LV FDOFXODWHG E\ WKH )RXULHU WUDQVIRUP LQWHUIHUHQ
PHDVXUHPHQWYV LV LQFUHDVHG WR UHGXFH WKH&Q RLVH LQ WKH VSHFWU

, QWKLVFDVH DFRKHUHQW OLJKW VRXUFHLVGLUHFWHG RQWR D VDP S
DQGWKHPLUURUYV 7KHOLJKWLVILUVW SDVVHG WKURXJK D UHIHUHQFF
WKH7&82 RQWRSRILW 7KHQWKHOLJKWLVY SDVVHG WKURXJKWKHODPLC
RWKHUWUDQVPLWWDQFHVSHFWUXP REWDLQHGIURP RWKHU SDUWV RI"
JOXH XVHG WR ODPLQDWH WKH VDPSOH 7KH PHDVXUHG WUDQVPLWWDQ
LVFRQYHUWHG WR D VSHFWUXP XVLQJ)RXULHU WUDQVIRUP 7KLV VSHF
YHUVXV ZDYHOHQJWK JUDSK 9DULRXV DEVRUSWLRQ SHDNV FDQ EH QR
SHDNVDWFHUWDLQ ZDYHQXPEHUWVRVIVKRIRQG MR BEUHHUHQW FKHPLFELC
LQ WKH VDPSOH 7KHUPR (OHFWURQ &RUS PRGHO 1LFROHW LV XVHG
9DULRXV YLEUDWLRQDO PRGHV RIWKHVDPSOHDQG WKHTXDOLW\RI WK

6FDQQLQJHOHFWURQ PLFURVFRS\

6FDQQLQJ HOHFWURQ PLFURVFRS\ 6(0 LV D PLFURVFRSLF WHFKQLTXH
VWUXFWXUH 7KH 6(0 XVHV D VWUHDP RI HOHFWURQV DV WKH VRXUFH
VXUIDFH DQG ERXQFH RIl WKH VXUIDFH WR SURGXFH VHFRQGDU\ HOHFV



6FDQQLQJHOHFWURQ PLFURVFRS\

J)LIXUH 6FKHPDWLF GLDJUDP RIDQ)7,5 VH@®XS DQG LWV FRPSRQHQWYV >

YLIXUH )7,5 DEVURSWLRQ VSHFW@XP IRUDQ QF 6L FHOO >

FDSWXUHG DQG XVHG IRU LPDJLQJ 7KH VHFRQGDU\HOHFWURQV FRQWDLQ
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EDFNVFDWWHUHG HOHFWURQV SKRWER QX HWLH/ B B O M>OULH R M/QDA\G DKUHHD DX
YDFXXP

6(0 LPDJLQJ LV DQ HDV\ DQG QRQ GHVWUXFWLYH LPDJLQJ WHFKQLTX|
RIWKH FURVV VHFWLRQV RI WKH FHOOV 7KH XVHU LV DEOH WR PDJQLI\
GHSRVLWLRQUDWHV DUHDOVRPHDVXUHGIURP6(0LPDJLQJ $SDUW IUR
RIWKHFHOOV FDQ EH SLFWXUHG 7KHFKHPLFDOV RQWKHVXUIDFHFDQ |
FDQQRW EH DQDO\]HG XV@Q 2 @&\HF&XR\¥W VHFWLRQDO 6(0 LPDJLQJ LV GR
7KLV LV DQ DUGXRXV SURFHVV DV WKH FHOOV GHSRVLWHG RQ WKH IOH]
DFFRUGLQJWR WKH GHVLUHG GLPHQVLRQV WR ILWLQVLGH DQ 6(0 PDFK

&XUUHQW YROWDJH FKDUDFWHUL]DWLRQ

7KH HOHFWULFDO SHUIRUPDQFH RI WKH FHOO LV GHWHUPLQHG E\ DQD(
RI WKH FHOO XQGHU LOOXPLQDWLRQ 7KLV LOOXPLQDWLRQ LV SHUIRU!
$0 VRODUVSHFWUXP 7KHFXUUHQW YROWDJH FKDUDFWHULVWLFV RI
GHWHUPLQHLIWKHGHSRVLWHG FHOOV ZRUNRU LI WKH\DUH VKXQWHG
DGLRGH LIVORSHDW9 9LVKLJK WKHQLWUHSUHVHQWYV DZRUNLQJFF
LV ORZ EHKDYLRXU WKHQ W&®H FHOO LV GDPDJHG >

JURP WKH , 9 FXUYH REWDLQHG IURP LOOXPLQDWHG P HEV\KKIRIP\M Q W \
FLUFXLW FFAD[HPXWP,SRZHU SRLWNRQRPORIBRZHU SRL-QW FX BEWQPWQH G
$V VHHQ LQ WKH 9rJDWMWWKH YROWDJH RI WKH FHOO LQ RSHQ FLUFXLW FR
IORZV WKURXJK WKH H[WHUQDO FHWFX KW EX U U6LPW MU DK RUKHF, LU F X LW
DSSOLHG YROWD $HsDQ G sEBHH WKH YROWDJH DQG FXUUHQW GHQVLW\ D
SRLQW UHVSHFWLYHO\ 7KHILOO IDFWRU )) RIWKHFHEBQRIWKHQ FDO

YLIXUH 'DUNDQG LOOXPLQDWHG ,9 FKDUDFWHULVW@FV PHDVXUHG XVLQJ
[pss—Aks
KK ———
[R— ¥

7TKHHIILFLHQF\RIWKHVRODUFHOOLV GHILQHGDV WKHUDWLRRIWKH H(
LOQFLGHQW RQ WKHFHOO WLV FDOFXEHDOWHG DV VKRZQLQ HTXDWLRQ

[pss—MAss [r— WN— KK
Uo VK




(IWHUQDO 4XDQWXP (IILFLHQF\

(I WHUQDO 4XDQWXP (IITLFLHQF\

(4(LV GHILQHG DV WKH UDWLR Rl WKH QXPEHU Rl FKDUJH FDUULHUV FROOHTF
QXPEHU RI SKRWRQV LQFLGHQ@ RW WK B QY ROPRIUAHID@DW WRRO WR GHWHUPLQ
RIDVRODU FHOO (4(LQGLFDWHY KRZWKH VRODUFHOO EHKDYHV WR LQFLG
GHWHUPLQHV KRZ D VRODU FHOO FRQYHUWY WKH OLJKW ZLWK GLIITHUHQW
PRQRFKURPDWRU DQG ORFN LQ DPSOLILHU DUH WKH PDLQ FRPSRQHQWV RI
PRQRFKURPDWLF OLJKW IRU (4( PHDVXUHPHQWYV LV JHQHUDWHG XVLQJ D PF
7KLV OLJKW LV LQFLGHQW RQ WKH VRODU FHOO DQG WKH SKRWRJHQHUDWH
WKH (4(LV FDOFXODWHG $ W\SLFDO (4( FXUYH DW GLIIHUHQW ZDYHOHQJW
ILIXUH

JLIXUH 6WDQGDUG (4(Y VZDYHOHQJWK SORW

SHIOHFWDQFH

$ 3BHUNLQ(OPHUS/DPEGD VHWXS LV XVHG WR PDNH UHIOHFWDQFH PHDVX
DOVR EH FDOFXODWHG XVLQJ WKH VDPH GHYLFH EXW VLQFH WKH VRODU FF
IOHFWDQFH PHDVXUHPHQWY DUH PDGH

7KH VDPSOHV DUH SODFHG LQ WKH VDPSOH KROGHU 7KH ZDYHOHQJWK U
PRQRFKURPDWLF OLJKW IURP QP ZDYHOHQJWKYV 7KH UHIOHFWDQFH Y
QP ZDYHOHQJWKV LQ WKH QP UDQJH 7KHLQFLGHQW OLJKW LV SDVVH
PDWRU ZKLFK ILOWHUV RXW WKH XQZDQWHG OLJKW DQG WKLV OLJKW LV PDG
WKLY OLJKW RQWR DQ LQWHJUDWLQJ VSKHUH FRDWHG ZLWK KLJKO\ GLIIXVL
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OLJKW XQWLO WKH\UHDFK WKH GHWHFWRUV LQVLGH WKH VSKHUH 7KH
ZDUHWR SORWDUHIOHFWDQFHYVZDYHOHQIJWK IXQFWLRQ 6LQFH WKH
LVFRQVLGHUHG WR EH]HUR +HQFH WKHDEVRUSWLRQFDQEHFDOFXOI
PDGH 7KHDEVRUSWDQFH LY REWDLQHG E\ VXEW& DFRAH RQ WHKUHQDHI O K B
HIILFLHQF\ ,4( ZKLFKLV GHILQHGDV WKHUDWLRRIWKHQXPEHURIHOH
EHURILQFLGHQW SKRWRQVRQ WKHDFWLYHOD\HUVY FDQ DOVR EHFDOF
WKHUDWLR RI WKH (4( E\WKHDEVRUSWDQFH

JLIXUH 6FKHPDWLF GLDJUDP RI WKHUHIOHFWDQFH PHDVXUH®HQWY PDGH XVL(



SHVXOWYV DQG GLVF

,Q WKLY FKDSWHU DOO WKH H[SHULPHQWY SHUIRUPHG DQG WKH FRUUHVSR!
7KLV FKDSWHU LVVSOLW LQWR WKHFKDUDFWHUL]DWLRQ RI XQSURFHVVHG |
DFWHUL]DWLRQ RI WKH SURFHVVHG FHOOV SHUIRUPHG DW 78 '"HOIW DQG +\(7

SRZHU VHULHYV

,QLWLDOO\ DSRZHU VHULHV ZDV SHUIRUPHG E\ YDU\LQJ WKH GHSRVLWLRQ
IRUPHG WRLGHQWLI\WKHRSWLPDO GHSRVLWLRQUDWHV IRUGHYLFH JUDGH

,QLWLDO GHSRVLWLRQ

$ VHW RI VDPSOHVY DUH GHSRVLWHG ZLWK GHSRVLWLRQ SRZHUV LQ WKH UD
SRZHU RI WKH ILUVW VDPSOH ZDV : DIWHU ZKLFK WKH GHSRVLWLRQ SRZHU
IURP : XQWLO : 7KHFHOOV DUH GHSRVLWHGLQDS L QVXSHUVWUDWH FF
7&2 OD\HU LV GHSRVLWHG RQ WRS RI WKH WH[WXUHG $0 VXEVWUDWH 7KH
SODVPD WR VPRRWKHQ WKH URXJKQHVV RI WKH S\UDPLGVY 7KHQ WKH GRSFH
VHHG OD\HU LV GHSRVLWHG ZLWK WHQ ILIW\ VHFRQG VWHSV WR HQVXUH D J
WKHUHPDLQLQJLQWULQVLFOD\HUDQG Q GRSHG OD\HULV GHSRVLWHG 7KF
IRUGHSRVLWLQIJWKHGRSHGDQGDFWLYH OD\HU VDR ¥ LDOVDR-HODNWOLR R\HEGR RH B |
IORZ UDWH GXULQJWKHL OD\HUGHSRVLWLRQ DUHNHSW FRQVWDQW DW ‘

JDVHU ' HSRVLWLRQ WAHPHS NUDW X[U3U H &V XU H |PEROAH U
S OD\HU
Q OD|\HU
L OD\HU

7DEOH 3RZHU VHULHV GHSRVLWLRQ SDUDPHWHUYV

$IWHU WKHGHSRVLWLRQ WKHFHOOVDUH FKDUDFWHUL]JHG ZKLFK LV GLV|
2SWLPL]LQJGHSRVLWLRQ UDWH

7TKHGHSRVLWHG FHOOV QHHG WR EH FKDUDFWHULJ]HGWRDQDO\]HWKHLU SU
GXHWRWKHFKDQJHLQ GHSRVLWLRQ SRZHUFDQ EH GHWHUPLQHG E\FURVYV



S5HVXOWV DQG GLVFXV'

JLIXUH /IDEHOOHG 6(0 LPDJHRIDQ XQSURFHVVHG FHOO GHSRVLWHG RQ D

IURPWKH6(0LYODEHOOHGDVIROORZVIBY EKRZRW @ KMKNHH UHIWR Q LV Wk
WKH GDUN EODFN UHJLRQ DERYH WKH 7&2 LV VLOLFRQ 7KH FHOOV DUH
WKH VDPSOH KROGHU RI WKH 6(0 GHYLFH 7KHFURVYVY VHFWLRQ RI WKH V
VKRZQ LQILIXKHKHLIJKW RI WKHVLOLFRQ OD\HUVDUHPHDVXUHGIURP YV
WKHGHSRVLWLRQ UDWHY 7KHOHQJWK RIWKHVLOLFRQ OD\HULV GLYL(
GHSRVLWLRQ UDWH 7KH GHSRVLWLRQ UDWH LV WKHQ FRPSDUHG IRU W
EHORZLQ WKH ILJXUH
,QILIXUHWFDQ EHVHHQ WKDW WKH GHSRVLWLRQ UDWH LQFUHDVHYV
SRZHU $W : WKH GHSRVLWLRQ UDWH LV YHU\ ORZ DW QP V zZK
WKH GHSRVLWLRQ UDWH LV PRUH WKDQ WZLFH DV ODUJH DV WKH GHSR'
WKH GHSRVLWLRQ UDWH LQFUHDVHYV D ORW IZMRAIFOH:WKH GHSRVILIWMAHLRQ LU
c XQWLO : AR DOPRVW TXLWH VWDEOHDQG GRHVY QRW LQFUHDVH
W FDQ DOVR EH QRWHG WWKW®WIRW ORZXHH SRZHUV RI GHSRVLWLR
WKH VXUIDFHRIGHSRVLWLRQ ORRNV IDUVPRRWKHU WKDQ WKHGHSRVL
IURP : TKHUH LV D FOHDU GLITHUHQFHDQG WKLV GLIITHUHQFH LQ VXU

ODWHULDO FKDUDFWHUL]DWLRQ

7KH FHOOV DIWHU WKH 6(0 LPDJLQJ DUH IRFXVVHG XQGHU WKH UDPDQ P
FHOOVFDQEHGLVWLQJXLVKHGDVDPRUSKRXVRUFU\WWDOOLQHIURP W
EHUV FFKHUDPDQLQWHQVLWLHY REWDLQHG IRUWKHUHVSHFWLY!
UDQJH LV QRUPDOL]HG WR LWV PD[LPXP DQG SORWWHG DIJDLQVW WKH |
OHDVXUHPHQWY PDGH XVLQJD GLITHUHQW UDPDQ VHWXS IRU WKH VDPH
DSSHGGL]

W FDQ EH FOHDUO\ VHHQ IURP WKH ILJXUH WKDW DW D ORZHU SRZHU
KDYH D SHDN DW 7KHEFHOOV DOVR KDYH D YHU\ IODW OLQH ZKHQ QRUPD
LV FKDUDFWHULVWLF RI DQ DPRUSKRXV PDWHULDO $W D KLJKHU SRZH
VLQJOH SHDN DURXQGKLFK IFBPFKDUDFWHULVWLF RI FU\VWDOOLQH PDW
RI WKH PDWHULDO LV DOVR FDOFXODW H & H F U \S/0DQ Q HGH. Q) D F MW RR G K
LQFUHDVHLQ SRZHU LV VKRZFQ QY HH YMKDW WKH FU\WWDOOLQH IUDFWLR
LQFUHDVHV :KLOH WKHFU\WVWDOOLQLW\LQFUHDVHY GUDVWLFDOO\ IUF
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