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5IFTJT BEWJTPS� 1SPGFTTPS 3PZ (� (PSEPO $ISJTUJOB .BSJF $IBOH

$IFNJDBM 7BQPS %FQPTJUJPO PG $VQSPVT )BMJEF
4FNJDPOEVDUPST BOE 1PMZNFS %JFMFDUSJDT GPS "QQMJDBUJPOT JO

0QUPFMFDUSPOJDT BOE 'MFYJCMF .JDSPFMFDUSPOJDT

"ঋজঝছঊঌঝ

5IJT EJTTFSUBUJPO QSFTFOUT UIF EFWFMPQNFOU PG OFX DIFNJDBM WBQPS EFQPTJUJPO 	$7%
 QSPDFTTFT

XJUI BO FNQIBTJT PO JNQBSUJOH EFTJSFE QSPQFSUJFT UP UIJO ୮ୢMN MBZFST GPS OFYU�HFOFSBUJPO EFWJDFT� 5P

UIJT FOE UXP SFTFBSDI BSFBT BSF EFTDSJCFE� $7% PG NFUBM IBMJEF TFNJDPOEVDUPST GPS PQUPFMFDUSPOJD

EFWJDFT BOE $7% PG EJFMFDUSJDT GPS ��% NJDSPFMFDUSPOJD EFWJDFT�

1�UZQF TFNJDPOEVDUJOH NFUBM IBMJEF 	.9
 UIJO ୮ୢMNT BSF QSPNJTJOH GPS VTF JO PQUJDBM DPBUJOHT

JNBHJOH EFWJDFT BOE PQUPFMFDUSPOJD EFWJDFT MJLF QIPUPWPMUBJDT CVU FYJTUJOH NFUIPET UZQJDBMMZ ZJFME

.9 ୮ୢMNT PG UPP QPPS RVBMJUZ 	QVSJUZ DPOUJOVJUZ BOE TNPPUIOFTT
 UP CF VTFE JO UIFTF EFWJDFT� $7%

JT POF PG UIF NBJO UFDIOJRVFT VTFE JO JOEVTUSZ UP GBCSJDBUF EFWJDF�RVBMJUZ ୮ୢMNT PG PUIFS NBUFSJBMT

CFDBVTF PG JUT NPMFDVMBS�MFWFM DPOUSPM PG UIF GBCSJDBUJPO QSPDFTT� )PXFWFS SFTFBSDI F୭GPSUT JO UIF

EFWFMPQNFOU PG B $7% QSPDFTT UP EFQPTJU DPOUJOVPVT NFUBM IBMJEF UIJO ୮ୢMNT IBWF NFU TFWFSBM SFBD�

UJWJUZ DIBMMFOHFT� 5IF GFX LOPXO NFUBM IBMJEF $7% BOE "-% QSPDFTTFT IBWF CFFO DPO୮ୢOFE BMNPTU

FOUJSFMZ UP NFUBM ୯୳VPSJEFT BOE IBWF UZQJDBMMZ SFRVJSFE BODJMMBSZ NFUBM IBMJEFT BT UIF IBMJEF TPVSDF� "

NPSF HFOFSBM SPVUF UP NFUBM IBMJEF WBQPS EFQPTJUJPO TVDI BT POF VTJOH UIF IZESPHFO IBMJEFT 	)9
 BT

UIF IBMJEF TPVSDF XPVME CF PG DPOTJEFSBCMF JOUFSFTU� 4PNF SFTFBSDIFST IBWF TVDDFFEFE JO QSPEVDJOH

EJTDPOUJOVPVT أJTMBOETآ PG NFUBM IBMJEFT 	F�H� $V$M $V*
 VTJOH )9 BT B QSFDVSTPS CVU DPOUJOVPVT

UIJO ୮ୢMNT PG NFUBM DIMPSJEFT CSPNJEFT BOE JPEJEFT IBWF SFNBJOFE FMVTJWF�

*O SFTQPOTF UP UIJT DIBMMFOHF XF IBWF EFWFMPQFE UXP WBQPS EFQPTJUJPO NFUIPET UIBU QSPEVDF

DPOUJOVPVT $V9 UIJO ୮ୢMNT� $IBQUFS � PG UIJT EJTTFSUBUJPO EJTDVTTFT UIF WBQPS DPOWFSTJPO PG UIJO
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5IFTJT BEWJTPS� 1SPGFTTPS 3PZ (� (PSEPO $ISJTUJOB .BSJF $IBOH

୮ୢMNT PG DPQQFS TVM୮ୢEFT BOE PYJEFT UP $V9 CZ FYQPTVSF UP )9 HBT� $IBQUFS � PG UIJT EJTTFSUBUJPO

EJTDVTTFT $7% PG $V#S UIJO ୮ୢMNT CZ SFBDUJPO CFUXFFO )#S HBT BOE WJOZMUSJNFUIZMTJMBOF	IFYB୯୳VPSP�

BDFUZMBDFUPOBUP
DPQQFS	*
� 0VS NFUIPET OPU POMZ QSPWJEF UIF EFTJSFE EFWJDF�RVBMJUZ ୮ୢMNT CVU BMTP

FYQBOE UIF QPTTJCJMJUJFT PG NFUBM IBMJEF $7% NPSF HFOFSBMMZ� 5P UIF CFTU PG PVS LOPXMFEHF PVS

NFUIPE DPOTUJUVUFT UIF ୮ୢSTU DPOUJOVPVT OPO�୯୳VPSJEF NFUBM IBMJEF UIJO ୮ୢMNT EFQPTJUFE CZ $7%

VTJOH UIF IZESPHFO IBMJEF BT UIF WBQPS TPVSDF� 0VS NFUIPE QSPWJEFT B SFBDUJPO QBUIXBZ UIBU NBZ

P୭GFS B NPSF HFOFSBM SPVUF UP $7% PG NFUBM IBMJEF UIJO ୮ୢMNT�

'JOBMMZ $IBQUFS � PG UIJT EJTTFSUBUJPO EFTDSJCFT XPSL UPXBSE EFWFMPQJOH B $7% QSPDFTT UP EF�

QPTJU B IZCSJE PSHBOJD�JOPSHBOJD EJFMFDUSJD NBUFSJBM UIBU JT ୯୳FYJCMF SPCVTU BU FMFWBUFE UFNQFSBUVSF

BOE IJHIMZ UVOBCMF� 5IJT XPSL JT NPUJWBUFE CZ UIF FNFSHJOH ୮ୢFME PG ୯୳FYJCMF FMFDUSPOJDT XIJDI SF�

RVJSFT ୯୳FYJCMF EJFMFDUSJD NBUFSJBMT� 1PMZNFST BSF XJEFMZ VTFE CVU DBOOPU XJUITUBOE UIF FYUSFNF

DPOEJUJPOT SFRVJSFE CZ TPNF BQQMJDBUJPOT� 0SHBOJD�JOPSHBOJD IZCSJE EJFMFDUSJDT IBWF UIF QPUFOUJBM

UP QSPWJEF CPUI ୯୳FYJCJMJUZ BOE TUBCJMJUZ UP FYUSFNF DPOEJUJPOT� )PXFWFS UIF GFX FYJTUJOH IZCSJE

EJFMFDUSJDT TV୭GFS GSPN ESBXCBDLT TVDI BT MJNJUFE UVOBCJMJUZ PG UIF UIJDLOFTT PS DIFNJTUSZ PG UIF PS�

HBOJD DPNQPOFOU� 5P CFHJO UP NFFU UIFTF DIBMMFOHFT B OFX IZCSJE EJFMFDUSJD JT QSPQPTFE BOE TFWFSBM

LOPXO WBQPS EFQPTJUJPO QSPDFTTFT GPS DFSBNJDT BOE QPMZNFST BSF JNQMFNFOUFE BOE BTTFTTFE� 1SJODJ�

QBMMZ XF TUVEZ UIF BUPNJD MBZFS EFQPTJUJPO PG BMVNJOB BOE BMVNJOVN TJMJDBUF DFSBNJD UIJO ୮ୢMNT BOE

UIF NPMFDVMBS MBZFS EFQPTJUJPO PG QBSZMFOF BOE QPMZJNJEF UIJO ୮ୢMNT� 5IFTF EJFMFDUSJD UIJO ୮ୢMNT BSF

EFQPTJUFE PO QMBOBS BOE XJSF TVCTUSBUFT BOE DIBSBDUFSJ[FE NFDIBOJDBMMZ UIFSNBMMZ DPNQPTJUJPOBMMZ

BOE FMFDUSJDBMMZ� 0VS SFTVMUT QPJOU UPXBSE QSPNJTJOH OFYU EJSFDUJPOT GPS SFTFBSDI PO IZCSJE EJFMFDUSJD

UIJO ୮ୢMNT GPS ୯୳FYJCMF FMFDUSPOJD EFWJDFT�
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��� 1SPQPTFE QSFDVSTPST GPS UIJT QSPKFDU� � � � � � � � � � � � � � � � � � � � � � � � � ���

���� %FDPNQPTJUJPO POTFU UFNQFSBUVSF PG � DPNNFSDJBMMZ BWBJMBCMF QPMZNFS XJSFT� � � � ���

���� "UUFNQUFE EFQPTJUJPOT PG 1.%"ୖ0%" QPMZJNJEF� � � � � � � � � � � � � � � � � ���
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4IFآ IBE TUVEJFE UIF VOJWFSTF BMM IFS MJGF CVU

IBE PWFSMPPLFE JUT DMFBSFTU NFTTBHF� 'PS TNBMM

DSFBUVSFT TVDI BT XF UIF WBTUOFTT JT CFBSBCMF POMZ

UISPVHI MPWFأ�

؛ $BSM 4BHBO $POUBDU

*آ UFTUFE UIF CSBDLFUT CZ IJUUJOH UIFN XJUI

SPDLT� 5IJT LJOE PG TPQIJTUJDBUJPO JT XIBU XF

JOUFSQMBOFUBSZ TDJFOUJTUT BSF LOPXO GPSأ�

؛ "OEZ 8FJS 5IF .BSUJBO
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"DLOPXMFEHNFOUT

.ঢ ঝজজ ঌঘখখঝঝ NFNCFST EFTFSWF UIF ୮ୢSTU UIBOLT� 1SPGFTTPS 3PZ (� (PSEPO 1SPGFTTPS

-VLF .� %BWJT %S� $BQSJDF (SBZ�)BMFZ BOE 1SPGFTTPS .JDIBFM +� "[J[�

"T NZ UIFTJT BEWJTPS 3PZ HSBDJPVTMZ HBWF NF UIF GSFFEPN UP EJSFDU BOE EFWFMPQ NZ PXO JOUFSFTUT

GSPN NZ TPMBS QBOFM SFTFBSDI BOE NZ JOEFQFOEFOU QSPQPTBM PG NZ %SBQFS�GVOEFE SFTFBSDI QSPKFDU

UP NZ QSPGFTTJPOBM JOUFSFTUT MJLF UFBDIJOH BOE NBDIJOF TIPQ USBJOJOH� 3PZ BMXBZT B୭୮ୢSNFE NZ XPSLؠT

WBMVF BHSFFJOH XIFOFWFS * QJUDIFE BO PQQPSUVOJUZ JODMVEJOH BQQMZJOH UP HSBOUT BOE ୮ୢMJOH B QBUFOU

PO PVS XPSL UPHFUIFS� 3PZ UBVHIU NF IPX UP VTF GVOEBNFOUBM QIZTJDBM DIFNJTUSZ UP DPOTUSVDU QPX�

FSGVMMZ TJNQMF TDJFOUJ୮ୢD BSHVNFOUT� #FZPOE NZ UFDIOJDBM XPSL 3PZ IFMQFE NF EFWFMPQ NZ PXO

MFBEFSTIJQ TUZMF XJUIJO PVS MBC�

* BN JODSFEJCMZ HSBUFGVM BOE QSPVE UP IBWF CFFO -VLF %BWJTؠT ୮ୢSTU TUVEFOU� -VLF ୮ୢHVSFE PVU

UIF EFMJDBUF NBHJD PG IFMQJOH B TUVEFOU CFDPNF BO PSJHJOBM UIJOLFS� )F TVQQPSUFE NF UP GPMMPX

NZ ESFBNT XJUIPVU KVEHNFOU� -VLF IBT CFFO NZ QSJODJQBM QBSUOFS JO TDJFOUJ୮ୢD CSBJOTUPSNJOH BOE

XIJUFCPBSEJOH� IF OFWFS IFTJUBUFT UP FYDJUFEMZ EJH JOUP RVFTUJPOT UPHFUIFS� 7JB UIJT FOHBHFNFOU

-VLF IFMQFE TIBQFE PVS KPJOU QSPKFDUT TVHHFTUJOH JOOPWBUJWF BOE QSPEVDUJWF EJSFDUJPOT� * EFFQMZ

YWJ



BQQSFDJBUFE IJT JOJUJBUJWF BOE JNNFOTF BCJMJUZ UP DPODSFUFMZ NPWF QSPKFDUT GPSXBSE RVJDLMZ� -VLF

UBVHIU NF IPX UP EFTJHO FYQFSJNFOUT XIFSF TPNFUIJOH JT MFBSOFE OP NBUUFS UIF PVUDPNF� .VDI PG

NZ EFWFMPQNFOU BT BO JOEFQFOEFOU TDJFOUJTU BOE NFOUPS * BUUSJCVUF UP -VLF�

%S� $BQSJDF (SBZ�)BMFZ NZ DP�BEWJTPS GPS UIF QBTU �� ZFBST UISPVHI UIF %SBQFS -BCPSBUPSZ 'FM�

MPXTIJQ JT B SPMF NPEFM PG B TDJFOUJTU�MFBEFS�NPUIFS XIP WVMOFSBCMZ BDLOPXMFEHFT BSFBT GPS HSPXUI

B RVBMJUZ UIBU NBLFT IFS UIBU NVDI NPSF DPVSBHFPVT� * MFBSOFE GSPN IFS IPX UP MFBE B HSPVQ CZ FN�

QPXFSJOH JOEJWJEVBMT UP PXO UIFJS XPSL� 4IF BMXBZT CFMJFWFE UIBU NZ XPSL XBT GBS CFUUFS UIBO * FWFS

UIPVHIU JU XBT TIPXJOH NF UIBU NZ PXO XPSUI XBT HSFBUFS UIBO * SFBMJ[FE�

5ISPVHI IJT FOFSHZ UFDIOPMPHZ DMBTT BOE MFBEFSTIJQ PG UIF )6$& &OFSHZ � &OWJSPONFOU $PO�

TPSUJVN 1SPGFTTPS .JLF "[J[ EFWPUFE B IVHF BNPVOU PG F୭GPSU UP EFWFMPQJOH )BSWBSE TUVEFOUT BT

FOFSHZ UFDIOPMPHZ UIPVHIU MFBEFST� * XJMM OFWFS GPSHFU POF QBSUJDVMBS JOUFSBDUJPO XJUI .JLF UIBU

TQPLF WPMVNFT UP NF� 4PPO BG୴FS * EFMJWFSFE B QSFTFOUBUJPO BU UIF )BSWBSE &OFSHZ +PVSOBM $MVC

	)&+$
 XIJDI * EFFNFE UP CF TVCQBS * IBQQFOFE UP IBWF B NFFUJOH XJUI IJN� * JNNFEJBUFMZ BQPM�

PHJ[FE GPS NZ QFSGPSNBODF BOE IF SFTQPOEFE UIBU BO )&+$ QSFTFOUBUJPO CFJOH SPVHIآ BSPVOE UIF

FEHFTأ JT JEFBM ؛ JG JU IBE CFFO QFSGFDU UIBU XPVME IBWF NFBOU Eؠ* TQFOU UPP NVDI UJNF PO JU� .JLF

HBWF NF QFSNJTTJPO OPU UP CF QFSGFDU BOE UIJT DPNNFOU QSPDFFEFE UP TIBQF B OFX NPSF GFBSMFTT

BOE GSFF BQQSPBDI UP NZ JOOPWBUJWF QVSTVJUT�

*O BEEJUJPO UP NZ GPVS EFGFOTF DPNNJUUFF NFNCFST UIF GBDVMUZ BU )BSWBSE BOE .*5 XIP IBWF

TFSWFE PO NZ (SBEVBUF "EWJTJOH $PNNJUUFF PWFS UIF ZFBST IBWF CFFO BUUFOUJWF UIPVHIUGVM BOE

FOHBHFE� 1SPGFTTPS $ZOUIJB 'SJFOE 1SPGFTTPS 3BGBFM +BSBNJMMP 1SPGFTTPS 7JOPUIBO .BOPIBSBO�

* BN HSBUFGVM UP TFWFSBM )BSWBSE GBDVMUZ NFOUPST� * HSFBUMZ SFTQFDU BOE BENJSF 1SPGFTTPS +FOOZ

)P୭GNBO� +FOOZؠT DBSFFS BOE QSPGFTTJPOBM BEWJDF JT IFMQGVM CFDBVTF TIF UIJOLT DSFBUJWFMZ� 4IF UBVHIU

NF UP TUJDL VQ GPS NZTFMG XJUI EJQMPNBDZ BOE GFSPDJPVTMZ TVQQPSUFE NF BT B GFNBMF TDJFOUJTU� * BTQJSF

UP CF MJLF +FOOZ� IFS QSJPSJUJFT BSF SF୯୳FDUFE JO IPX TIF TQFOET IFS UJNF� 4IF SFBMJ[FT UIBU QBZJOH JU

GPSXBSE BT B NFOUPS BOE SPMF NPEFM JT BT JNQPSUBOU BT TDJFOUJ୮ୢD SFTFBSDI PCKFDUJWFT�
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1SPGFTTPS %BO 4DISBH IBT CFFO BO JODSFEJCMZ TVQQPSUJWF NFOUPS� &BSMZ JO NZ 1I% IF BEWPDBUFE

GPS NF JOUSPEVDJOH NF UP IJT OFUXPSL BOE UIJT DPOOFDUJPO XBT UIF NBJO DBUBMZTU JO NZ CFDPN�

JOH B NFNCFS BOE DPOUSJCVUPS XJUIJO UIF 6�4� DMFBOUFDI FDPTZTUFN� 5ISPVHI TQPOTPSJOH NZ WBS�

JPVT MFBEFSTIJQ BDUJWJUJFT ؛ F�H� )&+$ FOFSHZ UFDIOPMPHZ TPDJBM FWFOUT BOE UIF /VEHJOH 5PXBSE B

$MFBOFS 'VUVSF $POGFSFODF ؛ %BO TVQQPSUFE NF VODPOEJUJPOBMMZ JO NZ QVSTVJU PG TVTUBJOJOH UIF

TUVEFOU BOE QPTUEPD FOFSHZ UFDIOPMPHZ DPNNVOJUZ IFSF BU )BSWBSE� 8PSUI GBS NPSF UIBO BOZ CVE�

HFUBSZ EPMMBS BNPVOU XBT UIF LOPXMFEHF UIBU IF CFMJFWFE JO TVQQPSUJOH PVS MFBSOJOH HSPXUI BOE

UFBNXPSL UPXBSE UIFTF JNQPSUBOU TPDJFUBM DIBMMFOHFT� * BMTP MFBSOFE UFDIOJDBM TLJMMT GSPN IJN WJB UIF

)6$& $POTPSUJVN BOE IJT DMJNBUF DMBTT� QSJODJQBMMZ IPX UP TFQBSBUF TJHOBM GSPN OPJTF� %BO JT B

SPMF NPEFM JO IJT CBMBODF PG UFDIOJDBM EFQUI BOE UFDIOJDBM CSFBEUI BMPOH XJUI QPMJDZ UFBDIJOH BOE

CFJOH B TVQQPSUJWF BOE LJOE QSFTFODF JO UIF DPNNVOJUZ IF IFMQFE DSFBUF BU )6$&� * BTQJSF UP UIJT

CBMBODF POF EBZ IBWJOH TFFO UISPVHI %BO UIBU JU JT QPTTJCMF�

* CFMJFWF TUSPOHMZ JO UIF DPVSTF UIBU 1SPGFTTPS +JN "OEFSTPO EFTJHOFE 14��� +JN IBT CFFO B TVQ�

QPSUJWF NFOUPS SFDPHOJ[JOH WBMVJOH BOE TUBUJOH NZ XPSUI OPU POMZ BT B 5FBDIJOH 'FMMPX CVU BMTP BT

B TDJFOUJTU BOE B MFBEFS� 1MVT * MPWFE UIF EBZ IF MFU VT UFTU ESJWF IJT FMFDUSJD DBS BSPVOE UIF FDPOPNJDT

EFQBSUNFOU QBSLJOH MPU�

* BN HSBUFGVM UP NZ PUIFS GBDVMUZ NFNCFST JO UIF $IFNJTUSZ � $IFNJDBM #JPMPHZ EFQBSUNFOU

JODMVEJOH 1SPGFTTPS 5FE #FUMFZ BOE 1SPGFTTPS %BO /PDFSB XIP CPUI IBWF CFFO BDUJWF %JSFDUPST PG

(SBEVBUF 4UVEZ BOE QSPWJEFE NFOUPSTIJQ OPU POMZ UP NF QFSTPOBMMZ CVU BMTP UP UIF XJEFS $$#

HSBEVBUF TUVEFOU CPEZ WJB 1SPGآ 5BMLTأ UIBU XF DP�PSHBOJ[FE�

* IBWF CFFO QSJWJMFHFE UP XPSL XJUI UIF (PSEPO -BC NFNCFST� * BN FTQFDJBMMZ JOEFCUFE UP %S�

3BDIFM )FBTMFZ� .Z NBJO FYQFSJNFOUBM SFTFBSDI NFOUPS JO UIF MBC 3BDIFM UBVHIU NF UIF FTTFO�

UJBM IBSE TLJMMT PG $7% XPSL GSPN SFHVMBUPS ୮ୢUUJOHT UP DIBOHJOH QVNQ PJM UP SFTFUUJOH UIF DJSDVJU

CSFBLFST� 3BDIFM XBT IBQQZ UP QVMM MBUF OJHIUT BOE FBSMZ NPSOJOHT BOE TPNFUJNFT EP NPSF UIBO

��ॎ PG UIF XPSL� XF EFWFMPQFE B USVF QBSUOFSTIJQ JO UIF MBCPSBUPSZ UIBU XBT ୯୳FYJCMF QSPEVDUJWF
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BOE HSFBUFS UIBO UIF TVN PG JUT QBSUT� #FZPOE EFMJWFSJOH SFTVMUT 3BDIFM NBEF JU BMM GVO� 0O XFFLFOE

NPSOJOHT JO UIF CBTFNFOU PG $/4 * XPVME QSFUFOE UIF 4&. BOUFDIBNCFS JOUFSMPDL XBT UIF BJSMPDL

JO B DSVDJBM PVUFS TQBDF NJTTJPO BOE TIF XPVME BNVTFEMZ PCMJHF NZ TDJ�୮ୢ� #FUXFFO EBZT JO UIF 93%

GBDJMJUZ BOE IPVST PO UIF ୯୳PPS UFOEJOH UP 1VNQZ UIF QVNQ XF XPVME DFMFCSBUF PVS DVQSPVT IBMJEF

UIJO ୮ୢMNT XJUI EBODFT MJLF OP POF XBT XBUDIJOH� "OE PVUTJEF UIF MBC * DPVMEOؠU BTL GPS B NPSF TVQ�

QPSUJWF GSJFOE�

.Z ୮ୢSTU MPOH�UFSN MBC NFOUFF &MJ[B 4QFBS IFMQFE NF MFBSO TP NVDI BCPVU F୭GFDUJWF NFOUPSJOH

DPMMBCPSBUJPO BOE UFBNXPSL� 4IF BHHSFTTJWFMZ QVTIFE CPUI PG PVS KPJOU QSPKFDUT GPSXBSE EVF UP OPU

POMZ IFS JODSFEJCMF XPSL FUIJD CVU BMTP IFS DSFBUJWJUZ BOE BMBDSJUZ UP USZ OFX IBSE UIJOHT OPU HJWJOH

VQ VOUJM UIFZ XFSF DPNQMFUFE� * MPWFE DPMMBCPSBUJOH XJUI IFS GPS NZ ୮ୢOBM ZFBS JO UIF (PSEPO MBC�

4IF FOSJDIFE PVS QSPKFDUT CZ QSPWJEJOH NPUJWBUJPO FYDJUFNFOU HPPE RVFTUJPOT BOE FYDFMMFOU JOUFS�

QFSTPOBM TLJMMT� &MJ[B JT BMTP BO PVUTUBOEJOH P୭୮ୢDF NBUF BOE GSJFOE� * BTQJSF UP IFS MFWFM PG FNPUJPOBM

TVQQPSU WBMJEBUJPO WVMOFSBCJMJUZ BOE DPNQBTTJPO�

.Z MBCNBUF %S� -BVSFO )BSUMF JT BMXBZT XJMMJOH UP IFMQ XJUI FWFSZUIJOH GSPN UFBDIJOH NF

XBZ UPP NVDI BCPVU ୮ୢUUJOHT BOE DZMJOEFST UP CFJOH UIF POMZ PUIFS QFSTPO FWFS FYDJUFE BCPVU -BC

$MFBOVQ %BZ� "T BO P୭୮ୢDF NBUF BOE GSJFOE -BVSFO NBEF NZ FYQFSJFODF JO UIF (PSEPO -BC NVDI

NPSF FOKPZBCMF BOE NBOBHFBCMF� )FS TVQQPSU BOE FODPVSBHFNFOU DPOTJTUFE PG TDJFODF BOE GVO JO

FRVBM NFBTVSFT GSPN B EBZMPOH QJMMPX GPSU UP TFSFOBEJOH 5FSJ XJUI JNQSPNQUV IBSNPOJ[FE HSFFU�

JOH TPOHT OPU PODF PS UXJDF CVU OFBSMZ FWFSZ UJNF TIF XBMLFE JOUP UIF P୭୮ୢDF� * BQQSFDJBUFE -BVSFOؠT

TVQQPSU BT B GSJFOE� XF EJTDVTTFE EJ୭୮ୢDVMU MJGF EFDJTJPOT PQFOMZ BOE WFؠ* NFU GFX PUIFST IBQQJFS UP

BDDPNQBOZ NF PO NZ EFFQ EJWFT JOUP QSPEVDUJWJUZ BOE PSHBOJ[BUJPOBM TZTUFNT�

"T UIF EFO NPUIFS PG PVS MBC 5FSJ )PXBSE XBT TVQQPSUJWF BOE QSPUFDUJWF PG UIF (PSEPO MBC

CPUI BT SFTFBSDIFST BOE BT JOEJWJEVBMT� 5IPVHI * XBT B TUVEFOU TIF USFBUFE NF XJUI TP NVDI SFTQFDU

UBLJOH NZ SFTFBSDI BOE QSPGFTTJPOBM EFWFMPQNFOU TFSJPVTMZ BOE UIFSFCZ IFMQJOH NF UP SFDPHOJ[F NZ

PXO WBMVF BT B TDJFOUJTU� 5FSJ XBT BMTP B USVTUFE QBSUOFS JO PSHBOJ[JOH UIF MBC� 4IF XBT JODSFEJCMZ EF�
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QFOEBCMF SFTQPOTJCMF BOE QSJODJQMFE� * BMXBZT LOFX PVS KPJOU JOJUJBUJWFT XFSF JO FYUSFNFMZ DBQBCMF

IBOET� 1BUUFF .D(BSSZ KPJOFE UIF (PSEPO MBC GPS NZ ୮ୢOBM ZFBS IFSF BOE TIF IBT CFFO JODSFEJCMZ

BDDPNNPEBUJOH BOE LJOE TVQQPSUJOH NF JO XIBUFWFS * XBOUFE CF JU SFTFBSDI FYQFOTFT PS BSSBOHJOH

NZ UIFTJT EFGFOTF MPHJTUJDT� 0VS FNPUJPOBM TPMJEBSJUZ IBT CFFO IFMQGVM BOE UPVDIJOH�

3PCFSU (VTUBGTPO IBT CFFO B DMPTF DPMMBCPSBUPS BOE GFBSMFTT GFMMPX TPMBS $7% SFTFBSDIFS IFMQJOH

NF XJUI DZMJOEFS XPSL SFHVMBUPS UFTUJOH SFBDUPS USPVCMFTIPPUJOH BOE OVNFSPVT QSPGFTTJPOBM BOE

QFSTPOBM NBDIJOF TIPQ QSPKFDUT� #FZPOE IBOET�PO XPSL #PCCZ IBT CFFO POF PG NZ DMPTFTU UIPVHIU

QBSUOFST� )F JT IBQQZ UP SFHVMBSMZ UIJOL DSJUJDBMMZ XJUI NF BCPVU NZ QSPKFDU BOE NBLF OVBODFE BOE

XFMM�JOGPSNFE TVHHFTUJPOT GPS NZ XPSL CPUI SFHBSEJOH FYQFSJNFOUBM EFUBJMT BOE UIF CJH�QJDUVSF

MFWFM� #PCCZ BOE * IBWF USBEFE CFTU QSBDUJDFT BOE TVQQPSUFE FBDI PUIFS UISPVHI QSPGFTTJPOBM EFDJ�

TJPOT BT XF NPWF JOUP PVS JOEFQFOEFOU TDJFOUJ୮ୢD DBSFFST TJNVMUBOFPVTMZ� #FZPOE UIF MBC WFؠ* BQQSF�

DJBUFE #PCCZؠT XBSN BOE MPZBM GSJFOETIJQ JODMVEJOH IJT BEWJDF BOE DPNNJTFSBUJPO�

* IBWF WBMVFE NZ DMPTF GSJFOETIJQ XJUI %BO 1PMMBDL� "T B (PSEPO MBCPSBUPSZ DPMMFBHVF %BO IBT

QSPWJEFE FYDFMMFOU TVHHFTUJPOT EFUBJMFE DSJUJRVFT FOUIVTJBTUJD FOHBHFNFOU UIPVHIUGVM RVFTUJPOT

DVSJPVT JORVJSZ BOE BO JOTQJSBUJPOBM EFTJSF UP ESJMM EPXO UP UIF USVUI PG DPNQMJDBUFE QIFOPNFOB�

"T UIF 7JDF 1SFTJEFOU PG )&+$ EVSJOH NZ 1SFTJEFODZ %BO XBT JODSFEJCMZ PSHBOJ[FE NFUJDVMPVT

QSPGFTTJPOBM BOE TJNQMZ B KPZ UP XPSL XJUI� #FZPOE SFTFBSDI BOE PVS TDJFOUJ୮ୢD JOUFSFTUT %BO IBT

CFFO HFOFSPVT IFMQGVM BOE EFMJHIUGVM BT B GSJFOE GSPN DP�IPTUJOH 'SFODI MBOHVBHF TPJSFFT UPHFUIFS

UP DIFFSJOH FBDI PUIFS UISPVHI UIF NBOZ NJMFTUPOFT PG UIF 1I%�

5IF POMZ (PSEPO DPMMFBHVF JO NZ TBNF DPIPSU ZFBS 9JBO (POH IBT CFFO B GSJFOEMZ DPMMBCPSBUPS�

* IBWF BQQSFDJBUFE XPSLJOH XJUI 9JBO XIPTF OPTF�UP�UIF�HSJOETUPOF XPSL FUIJD XBT NPUJWBUJPOBM UP

NF BOE XIJDI DPOUSJCVUFE UP TPNF PG UIF FYQFSJNFOUT JO UIJT UIFTJT�

,BUIZ -JV XBT NZ ୮ୢSTU GPSNBM NFOUFF BOE * FOKPZFE FWFSZ TJOHMF EBZ XF XPSLFE UPHFUIFS EVSJOH

IFS TVNNFS BT B 3FTFBSDI 4DJFODF *OTUJUVUF 	34*
 JOUFSO� 4IF XBT FYDJUFE BCPVU PVS XPSL FBHFS UP

MFBSO IJHIMZ PSHBOJ[FE BOE DPBDIBCMF BOE QVU JO MPOH IPVST XJUI FOUIVTJBTN� 8PSLJOH XJUI ,BUIZ
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XBT FTQFDJBMMZ HSBUJGZJOH CFDBVTF XF TIBSFE B SFTFBSDI MFHBDZ BT 3JDLPJET PG UIF :FBS 34* JOUFSOT BOE

34* DPVOTFMPST BOE * SFNBJO HSBUFGVM GPS PVS TQFDJBM CPOE�

5IBOVTIJ 1FJSJT XBT B EFMJHIUGVM BOE FBTZHPJOH NFOUFF UP XPSL XJUI BOE * BN TP HSBUFGVM UIBU

XF XFSF BCMF UP TQFOE IFS 34* JOUFSOTIJQ UPHFUIFS CPOEJOH PWFS TPMBS SFTFBSDI B TIBSFE MPWF PG

DIFNJTUSZ BOE DVMUVSBM EJ୭GFSFODFT UIBU NBEF VT MBVHI BOE CSPVHIU VT DMPTFS UPHFUIFS�

%S� "ZLVU "ZEJO MFE NBOZ BTQFDUT PG UIF (PSEPO TJEF PG UIF "�1 %SBQFS DPMMBCPSBUJPO QSPWJE�

JOH FBSMZ UIPVHIU MFBEFSTIJQ UIBU DPOUSJCVUFE UP NZ XPSL PO UIF ..4 %SBQFS DPMMBCPSBUJPO� %S�

-V 4VO BOE * DPOEVDUFE TPNF XPSL UPHFUIFS PO EJFMFDUSJDT BOE * BQQSFDJBUFE IFS DPMMBCPSBUJPO BOE

DMFBOSPPN USBJOJOH� * BN HSBUFGVM BT XFMM UP &NJMZ ,FSS XIPTF 4DIMFOL MJOF BOE /.3 FYQFSUJTF

GBDJMJUBUFE UIF QVSJ୮ୢDBUJPO PG B $7% QSFDVSTPS EFTDSJCFE JO UIJT UIFTJT�

* HSBUFGVMMZ BDLOPXMFEHF UIF SFTU PG UIF (PSEPO (SPVQ GPS IFMQGVM EJTDVTTJPO BOE BEWJDF CPUI

TDJFOUJ୮ୢDBMMZ BOE QSPGFTTJPOBMMZ� %S� &VHFOF #FI %S� %BOOZ .JOH 8FJ $IVB %S� +VO 'FOH %S�

"TIXJO +BZBSBNBO %S� 4BOH #PL ,JN %S� ,FDIFOH -J %S� ,BJYJBOH -JO %S� )BSCJOH -PV %S�

-JVDIVBO 5POH %S� $IVBOYJ :BOH %S� 9J[IV ;IPV %S� :VOMPOH +J %S� :BO +JOH %S� %JBOB %F�

1PSDFMMJOJT %S� +BFZFPOH )FP %S� .BSD�"OUPOJ (PVMFU %S� 4VOHIXBO -FF %S� %BXFO 1BOH

.BSUJO 4IJKJBO +JO .JO 8V .JLF 7PHFM "MWBSP 7BMMF #FSFOHFS 8FHNBO BOE ;IPOHRJBOH )V�

3FTFBSDIFST BU %SBQFS -BCPSBUPSZ DPOUSJCVUFE UP UIF SFTVMUT JO UIJT UIFTJT UISPVHI IFMQGVM DPO�

WFSTBUJPOT FYQFSU BEWJDF TBNQMF QSFQBSBUJPO FYQMBOBUJPOT PG UIF EFWJDF QFSGPSNBODF BTQFDUT PG

PVS DPMMBCPSBUJWF XPSL BOE IBOET�PO BTTJTUBODF XJUI FYQFSJNFOUT� * HSBUFGVMMZ BDLOPXMFEHF )FOSZ

3BD[LPXTLJ %S� .PSHBO 1JMLFOUPO %S� 4BSB #BSSPO BOE %S� 5BSB 4BSBUIJ %S� +F୭G %FMJTJP BOE

FTQFDJBMMZ NZ BEWPDBUF BOE NFOUPS %S� "NZ %VXFM� * BN BMTP HSBUFGVM GPS UIF HFOFSPVT ୮ୢOBODJBM

TVQQPSU PG UIF %SBQFS 'FMMPXTIJQ BOE UIF JOUFSOBM SFTFBSDI BOE EFWFMPQNFOU 	*3"%
 QSPKFDU BU

%SBQFS .JOJBUVSF�.VMUJ�8JSF 4ZTUFNT 	..4
 XIJDI IBT TFSWFE BT UIF CBTJT GPS POF DIBQUFS PG UIJT

EJTTFSUBUJPO�

3FDBMMJOH UIF IPVST * TQFOU JO UIF 1IZTJDT .BDIJOF 4IPQ XJUI 4UBO $PUSFBV XJMM OFWFS DFBTF UP
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CSJOH B TNJMF UP NZ GBDF� #FZPOE IJT TJNQMZ FYDFMMFOU BOE JOUVJUJWF USBJOJOH TUZMF UIBU HBWF NF UIF KPZ

PG CVJMEJOH NZ PXO SFBDUPS QBSUT 4UBO XBT B TPMJEMZ XPOEFSGVM GSJFOE� $PVDIFE JO IJT DIBSBDUFSJTUJD

QMBZGVM TBSDBTN EJTDVTTJPOT XJUI 4UBO XFSF BU PODF QSPGPVOE BOE JOTUSVDUJWF� WFؠ* OFWFS NFU BOZPOF

FMTF XIPTF TOBSLZ IVNPS TP PCWJPVTMZ UPME ZPV UIBU IF DBSFE NPSF UIBO BOZUIJOH BCPVU ZPVS IBQ�

QJOFTT TBGFUZ BOE EFWFMPQNFOU BT B TUVEFOU BOE BT B QFSTPO� * MPWFE UIF BUNPTQIFSF 4UBO DSFBUFE JO

UIF .BDIJOF 4IPQ XIJDI USBOTGPSNFE JU JOUP B DPNNVOJUZ�

4FWFSBM TUB୭G NFNCFST BU UIF $FOUFS GPS /BOPTDBMF 4ZTUFNT XFSF JOTUSVNFOUBM UP UIF SFTVMUT JO

UIJT UIFTJT� * BN JOEFCUFE UP .BD )BUIBXBZ GPS CPUI IJT IFMQGVM DPOWFSTBUJPOT BCPVU DIFNJDBM WB�

QPS EFQPTJUJPO BOE IJT FODPVSBHFNFOU PG BOE CFMJFG JO NF BT B SFTFBSDIFS TDIPMBS BOE JOWFOUPS� %S�

1IJMJQQF EF3PV୭୮ୢHOBD IBT CFFO HSBDJPVT UISPVHIPVU NZ UJNF BU )BSWBSE TVQQPSUJOH NZ TDJFODF

UISPVHI XPSL UPHFUIFS PO IJT CFTQPLF 4J0� "-% UPPM BOE TVQQPSUJOH NZ DBSFFS WJB BEWJDF GSPN IJT

FYQFSJFODF JO UIF TFNJDPOEVDUPS JOEVTUSZ� (SFH -JO BJEFE HSFBUMZ JO UIF 914 FYQFSJNFOUT EFTDSJCFE

JO UIJT UIFTJT BOE QBUJFOUMZ USPVCMFTIPPUFE CPUI EBUB BOE JOTUSVNFOUBUJPO� %S� "SUIVS .D$MFMMBOE

HFOFSPVTMZ MFOU IJT UJNF FYQFSUJTF BOE ESZ TFOTF PG IVNPS JO IFMQJOH NF USPVCMFTIPPU 67ୖ7JT PQUJ�

DBM NFBTVSFNFOUT� +BTPO 5SFTCBDL XBT B VTFGVM TPVSDF PG UIFPSZ BOE IBOET�PO LOPXMFEHF SFHBSEJOH

TFWFSBM DIBSBDUFSJ[BUJPO UFDIOJRVFT VTFE JO UIJT DIBQUFS�

#FZPOE UIF JOEJWJEVBMT BU )BSWBSE XIP EJSFDUMZ JNQBDUFE UIF TDJFOUJ୮ୢD SFTVMUT JO UIJT UIFTJT UIF

୮ୢSTU UIBOLT CFMPOH UP NZ GBNJMZ� .PN %BE BOE .BUUIFX� .Z GBUIFS %S� 'SFE $IBOH EFDSFFE

XIFO * XBT � ZFBST PME UIBU Eؠ* CF HFUUJOH B 1I% JO TDJFODF BOE GSPN UIBU EBZ * OFWFS PODF EPVCUFE

UIJT GVUVSF XPVME DPNF UP QBTT� )F GBDJMJUBUFE NZ CSPUIFSؠT BOE NZ QBUI JOUP TDJFODF GSPN FBSMZ JO

PVS DIJMEIPPET JOTUJUVUJOH GBNJMZ USBEJUJPOT MJLF $IBOH $POWFOUJPO JO XIJDI FBDI $ISJTUNBT XF

QSBDUJDFE DPODJTF QVCMJD TQFBLJOH DVSJPVT JORVJSZ QSPCMFN TPMWJOH DSJUJDBM EJBMPHVF BOE JOEFQFO�

EFOU SFTFBSDI� "U FWFSZ DBSFFS KVODUVSF IF TVQQPSUFE NF UP GPMMPX B TDJFOUJ୮ୢD QBUI BMXBZT CFMJFWJOH

JO NZ BCJMJUZ UP SJTF UP BOZ DIBMMFOHF� 5P RVPUF (VZ 1BUUFSTPO PV:آ BSF NZ CJHHFTU GBOأ�

* DBOؠU JNBHJOF IBWJOH SFBDIFE UIJT QPJOU JO NZ MJGF XJUIPVU UIF TVQQPSU PG NZ NPUIFS $BSPM
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$IBOH� 4IF XBT JOTUSVNFOUBM JO UVSOJOH NZ FWFSZ ESFBN JOUP SFBMJUZ TVQQPSUJOH FWFSZ JOJUJBUJWF

QSPKFDU BOE BDUJWJUZ * HPU FYDJUFE BCPVU� 4IF EFEJDBUFE BO BCTVSE BNPVOU PG UJNF UP IFMQJOH NF HSPX

BOE ୯୳PVSJTI BT B TUVEFOU WPMVOUFFS BOE DJUJ[FO� 4IF UBVHIU NF UP CFMJFWF JO NZTFMG BOE TIPXFE NF

IPX UP GPMMPX NZ QBTTJPOT� * SFNBJO JOTQJSFE CZ IFS FOFSHZ BOE DPNQBTTJPO FWFSZ TJOHMF EBZ�

/PUIJOH * DPVME XSJUF XPVME EP KVTUJDF UP NZ HSBUJUVEF GPS NZ CSPUIFS BOE CFTU GSJFOE .BUUIFX

$IBOH� )F TBX NF UISPVHI PVS SJHPSPVT VQCSJOHJOH XJUI QBUJFODF IVNPS BOE UIF DBNBSBEFSJF

UIBU DPNFT XJUI TIBSJOH ZPVS FOUJSF MJGF XJUI TPNFPOF ZPV MPWF� .PSFPWFS IF FBHFSMZ BOE TVSQSJT�

JOHMZ QSPEVDUJWFMZ IFMQFE NF BT B UIPVHIU QBSUOFS PO TFWFSBM SFTFBSDI QSPKFDUT XJUI IJT ESZ XJU BOE

BOBMZUJDBM PVU�PG�UIF�CPY UIJOLJOH TUZMF� 8F PG୴FO KPLF UIBU IF EFTFSWFT B TNBMM QJFDF PG FBDI EFHSFF

WFؠ* FBSOFE BOE B NJOPS BVUIPS QPTJUJPO PO FBDI QBQFS WFؠ* QVCMJTIFE�

* IBWF CFFO HSBUFGVM UP NZ GBNJMZ�BXBZ�GSPN�IPNF EVSJOH NZ 1I%� %S� 5PN 4DIVINBOO FO�

SJDIFE NZ UJNF IFSF BU )BSWBSE QSPWJEJOH FNPUJPOBM TVQQPSU UFDIOJDBM BEWJDF DPOTUSVDUJWF GFFE�

CBDL UIF DPNNJTFSBUJPO PG PVS TIBSFE )BSWBSE 1I% FYQFSJFODF BOE USFBTVSFE NFNPSJFT XF NBEF

UPHFUIFS PVUTJEF UIF MBC� 5IF FOUJSF (MJEEFO�1BHF GBNJMZ XFMDPNFE BOE BEPQUFE NF EVSJOH NZ

1I% BOE * XJMM CF GPSFWFS UPVDIFE CZ UIFJS XBSN TVQQPSU MPWF BOE UIF FYBNQMF UIFZ TFU GPS UIF

LJOE PG QFSTPO * XBOU UP CFDPNF� -JOEZ -J IBT CFFO B TUFBEGBTU DIFFSMFBEFS TVQQPSUFS DPO୮ୢEBOUF

BOE BEPQUFE TJTUFS� XF UISJWF PO FBDI PUIFSؠT FOUIVTJBTN BOE QBTTJPO GPS PVS ୮ୢFMET FBDI DFMFCSBU�

JOH UIF PUIFSؠT JOTQJSBUJPOBM XPSL� %S� 5FSFTB 8JMMJBNT IBT CFFO BO PMEFS TJTUFS UP NF DPNCJOJOH

UFDIOJDBM BOE QSPGFTTJPOBM FYQFSUJTF BT NZ MPOHUJNF TDJFOUJ୮ୢD NFOUPS XJUI JOUFSQFSTPOBM BOE FNP�

UJPOBM EFQUI BT B DPO୮ୢEBOUF� .Z 1I% QSPDFTT XBT NBEF NVDI SJDIFS CZ 5FSFTBؠT QFSUJOFOU BEWJDF

VOXBWFSJOH TVQQPSU DPOOFDUFE FNQBUIFUJD NFOUPSTIJQ TUZMF IFS SPMF NPEFMJOH PG GPMMPXJOH IFS

PXO EPDUPSBM ESFBN� %S� ,BUISZO 4BOUOFS IBT CFFO BO FYDFFEJOHMZ TVQQPSUJWF BOE TFM୯୳FTT GSJFOE�

,BUISZOؠT LJOEOFTT BOE PVS DPOUJOVFE DBNBSBEFSJF TJODF PVS HSBEVBUF TUVEZ BU $BNCSJEHF 6OJWFS�

TJUZ IBWF CFFO GPVOEBUJPOBM UP NZ EFWFMPQNFOU BT B QFSTPO� * BN TP MVDLZ UIBU XF GPVOE FBDI PUIFS�

)BJZBO 9V IBT IFMQFE NF EVSJOH NZ 1I% NPSF UIBO * DBO BEFRVBUFMZ FYQSFTT� 'SPN IFS DPVSBHF
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BOE BEWFOUVSFTPNF TQJSJU UIBU QSPQFM IFS VQ ���QJUDI DMJNCT BOE UISPVHI OFX USBE DMJNCJOH HSBEFT

UP IFS BDUJWF DPOTDJFOUJPVT BUUJUVEF UPXBSE TPDJFUBM JOKVTUJDFT GSPN DPOTVNFSJTN UP TFYJTN )BJZBO

DPOUJOVBMMZ JOTQJSFT NF� #FTJEFT CFJOH POF PG UIF NPTU UIPVHIUGVM BOE BUUFOUJWF GSJFOET * IBWF FWFS

NFU )BJZBO IBT BMTP CSPVHIU TP NVDI DPMPS BOE EFQUI UP NZ MJGF JO $BNCSJEHF GSPN KBNNJOH JO

PVS NVTJD EVP 	UIF $PSEMFUUFT�
 UP CFJOH B TVQQPSUJWF BOE TUFBEGBTU DMJNCJOH QBSUOFS BT XF CPUI

QSPHSFTTFE RVJDLMZ BOE FOUIVTJBTUJDBMMZ UPHFUIFS BT DMJNCFST�

%S� ;BNZMB $IBO XBT NZ ୮ୢSTU BOE DMPTFTU OFX GSJFOE JO PVS $$# DPIPSU� 4DJFOUJ୮ୢDBMMZ XF IBWF

SFMJFE PO FBDI PUIFS BT B UFDIOJDBM BOE QSPGFTTJPOBM TPVOEJOH CPBSE CPUI JO DMBTTFT BOE JO SFTFBSDI�

#FZPOE TDJFODF * IBWF OFWFS NFU TPNFPOF TP EFEJDBUFE BOE UBMFOUFE JO TP NBOZ JNQPSUBOU QVSTVJUT�

* BN DPOUJOVBMMZ MFBSOJOH GSPN IFS CBMBODF CPVOEBSZ�TFUUJOH TLJMMT BOE DPNNJUNFOU UP FYDFMMFODF�

* IBWF USVMZ USFBTVSFE PVS SFMBUJPOTIJQ JO XIJDI XF IBWF CPOEFE UISPVHI TFFJOH FBDI PUIFS UISPVHI

UIF IJHIT BOE MPXT PG PVS 1I%T� 'SPN MBUF OJHIUT TVQQPSUJOH FBDI PUIFS UISPVHI TDJFODF UP MJWJOH

PVU PVS ESFBN PG B USJQ UP )BSSZ 1PUUFS XPSME ;BNZMB IBT TFFO NF UISPVHI FWFSZ DIBMMFOHF UIBU IBT

DPNF NZ XBZ BOE IBT DFMFCSBUFE NF UISPVHI FWFSZ WJDUPSZ OP NBUUFS IPX TNBMM�

%BO 4USBTTGFME BOE * IBWF B VOJRVF GSJFOETIJQ UIBU POMZ DPNFT UISPVHI GPMMPXJOH B QBUI UPHFUIFS

GPS PWFS B EFDBEF ؛ GSPN 1SJODFUPOؠT DIFNJTUSZ EFQBSUNFOU BT VOEFSHSBET UP UIF 6OJWFSTJUZ PG $BN�

CSJEHF GPS PVS .BTUFSؠT UP QVSTVJOH PVS 1I%T JO DIFNJTUSZ IFSF BU )BSWBSE JODMVEJOH TIBSJOH UIF

TBNF MJGFMPOH NFOUPS 1SPGFTTPS +F୭GSFZ 4DIXBSU[� * LOPX OPCPEZ FMTF XJUI %BOؠT XJOOJOH DPNCJOB�

UJPO PG EBSL IVNPS TBSDBTUJD TFMG�F୭GBDJOH DPNNFOUBSZ QSPGPVOE QIJMPTPQIJDBM JOUSPTQFDUJPO BOE

XJDLFE RVJDL JOUFMMJHFODF UIBU IFؠMM OFWFS FBSOFTUMZ BDLOPXMFEHF BOE MMؠ* BMXBZT BENJSF� %BO IBT B

IFBSU PG HPME BOE JT POF PG UIF NPTU HFOFSPVT QFPQMF * LOPX QVUUJOH PUIFST CFGPSF IJNTFMG XJUIPVU

B TFDPOE UIPVHIU� * IBWF CFFO TP GPSUVOBUF UP IBWF IJN JO NZ MJGF�

* IBWF CFFO UISJMMFE UP IBWF ;JOBO ;IBOH BT B GSJFOE JO NZ MJGF BT PVS QBUIT IBWF DPOUJOVFE UP

CSJOH VT UPHFUIFS GSPN 1SJODFUPOؠT DIFNJTUSZ EFQBSUNFOU UP UIF 6OJWFSTJUZ PG $BNCSJEHF BOE

IFSF BU )BSWBSE� 0VS GSFF�SBOHJOH DPOWFSTBUJPOT BCPVU FWFSZUIJOH VOEFS UIF TVO IBWF FOIBODFE NZ
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QFSTQFDUJWF� )F IBT CFFO B DMPTF DPO୮ୢEBOU FYDFMMFOU USBWFM QBSUOFS BOE DPOTUBOU JO NZ MJGF BOE *

IBWF BQQSFDJBUFE UIF CSFBEUI OVBODF BOE TFOTF PG BEWFOUVSF IF IBT CSPVHIU UP PVS UJNF UPHFUIFS�

$BUIZ ;IBOH IBT CFFO B TUFBEGBTU GSJFOE TJODF PVS ୮ୢSTU TFNFTUFS JO HSBE TDIPPM UPHFUIFS CSJOH�

JOH IFS DIBSBDUFSJTUJD VQCFBU BOE DSFBUJWF OBUVSF UP PVS FWFSZ JOUFSBDUJPO� 4IF BOE 4UFQIFO (JBO�

EPNFOJDP IBWF BEEFE DIFFS BOE MJHIUOFTT UP NZ 1I% FYQFSJFODF GSPN 'SJFOETHJWJOH GPPE DPNBT

UP TBWJOH UIF XPSME NBOZ UJNFT WJB UIF 1BOEFNJD -FHBDZ CPBSE HBNF� 5IFJS DPNQBOJPOTIJQ USBO�

TDFOEFE NZ JEFOUJUZ BT B 1I% TUVEFOU SPVOEJOH PVU NZ FYQFSJFODF CZ SFNJOEJOH NF PG FWFSZUIJOH

FMTF JNQPSUBOU JO MJGF�

8JUI &NNB 3PTFOGFME * IBE UIF TJOHVMBS FYQFSJFODF PG NFFUJOH TPNFPOF BOE JOTUBOUMZ LOPX�

JOH XF XFSF PO UIF TBNF XBWFMFOHUI� *U IBT CSPVHIU NF HSFBU IBQQJOFTT UP TIBSF TP NVDI XJUI IFS�

GSPN VOBCBTIFE FOUIVTJBTN GPS TDJFODF BOE VOBQPMPHFUJD DFMFCSBUJPO PG FBDI PUIFSؠT JOOPWBUJWF DB�

QBDJUZ UP PVS TIBSFE DVSJPTJUZ BOE ESJWF UP FYQMPSF QSPCMFNT UIBU NBUUFS CFZPOE PVS TVC୮ୢFME� * IBWF

USVMZ BQQSFDJBUFE &NNBؠT WVMOFSBCJMJUZ SBX TFOTF PG IVNPS EZOBNJD JOUFMMFDU BOE DPNQBTTJPOBUF

TVQQPSU�

'FX PSHBOJ[BUJPOT IBWF NBEF NF NPSF QSPVE UIBO UIF (SBEVBUF BOE 1PTUEPDUPSBM $PVODJM

	(1$
 JO )BSWBSEؠT $$# %FQBSUNFOU� 5IF P୭୮ୢDFST BOE WPMVOUFFST * XPSLFE XJUI EVSJOH NZ UXP

ZFBST BT (1$ 1SFTJEFOU QPVSFE UIFJS IFBSUT JOUP TFSWJOH PVS DPNNVOJUZ OPU GPS BOZ QSPGFTTJPOBM

DSFEJU CVU CFDBVTF UIFZ GFMU JU XBT UIF SJHIU UIJOH UP EP� * FTQFDJBMMZ UIBOL %S� +F୭G #FTTFO %S� +PFZ

(PPELOJHIU .PMMZ )V୭G %S� +PIO +BOFU[LP &UIBO .BHOP -J[ +PIOTPO )PQF 'MBYNBO %S�

&JMFFO .PJTPO "OESFX #FOEFMTNJUI 7JDUPS ;IBP .BUU 7PMQF BOE /BUIBOJFM #SB୭GNBO�

.BOZ NFNCFST PG UIF )BSWBSE $$# DPNNVOJUZ IBWF CFFO JOUFHSBM UP NZ FYQFSJFODF IFSF� * BN

UIBOLGVM GPS &MJ[BCFUI -FOOPY ,BUIZ 0BLMFZ #BSCBSB "OEFSTPO )FMFO 4DIXJDLSBUI +PF -BWJO

BOE 4VTBO ,JOTFMMB XIPTF F୭GFDUJWF XPSL JO BENJOJTUSBUJOH PVS EFQBSUNFOU SFTPMWFE NBOZ PG NZ

IFBEBDIFT BOE OFWFS GBJMFE UP QVU B TNJMF PO NZ GBDF� * BN HSBUFGVM UP %S� (SFHH 5VDDJ BOE %S� -V

8BOH XIP NBEF NZ UFBDIJOH FYQFSJFODF JO 14�� POF PG UIF NPTU FOKPZBCMF BOE SFXBSEJOH FYQFSJ�
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FODFT PG NZ HSBEVBUF DBSFFS�

#FZPOE UIF $$# EFQBSUNFOU * BN HSBUFGVM UP UIF )6$& DPNNVOJUZ NZ TFDPOE IPNF BU )BS�

WBSE� &SJD 4JNNT +JMM .VSQIZ BOE %S� +JN $MFN BU )6$& XFSF JODSFEJCMZ TVQQPSUJWF SFTQPO�

TJWF BOE IFMQGVM� 'JWF ZFBST PG )BSWBSE &OFSHZ +PVSOBM $MVC XFSF GPSNBUJWF GPS NF� * XBT ୯୳PPSFE

CZ UIF UBMFOU BOE JOTJHIU PG UIF NFNCFST PG )&+$ B HSPVQ XIFSF * GFMU * IBE GPVOE NZآ QFPQMFأ�

* XBT MVDLZ UP MFBE )&+$ BT 1SFTJEFOU GPS ୮ୢWF TFNFTUFST XJUI UXP BNB[JOH 7JDF 1SFTJEFOUT� %BO

1PMMBDL BOE TVCTFRVFOUMZ "NPT .FFLT� * MFBSOFE TP NVDI BCPVU MFBEFSTIJQ BOE BOBMZTJT PG DSJUJ�

DBM FOFSHZ JTTVFT GSPN UIF GPSNFS )&+$ 1SFTJEFOUT EVSJOH NZ UJNF BU )BSWBSE� %S� -BVSFO )BSUMF

%S� +BTPO .VOTUFS %S� %BOJFM 5IPSQF #PCCZ (VTUBGTPO BOE "OEZ (SFFOTQPO� * BDLOPXMFEHF

TFWFSBM )&+$ NFNCFST XIP TJHOJ୮ୢDBOUMZ DPOUSJCVUFE UP NZ EFWFMPQNFOU JOUP B NPSF OVBODFE

FOFSHZ UFDIOPMPHZ UIJOLFS� $BSMP "NBEFJ $PMMFFO (PMKB +PIO )BSSPME %SFX 8POH &SJD 'FMM

#BQUJTUF -FNBJSF #FO 'SBOUB "OOB 4IOFJENBO "OESFX #FSHNBO 'FMJY #BSCFS -BVSFO ,VOU[

+BOF 1IJMCSJDL #PC ,MFJOCFSH .BOEZ -JV +VTUJO 5FFTEBMF 5PMZ 3JOCFSH #SJEHFS 3VZMF $ISJT�

UJBO )PMLFCPFS ,BSFO :V %PSJT )P୭GNFZFS +PSEBO 8JMLFSTPO &E #JSLFUU 5PCZ &HMF ,BU (FEEFT

,BODIJ (BOEIJ "MFY $MBSL 5ZMFS 4U� (FSNBJOF 5JN .FOLF :BOJOB #BSSFSB 'SBOLMJO 8PMGF /JDP

4BXBZB )FOSZ 8JMLJO BOE +BDL )FOTMFZ� * BN HSBUFGVM UP FWFSZPOF * JOUFSBDUFE XJUI JO UIF &OFSHZ

� &OWJSPONFOU $POTPSUJVN JODMVEJOH +POBUIBO .PDI :BOQFOH 4VO 4IBIJS .BTSJ BOE NZ /VEH�

JOH 5PXBSE B $MFBOFS 'VUVSF $POGFSFODF DP�GPVOEFST $JOEZ )V BOE 4IBVOB 5IFFM� * GPVOE LJOESFE

TQJSJUT JO $JOEZ BOE 4IBVOB XIP XPSLFE XJUI NF BOE XJUI PVS JODSFEJCMF NFOUPS TVQQPSUFS BOE

DP�TQPOTPS 1SPGFTTPS .BY #B[FSNBO UP PSHBOJ[F B NFBOJOHGVM JOJUJBUJWF� * BN BMTP HSBUFGVM UP IBWF

IBE NBOZ QPTJUJWF JOUFSBDUJPOT XJUIJO UIF XFMDPNJOH CSPBEFS FOFSHZ DPNNVOJUZ JO $BNCSJEHF

UISPVHI (SFFOUPXO -BCT BOE FTQFDJBMMZ UP IBWF NFU $IMPF )PM[JOHFS XIPTF QBTTJPO JODJTJWF JOUFM�

MFDU HP�HFUUFS BUUJUVEF BOE UIPVHIUGVMOFTT BCPVU IFS WBMVFT IBWF CFFO JOTQJSBUJPOBM BOE EFMJHIUGVM BT

XF IBWF NPWFE UISPVHI PVS KPVSOFZT JO FOFSHZ UFDIOPMPHZ UPHFUIFS�

.Z 1I% FYQFSJFODF XPVME OPU IBWF CFFO DPNQMFUF XJUIPVU UIF EFMJHIUGVM DPNNVOJUZ PG GPSFJHO�
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MBOHVBHF B୮ୢDJPOBEPT� 'JSTU * BN QSPGPVOEMZ HSBUFGVM UP NZ DP�PSHBOJ[FST PG UIF %VEMFZ )PVTF �

(4"4 4UVEFOU $FOUFS MBOHVBHF UBCMFT� 5BZMPS 7BMMFZ BOE *MJB (FMGBU GPS 4QBOJTI� &NJMZ (FISFMT 8JMM

5JMMFD[FL BOE "SUIVS 5TBOH GPS 'SFODI� 4FWFSBM PUIFS MBOHVBHF QBSUOFST QSPWJEFE MFBEFSTIJQ BOE

DBNBSBEFSJF BU PVS HBUIFSJOHT� %BO 1PMMBDL .BSJTTB ,JNTFZ $©DJMF (V©EPO $ISJTUPQIF %VQS©

.BSJFMMF 3FNJMMBSE BOE .BY &ISFOGSFVOE� 5IFTF JOEJWJEVBMT FBDI IBWF NPSF QBTTJPO QBUJFODF

UBMFOUT BOE JOUFSFTUT UIBO DBO ୮ୢU JO B TJOHMF MJGFUJNF� * IBWF CFFO CMPXO BXBZ CZ UIFJS JNNFOTF DBQB�

CJMJUZ GPS MFBSOJOH� 5IFZ IBWF BMM TVQQPSUFE NF JO NZ MPWF PG MBOHVBHFT BOE MJOHVJTUJDT NZ QFSTPOBM

BOE QSPGFTTJPOBM RVBOEBSJFT BOE IFMQFE NF MJWF PVU NZ ESFBNT PG DSFBUJOH B MJOHVBQIJMF DPNNVOJUZ

BU )BSWBSE XIFSF XF MBVHI BMPVE DPOTUBOUMZ�

* HSBUFGVMMZ BDLOPXMFEHF TFWFSBM PUIFS 1I% GSJFOET XJUI XIPN * IBWF EFMJHIUFE UP TIBSF UJNF

BU )BSWBSE� "SPPQ .VLIBSKJ JT B UBMFOUFE BVUIPS BOE NVTJDJBO BOE B UIPVHIUGVM TDIPMBS XIPTF

GSJFOETIJQ XIJDI CFHBO JO PVS UJNF BT .BSTIBMM 4DIPMBST TPMJEJ୮ୢFE EVSJOH PVS 1I%T BU )BSWBSE� %S�

1BMMBW ,PTVSJ TVQQPSUFE NF UISPVHI UIF VQT BOE EPXOT PG CPUI NZ 1I% BOE NZ DMJNCJOH QVSTVJUT

XJUI XBSN QPTJUJWJUZ BOE OBUVSBM BUUFOUJWF DPNQBTTJPO� .FMJOEB .BMMFZ CFDBNF B QSJNBSZ DPO୮ୢ�

EBOUF EVSJOH NZ 1I% BOE * BN HSBUFGVM GPS PVS DMPTF SBQQPSU JO PVS QFSTPOBM KPVSOFZT IFS BCJMJUZ UP

DBMN NF EPXO BOE IFMQ NF BOBMZ[F TJUVBUJPOT XIFO * BN TUVDL PS DPOGVTFE BOE PVS DPNQBUJCJMJUZ

BT DMJNCJOH BEWFOUVSF QBSUOFST� 4FWFSBM PUIFS GSJFOET XJUIJO UIF )BSWBSE TDJFODF DPNNVOJUZ IBWF

CSPVHIU CBMBODF QFSTQFDUJWF BOE DBNBSBEFSJF UP NZ UJNF IFSF� 5FTTB (SFFO +FOOZ #FSHOFS "MFYB

+BDLTPO &NNB #FSUSBO 5BNBSB 1JDP $BSJOB $IJUUJN BOE .JDIFMJOF 4PMFZ� * BN BMTP GPSUVOBUF

UP IBWF B DMPTF DIJMEIPPE GSJFOE "MFY 7BMJUPO MJWF TP DMPTF UP #PTUPO EVSJOH NZ 1I%� JU IBT CFFO

B QMFBTVSF UP DPOEVDU PVS 1I% XPSL JO QBSBMMFM BOE UP DFMFCSBUF "MFYؠT UFOBDJUZ BOE IFS WJWBDJPVT

QVSTVJU PG TDJFODF BOE PG MJGF�

#FZPOE )BSWBSE * DPOTJEFS NZTFMG JODSFEJCMZ MVDLZ UP IBWF GPVOE UIF .*5 0VUJOH $MVC 	.*�

50$
� .*50$ JT B HFN VOJRVF JO JUT DBNBSBEFSJF JODMVTJPO XFBMUI PG FYQFSU LOPXMFEHF FNQIBTJT

PO UFBDIJOH BOE TBGFUZ BOE BCJMJUZ UP FNQPXFS JOEJWJEVBMT UP EP BOZUIJOH UIFZ ESFBN CF JU DPN�
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QMFUJOH B CJH XBMM DMJNCJOH PCKFDUJWF PS PSHBOJ[JOH B XPNFOؠT DMJNCJOH SFUSFBU� #FO ,FTTFM XBT NZ

୮ୢSTU PVUEPPS DMJNCJOH NFOUPS XIJDI JT B VOJRVF SFMBUJPOTIJQ GPS BOZ DMJNCFS� )BT BMXBZT FODPVS�

BHFE NF UP USZ IBSE DMJNCT * XPVME OFWFS IBWF BUUFNQUFE PUIFSXJTF� )F UPPL NF PO NZ ୮ୢSTU NVMUJ�

QJUDI TQPSU DMJNC 	3PDL %V +PVST ����
 BOE KVTU IBMG B ZFBS MBUFS IF MFE B USJQ XIFSF * TXVOH MFBET

PO NZ ୮ୢSTU NVMUJ�QJUDI USBE SPVUF 	&OEFBWPVS ���
� * XPVME OFWFS IBWF UIPVHIU NZTFMG DBQBCMF PG

TVDI QSPHSFTT BOE * TJNQMZ DBOOPU UIBOL #FO FOPVHI GPS UIF DBNBSBEFSJF BOE EFFQ GSJFOETIJQ IF

IBT CSPVHIU UP NZ UJNF JO $BNCSJEHF BOE UIF XBZ IF IBT USBOTGPSNFE NZ PVUMPPL PO XIBU * FO�

WJTJPO GPS NZTFMG� "MFY (BSDJB BOE %S� $ISJT 4BVMOJFS BMTP CFMJFWFE JO NF CFGPSF * FWFS CFMJFWFE JO

NZTFMG� 5IPVHI * IBE POMZ CFFO DMJNCJOH PVUEPPST B GFX NPOUIT BOE * IBSEMZ LOFX UIFN UIFZ FY�

QSFTTMZ UPPL NF BTJEF GPS B GVMM EBZ UP UFBDI NF USBE DMJNCJOH BO BDUJWJUZ * IBE BMXBZT UIPVHIU XBT

UPP FYUSFNF GPS NF� /PU POMZ EJE UIFZ NBLF UIJT DMJNCJOH TUZMF BQQSPBDIBCMF GVO BOE TBGF CVU BMTP

UIFZ FNQPXFSFE NF UP MPWF USBE DMJNCJOH GPS NZTFMG� #FZPOE QFSTPOBMMZ NFOUPSJOH NF "MFY IBT

CFFO B SPMF NPEFM GPS NF BT B MFBEFS BT * IBWF BENJSFE IJT JODMVTJWF NPEFTU BOE IVNCMF BUUJUVEF�

$ISJT BOE 8JMMJBN أMPY#آ #MPYIBN BMTP DSFBUFE TQBDF GPS MJGF�BMUFSJOH HSPXUI GPS NF� UIFZ MFE BO JO�

UFSNFEJBUF JDF DMJNCJOH USJQ BOE FODPVSBHFE NF UP TIPX VQ ؛ GPS UIF USJQ BOE GPS NZTFMG ؛ UIPVHI

* XBT TVSF * XPVMEOؠU CF TLJMMFE FOPVHI BOE * XBT JOTFDVSF IFTJUBOU UP EJWF JOUP XJOUFS TQPSUT JO

XIJDI 	BT B 5FYBO�
 * EJEOؠU GFFM * ୮ୢUآ JOأ� * BN FTQFDJBMMZ HSBUFGVM UP $ISJT XIP QBUJFOUMZ CFMBZFE

NF BT * ESZ�UPPMFE NZ XBZ VQ NZ ୮ୢSTU NJYFE SPDL�JDF DMJNCT XIFSF * HSBUVJUPVTMZ ZFMMFE XJUI FWFSZ

JDF BYF TXJOH� %S� +VMJBO ,XBO QSBDUJDBMMZ IBVMFE NF VQ NVMUJQJUDI DSBDL DMJNCT BU $BUIFESBM UIBU

XFSF CFZPOE NZ BCJMJUZ� )F QBUJFOUMZ IPOFE NZ USBE TLJMMT CFZPOE UIF CBTJDT UP UIF QPJOU XIFSF *

DPVME MFBE NZ PXO USBE USJQT USBJOJOH GPS XIJDI * BN JODSFEJCMZ HSBUFGVM� 4QFOEJOH UJNF XJUI +V�

MJBO * OFWFS GFMU SVTIFE PS KVEHFE� "G୴FS BMM BOZPOF XIP TFFT ZPV QVMM PVU B /BMHFOF GVMM PG MBTBHOB

IBMGXBZ VQ UIF XBMM BOE TBZT HPPEآ JEFBأ JT DMFBSMZ B HPPE QFSTPO� "T $MJNCJOH $IBJS %BWJE +PIO�

TPO FNPUJPOBMMZ BOE ୮ୢOBODJBMMZ TVQQPSUFE NZ FWFSZ JEFB UP NBLF .*50$ NPSF JODMVTJWF FTQFDJBMMZ

GPS XPNFO� 5IFTF MFBEFST IBWF BMM UIPVHIU FYDFQUJPOBMMZ EFFQMZ BCPVU IPX UP IFMQ XPNFO UP MPWF
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DMJNCJOH B IJTUPSJDBMMZ B NBMF�EPNJOBUFE BDUJWJUZ� 5IFZ FMFWBUF NZ WPJDF UBLF NZ TBGFUZ TVHHFTUJPOT

TFSJPVTMZ JOWJUF NF UP MFBE PUIFST FODPVSBHF WVMOFSBCJMJUZ DFMFCSBUF NZ TUSFOHUI BOE BQQSFDJBUF UIF

XBZ * BQQSPBDI B DMJNC FWFO XIFO JUؠT EJ୭GFSFOU GSPN IPX UIFZؠE BQQSPBDI JU� 5IFZ IBWF QSPNQUFE

NF UP SFUIJOL NZ SFMBUJPOTIJQ UP UIF PVUEPPST BOE NZ BCJMJUZ UP EP IBSE UIJOHT� 'PS BMM PG UIJT * BN

NPSF HSBUFGVM UP UIFN UIBO XPSET DBO TBZ�

*O BEEJUJPO UP NZ NFOUPST * IBWF MFBSOFE BOE CFOF୮ୢUFE TP NVDI GSPN NZ DMPTF .*50$ DMJNC�

JOH QBSUOFST BOE GSJFOET� )BJZBO 9V IBT CFFO DMJNCJOH PVUEPPST XJUI NF BMNPTU GSPN %BZ 0OF

BOE * BN TP BQQSFDJBUJWF PG IFS WVMOFSBCJMJUZ BOE KPJF EF WJWSF� "JMFFO %FWMJO IBT CFDPNF B DMPTF

DMJNCJOH QBSUOFS BOE GSJFOE BOE * BN DPOUJOVBMMZ JOTQJSFE CZ IFS QPTJUJWF PVUMPPL IFBMUIZ MJGF CBM�

BODF JOTBOF QSPEVDUJWJUZ BOE GFBSMFTTOFTT JO NBOZ BTQFDUT PG MJGF 	JODMVEJOH CFJOH IBQQZ UP UBLF

MFBE GBMMT�
� * BN ୯୳PPSFE CZ "MZTTB 3VEFMJTؠT DIBSBDUFS� IFS DPVSBHF UP TQFBL IFS NJOE BOE FTQF�

DJBMMZ UP TUBOE VQ GPS PUIFST BOE GPS IFS WBMVFT JOTQJSFT NF DPOUJOVBMMZ� %S� "MFY #BUDIFMPS GPSNBMMZ

NFOUPSFE "MZTTB BOE NF JO PVS KPVSOFZ UP BEWBODF BT XJOUFS IJLFST BOE 8JOUFS 4DIPPM MFBEFST� DP�

MFBEJOH PVS FNJOJTUT'آ PO 'JFMEأ IJLF XBT B NPWJOH BOE FNQPXFSJOH FYQFSJFODF GPS NF IFMQJOH

NF SFEF୮ୢOF BOE SFDMBJN UIF PVUEPPST JO B EFFQMZ QFSTPOBM XBZ� &WBO 8JMMJBNT IBT JOTQJSFE NF XJUI

IFS MFBEFSTIJQ JO .*50$ BOE IFS QFSTPOBM QSPHSFTT BT B DMJNCFS� &WBO IBT SFNJOEFE NF UP SFKFDU

UIF NPME� SBUIFS UIF POMZ QFSTPO XIP OFFET UP HJWF ZPV QFSNJTTJPO UP EP BOZUIJOH JT ZPVSTFMG� *

IBWF IBE TP NVDI GVO TQFOEJOH UJNF XJUI %BWJE $IBOH XIP JT QSPCBCMZ UIF CFTU BDUJWF MJTUFOFS *

IBWF FWFS NFU BOE XIPTF CPME BUUJUVEF UPXBSE NBOZ BTQFDUT PG MJGF IBT IFMQFE NF TFF NZ PXO CMJOE

TQPUT BOE GPSN UIF JNBHF PG UIF QFSTPO * XBOU UP CFDPNF� * BN BMTP HSBUFGVM GPS UIF NFOUPSTIJQ BOE

GSJFOETIJQ PG #FLBI -BSTFO� CFZPOE IFS JOTBOF DMJNCJOH BCJMJUZ BOE JNQSFTTJWF XPSL FUIJD #FLBI

JT TVDI B LJOE TPVM BOE JU IBT CFFO TP TVQQPSUJWF UP IBWF IFS BT B GSJFOE EVSJOH PVS 1I%T� * BN TP

HMBE UIBU 4V[Z .D,JOOFZ GPVOE PVS .*50$ GBNJMZ� IFS TFMG�BTTVSBODF BOE NBUVSJUZ NBEF IFS BO

JOTUBOU SPMF NPEFM BOE TIF IBT TFFO NF UISPVHI IBSE UJNFT XJUI LFFO JOTJHIU BOE QFSTQFDUJWF� 7JODF

$BTCBSSP IBT CFFO B GBOUBTUJD OFX DMJNCJOH QBSUOFS BOE GSJFOE BOE * IBWF MFBSOFE TP NVDI GSPN
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IJT FOWJBCMF LOBDL GPS MFBEJOH B XJEF MJGF MJLF OPCPEZؠT XBUDIJOH� * BN HSBUFGVM UP NZ 3PDL 4FBTPO

���� NFOUFFT +JMM .VSQIZ BOE $IFO -V� XF MBVHIFE DSJFE TUSFUDIFE EZOPؠFE BOE USBJOFE TP NBOZ

QVMM�VQT BU #SPPLMZO #PVMEFST DVMNJOBUJOH JO B DP�PSHBOJ[FE 8PNFOؠT $MJNCJOH 3FUSFBU JO .BZ PG

���� XJUI BCPVU �� BUUFOEFFT XIJDI SFQSFTFOUFE B DBQTUPOF GPS NF JO GPSNJOH UIF أFMBZEJFT#آ DPN�

NVOJUZ� 0WFSBMM JU JT JNQPTTJCMF GPS NF UP EP KVTUJDF JO XSJUJOH UP UIFTF QFPQMF XIP IBWF QSPGPVOEMZ

DIBOHFE NZ MJGF�

.Z )BSWBSE IPVTFNBUFT IBWF NBEF NZ 1I% FYQFSJFODF FBTJFS BOE NPSF FOKPZBCMF� * HSBUFGVMMZ

BDLOPXMFEHF 7FSPOJDB $BSEFOBT 4BIB 4BFFE 3BKKJ %FTBJ "MFUIFB $PPL BOE .BSZ #BJMFZ ,FOOFEZ� *

BN HSBUFGVM UP UIF %BODJOؠ 'PPMT DPNNVOJUZ XIPTF XFFLMZ XFTU DPBTU TXJOH EBODF OJHIUT FYQBOEFE

NZ FYQFSJFODF IFSF JO $BNCSJEHF FTQFDJBMMZ /FBM ,MFJO +F୭G 8BOH BOE 0NFS (PUUFTNBO�

'JOBMMZ * HSBUFGVMMZ BDLOPXMFEHF TFWFSBM GVOEJOH TPVSDFT UIBU DPOUSJCVUFE UP XPSL QSFTFOUFE JO

UIJT EJTTFSUBUJPO� UIF &1"ୖ.BSTIBMM 4DIPMBSTIJQ UIF "�1 BOE ..4 QSPHSBNT BU %SBQFS -BCPSBUPSZ

BOE UIF %SBQFS -BCPSBUPSZ 'FMMPXTIJQ�
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1
*OUSPEVDUJPO

��� 7ঊঙঘছ 1ঊজ 5গ 'কখ %ঙঘজঝঘগ .ঝঘজ

5IJO ୮ୢMN MBZFST PG NBUFSJBMT 	JOTVMBUPST TFNJDPOEVDUPST BOE NFUBMT
 BSF VTFE BDSPTT JOEVTUSZ

GSPN PQUJDBM EFWJDFT BOE FMFDUSJDBM DPBUJOHT UP WJSUVBMMZ BMM FMFDUSPOJD EFWJDFT 	F�H� FOFSHZ TUPSBHF

UFMFDPNNVOJDBUJPOT
� .BOZ PG UIFTF UIJO ୮ୢMN MBZFST BSF NBEF CZ WBDVVN�CBTFE NFUIPET JO XIJDI

UIF BDUJWF DPNQPOFOUT PG UIF UIJO ୮ୢMN NBUFSJBMT BSF USBOTQPSUFE UP UIF TVCTUSBUF JO UIF WBQPS QIBTF�

�



7BQPS�QIBTF NFUIPET IBWF TPNF BEWBOUBHFT PWFS PUIFS OPO�WBDVVN CBTFE BQQSPBDIFT 	F�H� TPMVUJPO�

CBTFE DPBUJOHT FMFDUSPEFQPTJUJPO
� 7BQPS QIBTF NFUIPET DBO PG୴FO QSPEVDF IJHIMZ SFQSPEVDJCMF

EFWJDF�RVBMJUZ ୮ୢMNT PG IJHI QVSJUZ CFDBVTF JNQVSJUJFT EP OPU FOUFS UIF HBT QIBTF� 7BQPS QIBTF NFUI�

PET DBO BMTP QSPEVDF ୮ୢMNT UIBU BSF BMTP IJHIMZ VOJGPSN CFDBVTF PG UIF QSFDJTJPO XJUI XIJDI UIF

EFQPTJUJPO SBUF DBO CF NPOJUPSFE BOE DPOUSPMMFE�

7BQPS QIBTF NFUIPET DBO CF CSPBEMZ DBUFHPSJ[FE JOUP UXP EJ୭GFSFOU DBUFHPSJFT� QIZTJDBM WBQPS

EFQPTJUJPO 	17%
 BOE DIFNJDBM WBQPS EFQPTJUJPO 	$7%
� *O 17% NFUIPET B أUBSHFUآ NBUFSJBM JT BD�

DFMFSBUFE UPXBSE B TVCTUSBUF VOEFS WBDVVN BOE EJSFDUMZ CFDPNFT B UIJO ୮ୢMN PO UIF TVCTUSBUF� 17%

NFUIPET JODMVEF UIFSNBM FWBQPSBUJPO FMFDUSPO CFBN 	&�CFBN
 FWBQPSBUJPO QVMTFE�MBTFS EFQPTJUJPO

	1-%
 WBQPS USBOTQPSU EFQPTJUJPO 	75%
 DMPTF�TQBDF TVCMJNBUJPO 	$44
 BOE EJSFDU DVSSFOU 	%$


PS SBEJP GSFRVFODZ 	3'
 NBHOFUSPO TQVUUFSJOH�

"MUFSOBUFMZ JO $7% NFUIPET أQSFDVSTPSآ NBUFSJBMT BSF UIFSNBMMZ FWBQPSBUFE BOE SFMFBTFE JOUP

B SFBDUPS DIBNCFS XIFSF UIFZ VOEFSHP B DIFNJDBM SFBDUJPO QSPEVDJOH UIF UIJO ୮ୢMN PG UIF EFTJSFE

NBUFSJBM BOE HBTFPVT CZQSPEVDUT UIBU BSF QVSHFE PS FWBDVBUFE GSPN UIF SFBDUPS� $7% WBSJBOUT JO�

DMVEF NFUBMPSHBOJD $7% 	.0$7%
 BUPNJD MBZFS EFQPTJUJPO 	"-%
 QVMTFE $7% 	Q�$7%
 EJSFDU

MJRVJE JOKFDUJPO 	%-*ୖ$7%
 QMBTNB�FOIBODFE $7% 	1&$7%
� $7% NFUIPET DBO CF DMBTTJ୮ୢFE CZ

PQFSBUJOH DPOEJUJPOT� BUNPTQIFSJD MPX�QSFTTVSF PS VMUSBIJHI WBDVVN� $7% NFUIPET DBO BMTP CF

DMBTTJ୮ୢFE CZ UZQF PG TVCTUSBUF IFBUJOH� JO IPU XBMM $7% UIF DIBNCFS JT IFBUFE CZ BO FYUFSOBM QPXFS

TPVSDF BOE UIF TVCTUSBUF JT IFBUFE PG୴FO CZ SBEJBUJPO 	GPS FYBNQMF GSPN B IFBUJOH DPJM
 BOE PQUJPO�

BMMZ WJB IFBUFE TVCTUSBUF IPMEFS� JO DPME XBMM $7% UIF DIBNCFS XBMMT BSF BU SPPN UFNQFSBUVSF BOE

UIF TVCTUSBUF JT EJSFDUMZ IFBUFE FJUIFS CZ JOEVDUJPO PS CZ QBTTJOH DVSSFOU UISPVHI UIF TVCTUSBUF PS JUT

IPMEFS�

�



��� 5ঌগঘ�&ঌঘগঘখঌ "গঊকঢজজ .ঝঘঘকঘঐঢ

7BQPS EFQPTJUJPO QSPDFTTFT IBWF CFFO PQUJNJ[FE BOE CFUUFS VOEFSTUPPE UISPVHI OPU POMZ FYQFS�

JNFOUBUJPO CVU BMTP QIZTJDT� BOE DIFNJTUSZ�CBTFE NPEFMJOH� 5IJT UFDIOJDBM NPEFMJOH BOE TJNV�

MBUJPOT BSF JNQPSUBOU CFDBVTF UIFZ FOBCMF VT UP QSFEJDU BOE WFSJGZ UIF TDJFODF VOEFSQJOOJOH UIFTF

QSPDFTTFT� 5IFTF TUVEJFT JODMVEF NPEFMT PG EJ୭GVTJPO SBEJBUJWF FYDIBOHF SFBDUPS ୯୳PX BOE EFQPTJ�

UJPO� 5IFZ BMMPX VT UP PQUJNJ[F SFBDUPS FRVJQNFOU EFTJHO GPS B TQFDJ୮ୢD PVUDPNF MJLF EFQPTJUJPO SBUF

DPNQPTJUJPO PS NPSQIPMPHZ� .BOZ QBSBNFUFST DBO CF UVOFE JO UIJT PQUJNJ[BUJPO� UIF HFPNFUSZ

BOE NBUFSJBMT VTFE GPS UIFSNBM JOTVMBUJPO UIF HBT JOKFDUJPO EFTJHO UIF UFNQFSBUVSF JO UIF SFBDUPS

BOE JUT HSBEJFOU UIF TVCTUSBUF QPTJUJPO UIF HBT ୯୳PX SBUFT USBQ WPMVNFT BOE UIF SFBDUJPO JOJUJBUJPO

DPOEJUJPOT 	F�H� QMBTNB EJTDIBSHF QBSBNFUFST
� 5IFTF TJNVMBUJPOT BOE UFDIOJDBM NPEFMT BOE UIFJS

DPOUSJCVUJPOT UP UIF MJUFSBUVSF BOE EFWFMPQNFOU PG WBQPS EFQPTJUJPO BSF SFWJFXFE FMTFXIFSF� � &BSMZ

XPSL JO UIJT BSFB XBT DIBNQJPOFE CZ 4&."5&$)� 4BOEJB /BUJPOBM -BCPSBUPSZ � BOE PUIFST�

#FZPOE QVSFMZ UFDIOJDBM VOEFSTUBOEJOH BOE PQUJNJ[BUJPO WBQPS EFQPTJUJPO JOTUSVNFOUT FYJTU JO

B DPNNFSDJBM DPOUFYU� 5IJO ୮ୢMN EFWJDFT BSF NBEF OPU POMZ XJUI EFWJDF QFSGPSNBODF JO NJOE CVU

BMTP XJUI UIF VMUJNBUF HPBM PG EFMJWFSJOH UIF EFWJDF BT B QSPEVDU UP B DVTUPNFS� $PTU JT B LFZ GBDUPS JO

EFUFSNJOJOH UIF TVDDFTT PG BOZ OFX UFDIOPMPHZ� *O UIJT DPOUFYU XIFO EFWFMPQJOH B WBQPS EFQPTJUJPO

UFDIOPMPHZ XJUI UIF VMUJNBUF HPBM PG DPNNFSDJBMJ[BUJPO FDPOPNJD GBDUPST NVTU CF DPOTJEFSFE� 5IJT

*OUSPEVDUJPO QSPWJEFT B SFWJFX PG UFDIOP�FDPOPNJD NPEFMJOH NFUIPEPMPHZ JO UIF DPOUFYU PG WBQPS

EFQPTJUJPO NFUIPET�

����� $ঘজঝ ঘএ 0ঠগছজঙ এঘছ *গটঞঊক 5ঘঘকজ

&DPOPNJD BOBMZTJT PG UIF GBDUPSJFT BOE FRVJQNFOU UP QSPEVDF TFNJDPOEVDUPST EBUFT CBDL UP B QSF�

TFOUBUJPO HJWFO CZ (� %BO )VUDIFTPO BU UIF "NFSJDBO 4PDJFUZ GPS &OHJOFFSJOH &EVDBUJPO DPOGFS�

FODF JO ������� )VUDIFTPO EFWFMPQFE IJT GBDUPSZ�XJEF NPEFM JO PSEFS UP CFUUFS VOEFSTUBOE XIFUIFS

�



JODSFBTJOH DBQJUBM JOWFTUNFOUT XFSF ESJWJOH EFDSFBTFE QSP୮ୢUBCJMJUZ JO UIF JOEVTUSZ JO UIF 6�4� .PW�

JOH CFZPOE UIF DMBTTJD ୮ୢOBODJBM BOBMZTJT UZQJDBMMZ DPOEVDUFE BU UIF UJNF )VUDIFTPO JODPSQPSBUFE JO

IJT NPEFM UFDIOJDBM QBSBNFUFST TVDI BT SFTPMVUJPO BOE EFGFDU EFOTJUZ JO PSEFS UP DBMDVMBUF UIF DPTU

QFS EFWJDF UIBU DPVME CF TPME� *NQPSUBOUMZ OPU BMM EFWJDFT DPVME CF TPME CFDBVTF PG SFQSPEVDJCJMJUZ

BOE RVBMJUZ DPOUSPM JTTVFT TP UIF JODMVTJPO PG UFDIOPMPHJDBM QBSBNFUFST DPOUSJCVUFE UP UIF NPEFMؠT

TVDDFTT� *O QBSUJDVMBS )VUDIFTPO DPODMVEFE UIBU IJHIFS�DPTU GBDUPSJFT XFSF BDUVBMMZ NPSF QSP୮ୢUBCMF

CFDBVTF UIFZ QSPEVDFE B IJHIFS ZJFME PG TFMMBCMF EFWJDFT SFTVMUJOH JO MPXFS DPTU QFS TFMMBCMF EFWJDF�

)JT NPEFM TVDDFTTGVMMZ QSFEJDUFE UIF DPOUJOVFE SJTF PG IJHI�DPTU GBDUPSJFT� DBQJUBM DPTUT PG GBDUPSJFT JO

UIF ����T XFSF BQQSPYJNBUFMZ EPVCMF UIBU PG UIF QSFDFEJOH HFOFSBUJPO��

)PXFWFS POF EPXOTJEF PG )VUDIFTPOؠT NPEFM XBT JUT JODMVTJPO PG IVOESFET PG WBSJBCMFT BOE

JU UIVT XBT UPP DPNQMFY UP CF QSBDUJDBMMZ VTFGVM GPS GBDUPSZ PXOFST� 'VSUIFS XPSL GPDVTFE PO TJN�

QMFS NPEFMT BU UIF FRVJQNFOU JOTUFBE PG GBDUPSZ MFWFM� 5IFTF NPEFMT BSF DBMMFE $PTU PG 0XOFS�

TIJQ 	$00
 NPEFMT BOE UPEBZ UIFTF NPEFMT BSF VTFE UP BJE FRVJQNFOU TFMFDUJPO BOE EFWFMPQNFOU

DIPJDFT JO UIF JOEVTUSZ� 1FSIBQT UIF MBSHFTU CFODINBSL JO UIF EFWFMPQNFOU BOE TUBOEBSEJ[BUJPO

PG TVDI NPEFMT PDDVSSFE JO UIF NJE�UP�MBUF ����T XIFO UIF +BQBOFTF TFNJDPOEVDUPS JOEVTUSZ IBE

CFHVO UP TVSQBTT "NFSJDBO TFNJDPOEVDUPS NBOVGBDUVSJOH�� *O PSEFS UP TPMWF DPNNPO NBOVGBD�

UVSJOH QSPCMFNT BOE SFHBJO DPNQFUJUJWFOFTT UIF 6�4� HPWFSONFOU QBSUOFSFE XJUI �� 6�4��CBTFE

NBOVGBDUVSFST JO ���� UP GPSN 4&."5&$) 	MPPTFMZ DPJOFE GSPN TFNJDPOEVDUPSآ NBOVGBDUVSJOH

UFDIOPMPHZأ
 B OPU�GPS�QSP୮ୢU DPOTPSUJVN� 4&."5&$) DIBNQJPOFE UFDIOP�FDPOPNJD NPEFM�

JOH� 5IF 4&."5&$) $00 NPEFM IBT CFDPNF UIF EF GBDUP TUBOEBSE JO UIF JOEVTUSZ DSFBUJOH B GBJS

QMBZJOH ୮ୢFME PG DPNQBSJTPO CFUXFFO UPPMT BOE UFDIOJRVFT� � 7FSTJPOT PG UIF 5IF 4&."5&$) $00

NPEFM XFSF DPNNFSDJBMJ[FE JO ���� 	DBMMFE $00 BOE 580 $00-
 BOE UIFO 4&."5&$) KPJOUMZ

TUBOEBSEJ[FE XJUI UIF HMPCBM JOEVTUSZ BTTPDJBUJPO 4&.* MFBEJOH UP UIF HFOFSBUJPO PG UIF 4&.* &��

TUBOEBSE XIJDI XBT QVCMJTIFE JO ����� "O &YDFM NPEFM UIJT 4&.* �� TUBOEBSE JT WPMVOUBSZ QVC�

MJD BOE XJEFMZ VTFE� *U XBT BWBJMBCMF GPS SPVHIMZ ��L JO ����� *UT IJTUPSZ BOE GFBUVSFT BSF SFWJFXFE

�



FMTFXIFSF�� *U IBT VQ UP �� JOQVUT BOE ��� PVUQVU QBSBNFUFST� 'PS JMMVTUSBUJWF QVSQPTFT UIF NPTU

DPNNPO $00 NPEFM JO VTF JO UIF TFNJDPOEVDUPS JOEVTUSZ UPEBZ JT BU JUT TJNQMFTU FYFNQMJ୮ୢFE CZ

UIF GPMMPXJOH FRVBUJPO��

$00 =
5PUBM DPTU PG FRVJQNFOU PWFS JUT MJGFUJNF 	�


5PUBM OVNCFS PG HPPE XBGFST QSPEVDFE

$00 =
'+ -+ 3− 4
-× 5× 6× :

XIFSF�

' � ୮ୢYFE DPTUT� JOJUJBM QVSDIBTF QSJDF BOE JOTUBMMBUJPO BOE USBJOJOH UIF DPTU PG NPWJOH FRVJQNFOU

JO UIF GBDUPSZ FUD�

- � EJSFDU BOE JOEJSFDU MBCPS DPTUT PWFS UIF UPPMؠT TFSWJDFBCMF MJGFUJNF

3 � SFDVSSJOH DPTUT JODMVEJOH� DPTUT PG DPOTVNBCMF NBUFSJBMT NBJOUFOBODF BOE ୯୳PPS TQBDF PWFS

UIF UPPMؠT TFSWJDFBCMF MJGFUJNF

4 � TDSBQ WBMVF� UIF FTUJNBUFE OVNCFS PG VOTFMMBCMF QBSUT NVMUJQMJFE CZ UIF WBMVF GPS XIJDI UIPTF

QBSUT DBO CF SF�TPME BT TDSBQ PWFS UIF UPPM MJGFUJNF� UIJT WBMVF UIVT SFQSFTFOUT NPOFZ SFDPWFSFE

- � TFSWJDFBCMF MJGFUJNF PG UIF UPPM

5 � UIFPSFUJDBM NBYJNVN UISPVHIQVU PG XBGFST QFS VOJU UJNF UBLJOH JOUP BDDPVOU MPBEJOH QSP�

DFTTJOH BOE VOMPBEJOH PG XBGFST

6 � VUJMJ[BUJPO XIJDI JT B GSBDUJPO UIBU NPEJ୮ୢFT 5XJUI B QSBDUJDBM FTUJNBUF UBLJOH JOUP BDDPVOU

EPXOUJNF GPS NBJOUFOBODF FUD�

: � ZJFME SFQSFTFOUJOH UIF QFSDFOUBHF PG QBSUT UIBU QBTT RVBMJUZ DPOUSPM BU UIF FOE PG UIF QSPDFTT

PG UIJT UPPM

0G DPVSTF NBOZ NPSF GBDUPST BSF JODMVEFE JO UIF FYUFOEFE 4&.* �� NPEFM� UIF SFBEFS JT SFGFSSFE

UP UIF NPEFM GPS GVSUIFS EFUBJM� "MUIPVHI 4&."5&$) TUPQQFE TVQQPSU JO "QSJM PG ���� JU JT BWBJM�

�



BCMF BT 580 $00- GSPN 8SJHIU 8JMMJBNT � ,FMMZ *OD� GPS B GFX IVOESFE EPMMBST QFS NPOUI QFS

MJDFOTF�

����� $ঘজঝ ঘএ %টঌ

6MUJNBUFMZ UIF DPTU PG B GVMM EFWJDF JT UIF NPTU VTFGVM RVBOUJUZ UP NPEFM BOE QSFEJDU� 5IF EFWJDF XJMM

DPOUBJO POF PS NPSF WBQPS�EFQPTJUFE UIJO ୮ୢMNT FBDI PG XIJDI JT EFQPTJUFE VTJOH BO JOEJWJEVBM UPPM

XIPTF $00 DBO CF NPEFMFE BT EJTDVTTFE JO 4FDUJPO ������ #VU DPTU NPEFMJOH BU UIF GVMM TUBDL MFWFM JT

NPSF DPNQMFY UIBO KVTU NPEFMJOH UIF $00 PG UIF UPPMT UP NBLF FBDI MBZFS PG UIF EFWJDF BOE BEEJOH

UIF WBMVFT UPHFUIFS� *O PSEFS UP VOEFSTUBOE BOE QSFEJDU UIF DPTU PG B EFWJDF XF NBZ SFMZ PO UFDIOP�

FDPOPNJD BOBMZTJT 	5&"
 B NFUIPEPMPHZ GSBNFXPSL DPNCJOJOH NPEFMJOH FOHJOFFSJOH EFTJHO BOE

FDPOPNJD FWBMVBUJPO JO PSEFS UP BOBMZ[F UIF QFSGPSNBODF PG B QSPEVDU PS QSPDFTT�

4P�DBMMFE أCPUUPN�VQآ DPTU NPEFMT SFQSFTFOU UIF WBTU NBKPSJUZ PG BMM NPEFMT UP FTUJNBUF UIF DVS�

SFOU DPTUT PG UIJO�୮ୢMN EFWJDFT� 4VDI NPEFMT BSF DPNNPO CFDBVTF UIFJS HSBOVMBSJUZ NBLFT UIFN VTF�

GVM GPS QSPDFTT JNQSPWFNFOU� 'PS FYBNQMF VTJOH TVDI NPEFMT DBO IJHIMJHIU LFZ DPTU ESJWFST BOE FO�

BCMF B NBQ UP UBSHFU EFWJDF BMM�JO DPTU CZ IFMQJOH UP JEFOUJGZ UIF SFTFBSDI EFWFMPQNFOU NBOVGBDUVS�

JOH BOE TDBMJOH DIBMMFOHFT SFRVJSFE UP BDIJFWF UIJT DPTU� 4VDI BOBMZTJT DBO JOGPSN 3�% EJSFDUJPOT

JO JOEVTUSZ IFMQJOH UP BOTXFS RVFTUJPOT BCPVU XIJDI OFX UPPMT UP QVSDIBTF PS EFWFMPQ� #PUUPN�

VQ NPEFMT DBO CF VTFE CZ SFTFBSDIFST JOUFSFTUFE JO UFTUJOH QSJDF TFOTJUJWJUZ PG QBSUJDVMBS UFDIOPMPHZ

DIBOHFT�

"NPOH QVCMJDMZ BWBJMBCMF NFUIPEPMPHJFT BSHVBCMZ UIF TUBUF�PG�UIF�BSU BQQSPBDI JT UIBU FNQMPZFE

CZ UIF 6�4� /BUJPOBM 3FOFXBCMF &OFSHZ -BCPSBUPSZ 	/3&-
� 5IPVHI UIFSF BSF QSJWBUF DPTU NPEFM

NFUIPEPMPHJFT GPS UIJO ୮ୢMN EFWJDFT UIF BCPWF NFUIPEPMPHZ JT UIF NPTU UIPSPVHI BOE TPQIJTUJDBUFE

SFDFOU QVCMJDMZ�BWBJMBCMF POF� 5IF HFOFSBM NFUIPEPMPHZ JT IFSF FYDFSQUFE WFSCBUJN GSPN )PSPXJU[

FU BM� SFHBSEJOH B TPMBS DFMM UFDIOPMPHZ UIF BVUIPST NPEFMFE� ��

�



�� %FUFSNJOF B NPEFM EFWJDF TUSVDUVSF BOE NBOVGBDUVSJOH QSPDFTT ୯୳PX CBTFE PO BDBEFNJD MJUFS�

BUVSF QBUFOUT BOE FYQFSU JOQVU JODMVEJOH JOUFSWJFXT XJUI DVSSFOU TPMBS DFMM NBOVGBDUVSFST�

�� $SFBUF UPUBM DPTU�PG�PXOFSTIJQ NPEFMT GPS FBDI TUFQ JO UIF QSPDFTT ୯୳PX XIJDI JODMVEF BMM

NBUFSJBMT EJSFDU MBCPS FMFDUSJDJUZ FRVJQNFOU NBOVGBDUVSJOH GBDJMJUZ BOE NBJOUFOBODF DPTUT�

�� $PMMFDU JOQVU EBUB GPS UIF DPTU�PG�PXOFSTIJQ NPEFMT GPS FBDI QSPDFTT TUFQ JODMVEJOH GPS

FYBNQMF EFQPTJUJPO SBUFT BOE PUIFS FMFNFOUT PG QSPDFTT PS DZDMF UJNF DPOTVNBCMFT VTBHF

NBUFSJBM VUJMJ[BUJPO SBUFT BOE QSJDJOH�

ا 5IFTF EBUB BSF DPMMFDUFE GSPN NBUFSJBM BOE FRVJQNFOU TVQQMJFST BT XFMM BT TPMBS DFMM

NBOVGBDUVSFST BOE PUIFS FYQFSUT�

ا 'VMMZ CVSEFOFE DPTUT 	��IS
 BOE FMFDUSJDJUZ QSJDFT 	��L8I
 BSF UBLFO GSPN #VSFBV PG

-BCPS 4UBUJTUJDT �� BOE UIF 6�4� &OFSHZ *OGPSNBUJPO "ENJOJTUSBUJPO �� SFTQFDUJWFMZ GPS

FBDI NBOVGBDUVSJOH MPDBUJPO NPEFMFE�

�� 4VN UIF DPTUT GPS BMM QSPDFTT TUFQT UP DBMDVMBUF UIF UPUBM NBOVGBDUVSJOH DPTU�

�� *OQVU SFTVMUT GSPN UIF NBOVGBDUVSJOH DPTU NPEFM JOUP B QSP GPSNB EJTDPVOUFE DBTI ୯୳PX

	%$'
 NPEFM UP DBMDVMBUF B NJOJNVN TVTUBJOBCMF QSJDF 	.41
 ���� GPS UIF NPEFM EFWJDF�

ا .41 BTTVNFT BMM PWFSIFBE DPTUT 	3�% TBMFT HFOFSBM BOE BENJOJTUSBUJWF 	4(�"



DBO CF DPWFSFE BOE JOWFTUPST DBO CF QBJE CBDL BU UIF XFJHIU�BWFSBHF DPTU PG DBQJUBM

	8"$$
�

��� 4ঌঘঙ ঘএ ঝ 1ছজগঝ 3টঠ

6OGPSUVOBUFMZ CPUUPN�VQ DPTU NPEFMT GPS UIJO�୮ୢMN EFWJDFT BSF EJ୭୮ୢDVMU UP ୮ୢOE� *O UIF ୮ୢSTU JOTUBODF

UIFZ BSF OPU PG୴FO QVCMJTIFE UP QSPUFDU DPTU DPNQFUJUJWFOFTT PG UIF DPNQBOJFT� &WFO XIFO UIFTF

�



NPEFMT BSF QVCMJTIFE OPU BMM PG UIF JOQVU EBUB JT QVCMJTIFE NBLJOH JU JNQPTTJCMF GPS SFBEFST UP SFQMJ�

DBUF UIF NPEFM� "OPUIFS SFBTPO UIFTF NPEFMT BSF EJ୭୮ୢDVMU UP ୮ୢOE JT UIBU UIF MJUFSBUVSF PO UFDIOP�

FDPOPNJD BOBMZTJT PG WBQPS�EFQPTJUFE UIJO ୮ୢMNT JT TDBUUFSFE� UIFTF NPEFMT BSF PG୴FO NBEF JO PSEFS

UP DPNQBSF XJUIJO BOE OPU BDSPTT UFDIOPMPHJFT� 5IVT SFTFBSDIFST VTJOH TJNJMBS 5&" NFUIPET UP

BOBMZ[F EJ୭GFSFOU EFWJDFT SBSFMZ SFGFSFODF FBDI PUIFS� *O UIJT DIBQUFS * SFWJFX UIF QVCMJDMZ�BWBJMBCMF

CPUUPN�VQ DPTU NPEFMT GPS UIJO�୮ୢMN EFWJDFT BDSPTT UFDIOPMPHJFT� *O QBSUJDVMBS * UBCVMBUF BOE DPN�

QBSF UIF NFUIPEPMPHZ BOE UIF UFDIOJDBM BOE ୮ୢOBODJBM QBSBNFUFST VTFE BDSPTT UIFTF TUVEJFT� 5IJT

DPNQJMBUJPO NBZ BJE PUIFS SFTFBSDIFST JOUFSFTUFE JO FTUJNBUJOH UIF TDBMFE DPTU PG UIFJS UIJO ୮ୢMN UFDI�

OPMPHZ�

4QFDJ୮ୢDBMMZ UIF QSFTFOU SFWJFX GPDVTFT PO UIF QSFTFOU�EBZ UFDIOP�FDPOPNJDT PG UIJO ୮ୢMNT VTFE

BT PQUPFMFDUSPOJD GVODUJPOBM NBUFSJBM MBZFST JO EFWJDF TUBDLT MJLF TPMBS QIPUPWPMUBJDT� * IBWF TQFDJ୮ୢ�

DBMMZ FYDMVEFE UFDIOP�FDPOPNJD BOBMZTFT PG OPO�WBQPS NFUIPET UP QSPEVDF GPS FYBNQMF QFSPWTLJUF

TPMBS DFMMT� �� * IBWF BMTP FYDMVEFE $7% NFUIPET UP NBLF OPO�FMFDUSPOJD EFWJDF NBUFSJBMT MJLF TZO�

UIFUJD EJBNPOE ���� BOE DBSCPO OBOPUVCFT� ���� * IBWF BMTP FYDMVEFE UFDIOP�FDPOPNJD BOBMZTJT PG

PUIFSXJTF SFMFWBOU NBUFSJBMT BOE QSPDFTTFT UIBU BSF NPSF UIBO UXP EFDBEFT PVU PG EBUF� GPS FYBNQMF

B ���� UFDIOP�FDPOPNJD BOBMZTJT PG PQUJDBM ୮ୢCFST VTJOH WBQPS EFQPTJUJPO UFDIOJRVFT �� BOE B ����

UFDIOP�FDPOPNJD BOBMZTJT PG "1$7% PG 5J0� BOUJ�SF୯୳FDUJWF DPBUJOHT �� GPS TJMJDPO TPMBS DFMMT�� "MTP

FYDMVEFE GSPN UIJT DPNQJMBUJPO BSF SFMFWBOU SFDFOU BSUJDMFT PO WBQPS�EFQPTJUFE EFWJDFT UIBU FJUIFS

GBJMFE UP QSPWJEF WBMVFT PG JOQVU QBSBNFUFST BU UIF WBDVVN EFQPTJUJPO MFWFM PG EFUBJM PS VUJMJ[FE UIF

TBNF JOQVU QBSBNFUFS OVNCFST BT UIPTF HJWFO JO QSJPS XPSL CZ UIF TBNF BVUIPS� ������

4PNF DPTU NPEFMT GPDVT PO UIF OPO�୮ୢOBODJBM DPTUT PG UIF UFDIOPMPHZ� 5IF GVMM DPTU PG B UFDIOPM�

PHZ PWFS JUT MJGFUJNF JODMVEFT CPUI JOUFSOBM 	୮ୢOBODJBM BOE OPO�୮ୢOBODJBM
 BOE FYUFSOBM 	OPO�୮ୢOBODJBM


DPTUT� 5IF OPO�୮ୢOBODJBM JOUFSOBM DPTUT BSF NBJOMZ DPNQPTFE PG FOWJSPONFOUBM IFBMUI BOE TBGFUZ

�.PEFSO TPMBS DFMM BOUJ�SF୯୳FDUJWF DPBUJOHT 	"3$T
 BSF JOEFFE TUJMM NBEF PG BMVNJOB PS UJUBOJB CVU UPEBZ
TQVUUFSJOH JT UZQJDBMMZ DPOTJEFSFE NPSF DPTU F୭GFDUJWF UIBO $7% GPS "3$T�

�



	&)�4
 DPTUT J�F� UIPTF JODVSSFE CZ UIF TFNJDPOEVDUPS NBOVGBDUVSFS UIBU DBO SFTVMU JO OPU POMZ

QSPDFTT PS UPPM QSPCMFNT CVU BMTP JOKVSZ JMMOFTT BDDJEFOUT BOE FOWJSPONFOUBM DPTUT UIBU NVTU CF

QBJE CZ UIF NBOVGBDUVSFS� &YUFSOBM DPTUT BSF UIF DPTUT UIBU BSF JODVSSFE CZ UIF TPDJFUZ PS FOWJSPO�

NFOU TVDI BT B EFDSFBTF JO XBUFS BJS BOE TPJM RVBMJUZ IFBMUI F୭GFDUT JO QFPQMF GBVOB BOE ୯୳PSB

UIF EFQMFUJPO PS EFHSBEBUJPO PG OBUVSBM SFTPVSDFT FUD� 'PS JOUFSOBM DPTUT FMFNFOUT PG &)�4 DBO

SFQSFTFOU BT NVDI BT ��ॎ PG UIF UPUBM DPTUT PG NBOVGBDUVSJOH��� 8PSL IBT CFFO EPOF XJUIJO UIF

TFNJDPOEVDUPS NBOVGBDUVSJOH JOEVTUSZ UP TFHNFOU XBGFS DPTU BOBMZTJT UISPVHI UIF MFOT PG &)�4

DPOTJEFSJOH JOUFSOBM DPTUT� ������ &YUFSOBM DPTUT IBWF CFFO DPOTJEFSFE NPSF SFDFOUMZ NPTU DPNNPOMZ

UISPVHI UIF MFOT PG -JGF $ZDMF "OBMZTJT�����������������

0UIFS NPEFMJOH BOE DBTF TUVEJFT IBWF GPDVTFE PO JOQVU QBSBNFUFST FYUFSOBM UP UIF UFDIOPMPHZ

TVDI BT TVCTJEJFT SFBM FTUBUF QSJDF UIF BWBJMBCJMJUZ PG FYQFSJFODFE MBCPS BCTFOUFFJTN SFMJBCJMJUZ PG

TVQQMJFST GPS WBSJPVT QPUFOUJBM GBDUPSZ MPDBUJPOT VODFSUBJOUZ BSPVOE RVBMJUZ PG TVQQMJFE NBUFSJBM

UBSJ୭GT BOE GFFT BTTPDJBUFE XJUI MPDBUJOH GBDUPSJFT PVUTJEF PG UIF EFWFMPQFE XPSME �� 5IFTF CSPBEFS

TUVEJFT BOE JOWFOUPSJFT DPOTJEFSJOH DPTUT CFZPOE ୮ୢOBODJBM DPTU BSF CFZPOE UIF TDPQF PG UIF QSFTFOU

SFWJFX�

��� 3টঠ ঘএ 7ঊঙঘছ�%ঙঘজঝ 5গ 'কখ 5ঌগঘ�&ঌঘগঘখঌ "গঊকঢজজ

*O UIF QSFTFOU SFWJFX ୮ୢWF SFDFOU UFDIOP�FDPOPNJD BOBMZTFT PG UIJO�୮ୢMN EFWJDFT BSF DPNQJMFE BOE

DPNQBSFE� 5IFTF BSUJDMFT QSFTFOU UFDIOP�FDPOPNJD BOBMZTFT PG TPMBS DFMMT BOE�PS NPEVMFT 	$E5F ������

$*(4 ���� BOE (B"T ����
 BOE UVOHTUFO PYJEF UIJO ୮ୢMNT��� 5IFTF BOBMZTFT TIBSF B TJNJMBS CSFBLEPXO

PG UIF DPTU DPNQPOFOUT TIPXO JO 5BCMF ���� 5IFSF BSF UXP NBJO DPNQPOFOUT UP UIF UPUBM EFWJDF DPTU�

EJSFDU NBOVGBDUVSJOH DPTUT 	BLB QSPEVDUJPO DPTUT
 BOE OPO�NBOVGBDUVSJOH DPTUT� 5IF EJSFDU NBOV�

GBDUVSJOH DPTUT BSF CSPLFO EPXO JOUP ୮ୢWF DBUFHPSJFT� NBUFSJBM DPTUT DBQJUBM FRVJQNFOU MBCPS FOFSHZ

BOE NBOVGBDUVSJOH PWFSIFBET� 5IF NBUFSJBM DPTUT BSF GVSUIFS CSPLFO EPXO JOUP UXP DBUFHPSJFT� UIF

�



UIJO ୮ୢMN DPTU BOE PUIFS NBUFSJBMT 	XIJDI NBZ JODMVEF UIF TVCTUSBUF FODBQTVMBUJPO BOE NBUFSJBMT

VTFE UP DPNCJOF TPMBS DFMMT JOUP NPEVMFT
�

&BDI PG UIFTF ୮ୢWF TUVEJFT VTFT B CPUUPN�VQ DPTU NPEFMJOH USFBUNFOU GPS BU MFBTU TPNF DPNQPOFOUT

PG UIF BOBMZTJT� "U MFBTU POF PG UIF TUVEJFT )PSPXJU[ FU BM� BMTP BQQMJFT B UPQ�EPXO USFBUNFOU GPS

POF DPNQPOFOU UIF OPO�NBOVGBDUVSJOH DPTUT� �� 5BCMF ��� JOEJDBUFT GPS UIF ୮ୢWF TUVEJFT XIJDI DPTU

DPNQPOFOUT BSF NPEFMFE VTJOH B CPUUPN�VQ 	#6
 WFSTVT UPQ�EPXO 	5%
 BQQSPBDI PS XIFUIFS

UIF BQQSPBDI JT VOTUBUFE 	6
 JO UIF BOBMZTJT� " EBTI 	�
 JOEJDBUFT UIBU UIF BVUIPST EJE OPU NPEFM B

QBSUJDVMBS DPTU TFHNFOU�

Table 1.1: Total device cost model for five techno-economic analyses. BU = bottom-up cost model; U = unstated; TD =

top-down cost model.

5PUBM %FWJDF $PTU

%JSFDU .BOVGBDUVSJOH $PTUT 	BLB 1SPEVDUJPO $PTUT
 /PO�.GH $PTUT

.BUFSJBM DPTUT
$BQJUBM
&RVJQNFOU -BCPS &OFSHZ .GH�

0WFSIFBET
'JMNT *OBDUJWF .BUFSJBMT

3FG 4VCTUSBUF 0UIFS
�� #6 � � � � � � �
�� #6 � � #6 #6 #6 � �
�� #6 #6 #6 #6 #6 #6 #6 �
�� #6 #6 6 6 6 6 6 6
�� #6 #6 � #6 #6 #6 #6 5%

"T JT DMFBS GSPN 5BCMF ��� EJSFDU NBOVGBDUVSJOH DPTUT 	BLB QSPEVDUJPO DPTUT
 PG UIF EFWJDFT SF�

DFJWF NPSF NPEFMJOH BUUFOUJPO UIBO EP OPO�NBOVGBDUVSJOH DPTUT� 5IJT DIPJDF JT OBUVSBM XJUIJO UIF

UFDIOP�FDPOPNJD MJUFSBUVSF CFDBVTF UIF FTUJNBUJPO BOE BOBMZTJT PG UFDIOJDBM QBSBNFUFST QSPWJEFT B

SJDI CBTF GPS FOHBHFNFOU XJUI BOE PQUJNJ[BUJPO PG UIF UFDIOPMPHZ� /PO�NBOVGBDUVSJOH DPTUT PO

UIF PUIFS IBOE NBJOMZ DPOTJTU PG PWFSIFBET GPS UIF JOTUJUVUF DSFBUJOH UIF EFWJDF� OBNFMZ 3�% PWFS�

IFBE 	FTUJNBUFE BU ��ॎ PG SFWFOVF
 �� BOE UIF TFMMJOH HFOFSBM BOE BENJOJTUSBUJWF OPO�EJSFDU MBCPS

DPTUT 	FTUJNBUFE BU ��ॎ PG SFWFOVF
� �� "DDPSEJOHMZ * GPDVT GPS UIF SFNBJOEFS PG UIJT SFWJFX PO EJSFDU

��



NBOVGBDUVSJOH DPTUT�

5IF GPVS UFDIOJDBM DPNQPOFOUT UP EJSFDU NBOVGBDUVSJOH DPTUT BT XFMM BT ୮ୢOBODJBM JOQVUT XJMM

FBDI CF SFWJFXFE JO B TVCTFDUJPO PG UIJT DIBQUFS� 'JSTU * QSPWJEF BO PWFSWJFX PG UIF CSFBLEPXO PG

UIF EJSFDU NBOVGBDUVSJOH DPTUT 	4VCTFDUJPO �����
� 5IFO NBUFSJBM DPTUT XJMM CF DPNQBSFE XJUI B GPDVT

PO QSFDVSTPS QSJDF BOE QSFDVSTPS VUJMJ[BUJPO 	4VCTFDUJPO �����
� /FYU DBQJUBM FRVJQNFOU DPTUT XJMM

CF SFWJFXFE JODMVEJOH UPPM DPTU EFQPTJUJPO SBUFT BOE UPPM VQUJNF 	4VCTFDUJPO �����
� 4VCTFRVFOUMZ

CPUUPN�VQ DPTU FTUJNBUJPOT PG MBCPS XJMM CF HJWFO XJUI GPDVT PO IPX MBCPS TDBMFT XJUI QSPEVDUJPO

DBQBDJUZ PG B TPMBS 17 GBDUPSZ 	4VCTFDUJPO �����
� /FYU JOQVU WBMVFT SFMBUFE UP FMFDUSJDJUZ VTF GPS UIF

TVC�DPNQPOFOUT PG WBQPS EFQPTJUJPO UPPMT XJMM CF QSFTFOUFE 	4VCTFDUJPO �����
� 'JOBMMZ ୮ୢOBODJBM

JOQVUT UP UIF NPEFMT XJMM CF SFWJFXFE 	4VTCTFDUJPO �����
� 5IF ୮ୢG୴I DPNQPOFOU PG EJSFDU NBOVGBD�

UVSJOH DPTUT 	BMTP SFGFSSFE UP BT GBDUPSZ PWFSIFBE GBDUPSZ CVSEFO BOE NBOVGBDUVSJOH TVQQPSU DPTUT


XJMM OPU CF EJTDVTTFE JO JUT PXO TFDUJPO� 'BDUPSZ PWFSIFBE JT DPNQPTFE PG FMFNFOUT TVDI BT GBDUPSZ

JOTQFDUJPO NBJOUFOBODF GBDUPSZ TVQQMJFT BOE QFSTPOOFM 	PUIFS UIBO EJSFDU MBCPS
 BOE TPNFUJNFT

JODMVEFT VUJMJUJFT BOE FMFDUSJDJUZ EFQFOEJOH PO UIF NPEFM USFBUNFOU� /POF PG UIF UFDIOP�FDPOPNJD

BOBMZTFT SFWJFXFE IFSF QSPWJEFE WBMVFT GPS UIF GBDUPSZ PWFSIFBE QBSBNFUFST�

#FGPSF EFMWJOH JOUP UIF UFDIOJDBM QBSBNFUFS WBMVFT UIF DBWFBUT PO UIFTF WBMVFT CFBS NFOUJPOJOH

TJODF UIFZ XFSF TP TUSPOHMZ FNQIBTJ[FE JO TFWFSBM PG UIF QVCMJTIFE BOBMZTFT CZ UIF BVUIPST� 'JSTU

UIF DIPJDF PG BQQSPQSJBUF EBUB UP VTF BT JOQVU QBSBNFUFST JT OPO�USJWJBM� PG୴FO UFDIOPMPHJFT BSF CF�

JOH DPOTJEFSFE GPS TDBMF�VQ BOE JU JT OPU LOPXO BU UIF BDBEFNJD MBC CFODI TUBHF XIBU UIF TDBMFE�VQ

WBMVFT XJMM CF� 8IFO UIJT JT UIF DBTF MFBSOJOH DVSWFT GSPN PUIFS UFDIOPMPHJFT DBO CF DPOTJEFSFE

BTTVNQUJPOT BCPVU TDBMJOH UIF UFDIOPMPHZ DBO CF NBEF BOE TPNFUJNFT EBUB DBO CF GPVOE CZ TQFBL�

JOH XJUI QSJWBUF JOEVTUSZ FYQFSUT� )PXFWFS UIFTF FYQFSUT PG୴FO XPSL BU QSJWBUF DPNQBOJFT XIJDI

GPSCJE QVCMJD EJTDMPTVSF PG UFDIOJDBM BOE FDPOPNJD JOGPSNBUJPO� "DDPSEJOHMZ TPNF TUVEJFT BSF

BOPOZNJ[FE TPNF TUVEJFT BSF EPOF JO BHHSFHBUF BOE TPNFUJNFT ୮ୢOBM PVUQVU WBMVFT PG UIF NPEFMT

BSF QVCMJTIFE CVU JOQVU WBMVFT BSF TVQQSFTTFE� 5P RVPUF 8PPEIPVTF FU BM� �� JO POF RVJUF SFQSF�

��



TFOUBUJWF EFTDSJQUJPO� UIFآ GVMM EFUBJMFE CJMM PG NBUFSJBMT DBOOPU CF TIPXO 	JO PSEFS UP SFTQFDU UIF

BOPOZNJUZ PG DFSUBJO DPMMBCPSBUPST
أ� "DDPSEJOHMZ UIF WBMVFT UIBU BQQFBS JO UIF GPMMPXJOH TFDUJPOT

TIPVME OPU CF UBLFO BT QSFDJTF�

����� %ছঌঝ .ঊগঞএঊঌঝঞছগঐ $ঘজঝজ 0টছটঠ

"T TIPXO JO 5BCMF ��� GPVS PG UIF ୮ୢWF BOBMZTFT NPEFMFE TFWFSBM DPNQPOFOUT PG UIF EJSFDU NBOVGBD�

UVSJOH DPTU PG EFWJDFT� 5IF DPTU PVUQVU PG UIFTF BOBMZTFT DPNQBSFE XJUI JOEVTUSZ SFQPSUT BSF TIPXO

JO 5BCMF ���� /PUF UIBU UIFTF DPTUT BSF OPU BMM EJSFDUMZ DPNQBSBCMF� UIF DBMFOEBS ZFBS PG UIF 6�4� EPMMBS

WBMVF JT HJWFO JO QBSFOUIFTFT�

Table 1.2: Direct manufacturing costs for thin-film devices. M =module; C = cell. BWuerth Solar disintegrated in be-

tween 2010 and 2012. Its installer business was turned over to BayWa and its CIGS line was taken over byManz.
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FU BM� �� #PUI TFUT PG BVUIPST XPSLFE DMPTFMZ XJUI JOEVTUSZ QSBDUJUJPOFST BOE DSFBUFE NPEFMT XIPTF

PVUQVUT PG∼ $�.��/8Q NBUDI UIF 'JSTU 4PMBS SFQPSU GSPN UIBU ZFBS 	TFF 5BCMF ���
� 5IF EJSFDU NBO�

VGBDUVSJOH DPTUT GPS $E5F BOE $*(4 NPEVMFT BSF SFMBUJWFMZ DPNQFUJUJWF XJUI FBDI PUIFS BOE UIFTF

NPEVMFT BSF DPNNFSDJBMMZ BWBJMBCMF DPNQSJTJOH BSPVOE �ॎ PG UIF HMPCBM TPMBS 17 NBSLFU� )PXFWFS

��+ ***ୖ7 DFMMT BSF OPU NBTT�EFQMPZFE DPNNFSDJBMMZ BOE UIF DPTU NPEFMJOH PG )PSPXJU[ FU BM� JOEJ�

DBUFT UIBU UIFTF DFMMT BSF TUJMM UXP PSEFST PG NBHOJUVEF UPP IJHI JO DPTU UP DPNQFUF XJUI $*(4 BOE
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QMBTNB�FOIBODFE $7% TZTUFN� (BSH FU BM� GPVOE UIBU B SPMM�UP�SPMM QSPDFTT XJMM CF MFTT FYQFOTJWF

PO B � QFS N� CBTJT UIBO BO JO�MJOF TZTUFN� 5IJT BVUIPST EJE OPU NPEFM UIF GVMM EJSFDU NBOVGBDUVSJOH

DPTU DIPPTJOH POMZ TPNF DPNQPOFOUT 	TFF 5BCMF ���
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* OFYU QSPWJEF BO FYBNQMF PG UIF RVBOUJUBUJWF CSFBLEPXO PG UIF EJSFDU NBOVGBDUVSJOH DPTU� 5IF
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PVUQVU PG UIFJS NPEFMT NBUDIFT QVCMJDMZ�BWBJMBCMF EBUB GPS DPNNFSDJBMMZ�BWBJMBCMF NPEVMFT� 5IFJS

DPTU CSFBLEPXOT BSF WFSZ TJNJMBS BOE UIFJS UPUBM DPTUT WBSZ CZ KVTU ���� 64%� * QSPWJEF IFSF UIF

CSFBLEPXO QSPWJEFE CZ $BOEFMJTF FU BM� XJUIPVU TVCTUBOUJBM MPTT PG HFOFSBMJUZ� 5IF SFBEFS JT SFGFSSFE
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JOH $E5F PS $*(4 NPEVMFT BU B SBUF IJHIFS UIBO ��� .8 QSPEVDUJPO DBQBDJUZ 	��� .8Q PG QBOFMT
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� 5IFZ BTTVNF DVSSFOU CBTFMJOFآ UFDIOPMPHZأ JT VTFE UP NBLF UIF QBOFMT OBNJOH 75%

BOE $44 GPS $E5F BOE TFWFSBM UFDIOJRVFT GPS $*(4� 5PEBZ JU JT LOPXO UIBU 75% JT VTFE CZ 'JSTU
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Table 1.3: Cost breakdown estimate for commercial CdTemodules made by best-available technology (i.e., vapor

transport deposition) by First Solar. Module efficiency is 11.6%; thus, performance is estimated at 116WQ/m�. As-

sumed factory production capacity is above 100MWper annum. Source: Candelise et al. 40 BThese percentages of
module cost are taken verbatim fromCandelise et al., Figure 7, and sum to 101. CThe ‘other inactivematerials’ cate-
gory includes “encapsulation, modularisation, process gases, packaging andmiscellaneous.” 40
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Table 1.4: Cost breakdown estimate for research-scale 3-J III-V Cells. Assumed factory production capacity is 200

kW. Source: Horowitz et al. BCell efficiency is 33%; thus, performance is estimated at 330WQ/m�. CThese percentages
of module cost are extracted from the top plot of Figure 2 in Horowitz et al and do not add up to the $70/W%$ given
in the text, likely because the authors rounded up to $70 due to the substantial approximate nature of themodel.

Accordingly, these values should be considered highly approximate. For example, the $22440/m� value does not match

the $23100/m� value given in Table 1.2 because the 22440 value is extracted from this plot.
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B TJOHMF TFU PG BMM UIF FRVJQNFOU OFFEFE UP NBLF B QBOFM� 5IF QSPDFTT UP NBLF B QBOFM JT DPOUJOVPVT

BOE IJHIMZ BVUPNBUFE UBLJOH GPS FYBNQMF BCPVU ��� IPVST JO UIF DBTF PG $E5F QBOFMT NBEF CZ 'JSTU
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Table 1.5:Materials price input parameters to vapor deposition techno-economicmodels.
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Table 1.6: Layer thicknesses for TEmodels. 1-J = single-junction.
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 BOE UISPVHIQVU J�F� IPX NBOZ

EFWJDFT DBO CF GBCSJDBUFE TJNVMUBOFPVTMZ JO UIF UPPM� $7% UPPM DPTUT CFUXFFO ��.���. BSF HJWFO
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Table 1.7:Material utilization rates discussed in TEmodels. The reader is referred to the references for further details.
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TVQQMJFE UP 'JSTU 4PMBS JO ���� HJWF
��ॎ

�� $*(4 TQVUUFS�CBTFE EFQPTJUJPO QSPDFTT
	QMBOBS UBSHFU


��ॎ

�� 5.( ��ॎ
�� 5.* ��ॎ
�� $E5F VUJMJ[BUJPO SBUF ��ॎ
�� $*(4 TQVUUFS�CBTFE EFQPTJUJPO QSPDFTT

	SPUBSZ UBSHFU

��ॎ 5BLFT JOUP BDDPVOU CPUI SPUBSZ UBS�

HFU VUJMJ[BUJPO BOE USBOTGFS F୭୮ୢDJFODZ
UP UIF NPEVMF� UIJT JT B SFQSFTFO�
UBUJWF DPMMFDUJPO GSBDUJPO GPS UIF
DP�FWBQPSBUJPO BQQSPBDI UP $*(4
NPEVMF NBOVGBDUVSJOH

�� (B JO (B"T WJB .0$7% ��ॎ 5IJT WBMVF XBT QSPWJEFE CZ B SFMF�
WBOU FRVJQNFOU TVQQMJFS�

�� (B JO (B"T WJB )71& ��ॎ 7BMVF VOLOPXO� WBMVF HJWFO IFSF JT B
HVFTT JO MJOF XJUI LOPXO VUJMJ[BUJPO
SBUF GPS (B"T WJB $7%

��



Table 1.8:Mole recovery fraction of materials not in film.

3FG &MFNFOU 3FDPWFSZ
GSBDUJPO

/PUFT GSPN 3FGFSFODFT

�� *OEJVN JO $*(4 TQVUUFS�
CBTFE EFQPTJUJPO QSPDFTT

��ॎ

�� (BMMJVN JO $*(4 TQVUUFS�
CBTFE EFQPTJUJPO QSPDFTT

��ॎ

�� (B JO (B"T WJB .0$7% �ॎ (B OPU DVSSFOUMZ SFDPWFSFE GSPN UIFTF �
QSPDFTTFT 	SFTFBSDI�TUBHF JOWFTUJHBUJPOT
�� (B JO (B"T WJB )71& �ॎ

���� 5F JO $E5F CZ WBQPS USBOT�
QPSU EFQPTJUJPO

��ॎ 3FDPWFSZ GSBDUJPO UIBU JT SFDMBJNFE BOE
VTFE

Table 1.9: Deposition rates of thin film layers.

%FQPTJUJPO 3BUF

3FG .BUFSJBM ɉN�IS ON�TFD
�� 80� �� ��
�� (B"T �� �
�� *O(B1 � �

Table 1.10: Device yield for various production processes.

3FG .BUFSJBM %FQ� 5FDIOJRVF :JFME /PUFT GSPN 3FGFSFODFT
�� 80� CZ 1&$7% ��ॎ
�� $E5F .PEVMF CZ WBQPS

USBOTQPSU EFQPTJUJPO
��ॎ *O ���� XBT SFQPSUFE UP CF ��ॎ

BOE JO ���� ��ॎ
�� ��+ ��+ ***ୖ7 DFMMT CZ .0$7% ���ॎ
�� ��+ ***ୖ7 DFMM CZ .0$7% ��ॎ

��



Table 1.11: Parameters to estimate tool uptime. BAggressive value claimed achievable by Applied Films and Von Ar-
denne.

3FG $BUFHPSZ 1BSBNFUFS %FTDSJQUJPO 7BMVF
�� 5JNF CUXO SVOT )FBU�DPPM � QVNQ�WFOU UJNF GPS .0$7% �� NJO
�� $MFBOJOH .BY ୮ୢMN UIJDLOFTT UIBU DBO CF EFQPTJUFE CFGPSF DMFBOJOH ��� NN

-PBE MPDL
DZDMF UJNF

1&$7% JO�MJOF TZTUFN MPBE MPDL DZDMF UJNFB �� TFD

.BJOUFOBODF "OOVBM NBJOUFOBODF EPXOUJNF GPS 1&$7% UPPM ��� I

3FQBJS /VNCFS PG SFQBJST OFFEFE GPS 1&$7% UPPM ���ZS

5JNF CUXO
DIBNCFS
DMFBOJOH

*G OP TPVSDF DIBOHF OFFEFE GPS 1&$7% UPPM ��� I

*G TPVSDF DIBOHF OFFEFE GPS JO�MJOF 1&$7% UPPM �� I

*G TPVSDF DIBOHF OFFEFE GPS SPMM�UP�SPMM 1&$7% UPPM ���� I

Table 1.12: Capex of individual vapor deposition tools.

3FG 5PPM :FBS 5PPM DPTU 5PPM DPTU
QFS ୮ୢMN
BSFB

/PUFT GSPN 3FGFSFODFT 1SPEVDUJPO
7PMVNF

�� .0$7%
5PPM

���� ����. *ODMVEFT JOTUBMMBUJPO BOE
BVYJMJBSZ DPTUT

��� L8 XIJDI
JT ���� ��JODI
XBGFST�NPOUI

�� -JUIPHSBQIZ
5PPM

���� ��. UP
����.

*ODMVEFT JOTUBMMBUJPO BOE
BVYJMJBSZ DPTUT

�� 1&$7% 5PPM
SPMM�UP�SPMM

���� ����. ������N� 'PS SPMM�UP�SPMM 1&$7%
TZTUFN�

��� NJMMJPO N�

�� 1&$7% 5PPM
JO�MJOF

���� ����.

��



Table 1.13: Total capex for solar techno-economicmodels. BProduction volume for solar production factories is also
known as total annualized run rate. It represents the yearly amount of panels in megawatt (MW) produced by one line.

In business contexts, the “peak” designation, MWQ, is left off.

%FWJDF *UFN :FBS $BQFY
QFS 8Q

$BQFY QFS
୮ୢMN BSFB

1SPEVDUJPO 7PMVNFB

�� $E5F .PEVMF
	����ॎ F୭୮ୢDJFOU


&RVJQNFOU
POMZ

���� ������8Q �������N� � ��� .8

�� ��+ -. ***�
7 $FMM 	��ॎ
F୭୮ୢDJFOU


&RVJQNFOU �
#VJMEJOH

���� ����8%$ ������N� ��� L8 XIJDI JT ����
��JODI XBGFST�NPOUI

�� $E5F .PEVMF
	����ॎ F୭୮ୢDJFOU


&RVJQNFOU �
#VJMEJOH

���� ������8Q �������N�

����� -ঊঋঘছ $ঘজঝজ

5ISFF UZQFT PG EBUB XFSF QSPWJEFE CZ UIF ୮ୢWF UFDIOP�FDPOPNJD BOBMZTFT� 0OF BOBMZTJT (BSH FU

BM� QSPWJEFE WBMVFT GPS JOQVUT UP UIF NPEFM GPS MBCPS UJNF TIPXO JO 5BCMF ����� "OPUIFS BOBMZTJT

)PSPXJU[ FU BM� QSPWJEFE WBMVFT GPS MBCPS SBUFT BU ����IS GPS VOTLJMMFE MBCPS BOE ����IS GPS TLJMMFE

MBCPS TUBUJOH UIBU UIFTF WBSZ CZ MPDBUJPO BOE XFSF NFBOU UP SFQSFTFOU B NJE�DPTU MPDBUJPO JO UIF 6�4�

'JOBMMZ UXP BOBMZTFT QSPWJEFE WBMVFT SFHBSEJOH FNQMPZFFT QFS TPMBS QSPEVDUJPO DBQBDJUZ� 8PPE�

IPVTF FU BM� BOE )PSPXJU[ FU BM� BT TIPXO JO 5BCMF ����� 5IF WBMVFT GPS FNQMPZFFT QFS .8 WBSZ CZ

BCPVU ��Y CFDBVTF )PSPXJU[ FU BM� NPEFM B WFSZ TNBMM QSPEVDUJPO DBQBDJUZ PG CFUXFFO �� � ��� L8

GPS B DFMM UIBU JT OPU NBTT�QSPEVDFE XIFSFBT 8PPEIPVTF FU BM� NPEFM B QSPEVDUJPO DBQBDJUZ BU MFBTU

����Y MBSHFS GPS B NPEVMF UIBU JT NBTT�QSPEVDFE UIVT BDIJFWJOH HSFBUFS FDPOPNJFT PG TDBMF�

Table 1.14: Parameters to estimate labor and tool uptime. All these parameters are fromGarg et al. 41

1BSBNFUFS 7BMVF
5FDIOJDJBO UJNF OFFEFE QFS SFQBJS � I
5FDIOJDJBO UJNF OFFEFE GPS BOOVBM NBJOUFOBODF ��� I
-PBEJOH FBDI � N× � N HMBTT TIFFU �� T PG UJNF GSPN � QFPQMF
0QFSBUPS QSFTFODF GPS 1&$7% UPPM ���ॎ PG UPPM VQUJNF
1SPDFTT FOHJOFFS QSFTFODF GPS 1&$7% UPPM %VSJOH ���ॎ PG TUBSUVQ QIBTF BOE BWBJM�

BCMF GPS ��ॎ PG PUIFS UJNF

��



Table 1.15: Estimates of labor amount per solar production capacity.

3FG VPUFEތ WBMVF &NQMPZFFT
QFS .8

-PDBUJPO

�� ��� FNQMPZFFT QFS ��� .8 BEEFE
DBQBDJUZ

��� 7JFUOBN BOE .FTB
"SJ[POB

�� �� GVMM UJNF FRVJWBMFOU EJSFDU MBCPSFST
QFS ��� L8�ZS PG DFMMT QSPEVDFE

��� .JE�DPTU MPDBUJPO JO UIF
6�4�

����� &গছঐঢ $ঘজঝজ

'FX PG UIF BOBMZTFT NPEFMFE FOFSHZ DPTUT� 0OMZ POF BOBMZTJT (BSH FU BM� QSPWJEFE JOQVU WBMVFT GPS

UIF NPEFM SFMBUJOH UP FMFDUSJDJUZ VTF� UIFTF BSF SFQSPEVDFE JO 5BCMF ����� 5XP BOBMZTFT QSPWJEFE FO�

FSHZ BT BO JOEFQFOEFOU DPNQPOFOU PG UIF EJSFDU NBOVGBDUVSJOH DPTU CSFBLEPXO PG UIF EFWJDF� $BO�

EFMJTF FU BM� GPVOE UIBU FOFSHZ SFQSFTFOUFE �ॎ PG NPEVMF DPTU 	TFF 5BCMF ���
 BOE )PSPXJU[ FU BM�

GPVOE UIBU FOFSHZ SFQSFTFOUFE BCPVU ���ॎ PG DFMM DPTU 	TFF 5BCMF ���
� 8PPEIPVTF FU BM� BMTP NPEFMFE

FMFDUSJDJUZ DPTUT CVU UIFZ EJE OPU QSPWJEF BOZ JOQVU QBSBNFUFST BOE UIFJS WBMVF GPS UIF DPOUSJCVUJPO

PG FMFDUSJDJUZ UP EJSFDU NBOVGBDUVSJOH DPTU PG B $E5F DFMM JT JODMVEFE BT BO BMM�VUJMJUJFT WBMVF SFQSFTFOU�

JOH �ॎ PG NPEVMF DPTU 	TFF 'JHVSF � PG 8PPEIPVTF FU BM� ��
�

Table 1.16: Chemical vapor deposition equipment power usage, reproduced fromGarg et al. 41

&RVJQNFOU 1PXFS 6TBHF
%J୭GVTJPO QVNQ �� L8
.FDIBOJDBM QVNQ ��� L8
#MPXFS TUBDLT �� L8
$POUSPMT � L8
)FBUFST �� L8
%SJWF NPUPST ��� L8

��



����� 'গঊগঌঊক *গঙঞঝজ ঝঘ ঝ .ঘকজ

'JOBODJBM QBSBNFUFST NVTU CF DPNCJOFE XJUI UFDIOJDBM QBSBNFUFST UP FOBCMF UFDIOP�FDPOPNJD BOBM�

ZTJT� 4IPXO JO 5BCMF ���� BSF UIF FYBNQMF QBSBNFUFST GPS EFQSFDJBUJPO XFJHIUFE BOOVBM DPTU PG DBQ�

JUBM 	8"$$
 BOE UBY BOE JO୯୳BUJPO SBUFT HJWFO JO UIF QSFTFOU TUVEJFT� 4PNF ୮ୢOBODJBM QBSBNFUFST BSF

NPSF TUSBJHIUGPSXBSE MJLF TUBUF BOE GFEFSBM UBY SBUFT� 0UIFST BSF FTUJNBUFT MJLF BOOVBM QSFEJDUFE JO�

୯୳BUJPO SBUF PS EFQSFDJBUJPO PG JOTUSVNFOUBUJPO WBMVF PWFS UJNF� 0WFSBMM UIFTF WBMVFT TVQQPSU UIF

FWBMVBUJPO PG JOWFTUNFOU EFDJTJPOT GPS UIFTF WBQPS EFQPTJUJPO UFDIOPMPHJFT�

Table 1.17: Financial parameters for TEA analysis.

1BSBNFUFS 3FG 7BMVF /PUFT GSPN 3FGFSFODFT

&RVJQNFOU EFQSFDJBUJPO
1&$7% 5PPM �� �� ZFBST 4USBJHIU�MJOF
.0$7% -JUIPHSBQIZ FUD� �� � ZFBST 4USBJHIU�MJOF
$*(4�$E5F FRVJQNFOU �� � ZFBST

#VJMEJOH EFQSFDJBUJPO �� �� ZFBST 4USBJHIU�MJOF
8FJHIUFE BOOVBM DPTU PG DBQJUBM �� �����ॎ $POTJTUFOU XJUI XIBU IBT CFFO FTUJ�

NBUFE GPS PUIFS 17 NBOVGBDUVSJOH
DPNQBOJFT

�� ��ॎ &TUJNBUFE GPS B TVDDFTTGVM 17 DPN�
QBOZ UP TFFL ୮ୢOBODF DPOTUSVDUJPO PG
OFX DBQBDJUZ� 8"$$ JODMVEFT DPTU PG
FRVJUZ CVU NBOZ SFQPSUFE 17 NPEVMF
NBOVGBDUVSJOH DPTUT NBZ OPU

$PNCJOFE TUBUF BOE GFEFSBM UBY SBUF �� �����ॎ
*O୯୳BUJPO SBUF �� �ॎ

5BLFO UPHFUIFS UIF QBSBNFUFST EFTDSJCFE JO UIJT MJUFSBUVSF TVSWFZ BSF JMMVTUSBUJWF GPS UIF QVSQPTFT

PG FOBCMJOH SFTFBSDIFST UP EFWFMPQ UIFJS PXO UFDIOP�FDPOPNJD NPEFMT� 5IJT MJUFSBUVSF TVSWFZ CPUI

PVUMJOFT B TUBUF�PG�UIF�BSU FYJTUJOH UFDIOP�FDPOPNJD BOBMZTJT NFUIPE BOE JEFOUJ୮ୢFT CFODINBSL WBM�

VFT GPS UFDIOJDBM QBSBNFUFST JNQPSUBOU JO WBQPS EFQPTJUJPO UFDIOPMPHJFT� 0WFSBMM UFDIOP�FDPOPNJD

BOBMZTJT IFMQT GPDVT SFTFBSDI PCKFDUJWFT PO BTQFDUT PG UIF UFDIOPMPHZ UIBU XJMM CF UIF NPTU DPNNFS�

��



DJBMMZ JNQBDUGVM� *O QBSUJDVMBS CBTFE PO UIJT DIBQUFS * ୮ୢOE UIBU UIF NPTU JNQBDUGVM BSFBT GPS BDB�

EFNJD SFTFBSDI SFMBUFE UP UIJO�୮ୢMN UFDIOPMPHJFT BSF� 	�
 UP EFWFMPQ BMUFSOBUJWFT UP UIF IJHI�DPTU �BDآ

UJWF NBUFSJBMTأ 	$E (B *O 5F
 UIBU BSF QSFWBMFOU JO UIJO�୮ୢMN TPMBS QBOFMT BOE 	�
 UP EFDSFBTF UIF

EFQPTJUJPO UPPM DPTU 	BNPSUJ[FE QFS TBMFBCMF EFWJDF
� 5IFTF DPODFQUT JOGPSN NZ FYQFSJNFOUBM XPSL

JO UIF SFNBJOEFS PG UIF EJTTFSUBUJPO�

��� 1ছজগঝঊঝঘগ ঊগ 4ঌঘঙ ঘএ 5জজ

5IJT UIFTJT QSFTFOUT UIF SFTVMUT PG NZ SFTFBSDI TUVEZJOH BOE EFWFMPQJOH OPWFM DIFNJDBM WBQPS EFQPTJ�

UJPO UFDIOJRVFT XJUI BO FNQIBTJT PO JNQBSUJOH EFTJSFE QSPQFSUJFT UP NBUFSJBMT GPS OFYU�HFOFSBUJPO

QIPUPWPMUBJD BOE FMFDUSPOJD EFWJDFT� 5P UIJT FOE $IBQUFST � BOE � EFUBJM UXP NFUIPET UIBU * IBWF DP�

JOWFOUFE UP QSFQBSF UIJO ୮ୢMNT PG UIF Q�UZQF TFNJDPOEVDUPS DVQSPVT CSPNJEF� $IBQUFS � EFTDSJCFT

B UXP�TUFQ BOJPO FYDIBOHF DPOWFSTJPO NFUIPE JO XIJDI UIJO ୮ୢMNT PG DVQSPVT DIBMDPHFOJEFT DBO

CF QBSUJBMMZ PS GVMMZ DPOWFSUFE UP DVQSPVT CSPNJEF WJB FYQPTVSF UP )#S HBT� $IBQUFS � EFTDSJCFT UIF

EJSFDU DIFNJDBM WBQPS EFQPTJUJPO PG DVQSPVT CSPNJEF UIJO ୮ୢMNT CZ SFBDUJPO CFUXFFO )#S HBT BOE

WJOZMUSJNFUIZMTJMBOF	IFYB୯୳VPSPBDFUZMBDFUPOBUP
DPQQFS	*
� 'JOBMMZ $IBQUFS � EFTDSJCFT XPSL UP EF�

TJHO BOE DP�QPMZNFSJ[F B IZCSJE PSHBOJD�DFSBNJD EJFMFDUSJD NBUFSJBM VTJOH DIFNJDBM WBQPS EFQPTJUJPO

	$7%
� 5BLFO UPHFUIFS UIFTF DIBQUFST BEWBODF LOPXMFEHF JO UIF ୮ୢFME PG DIFNJDBM WBQPS EFQPTJUJPO�

��



3FGFSFODFT

<�> +��0� $BSMTTPO BOE 1� .� .BSUJO IFNJDBM$آ 7BQPS %FQPTJUJPOأ JO)BOECPPL PG %FQPTJUJPO
5FDIOPMPHJॶ GPS 'JMNT BOE $PBUJOHT WPM� � Q� �� �����

<�> /� "MWJ RVJQNFOU&آ .PEFMJOH� " 5PPM 5P $PTU 3FEVDUJPOأ *OUFSOBUJPOBM 4ZNQPTJVN PO
4FNJDPOEVDUPS .BOVGBDUVSJOH &YUFOEFE "CTUSBDUT PG *44. QQ� ���؛��� �����

<�> 8� )PVG +� (SDBS BOE 8� #SFJMBOE "آ NPEFM GPS MPX QSFTTVSF DIFNJDBM WBQPS EFQPTJUJPO JO
B IPU�XBMM UVCVMBS SFBDUPSBUFSJBMT.أ 4DJFODF BOE &OHJOFFSJOH� # WPM� �� QQ� ���؛��� 'FC�
�����

<�> (� %� )VUDIFTPO "O*4-7آ &DPOPNJTUؠT 7JFXQPJOUأ 1SPDFFEJOHT PG UIF "4&& $POGFSFODF
+BO� �����

<�> (� %� )VUDIFTPO" $BQJUBM *OWFTUNFOU .PEFM GPS UIF 4FNJDPOEVDUPS *OEVTUSZ� .4 UIFTJT
4BO +PTF 4UBUF 6OJWFSTJUZ %FD� �����

<�> 3� %PFSJOH BOE :� /JTIJ FET�)BOECPPL PG 4FNJDPOEVDUPS .BOVGBDUVSJOH 5FDIOPMPॻ� #PDB
3BUPO� $3$ 1SFTT �OE FE FE� ����� 0$-$� PDN���������

<�> .� 4BOEIPM[FS BOE .� 8PVUFST 5IFآ IJTUPSZ PG UIF TUBOEBSE GPS UIF DBMDVMBUJPO PG DPTU PG
PXOFSTIJQ JO UIF TFNJDPOEVDUPS JOEVTUSZDDPVOUJOH"أ )JTUPSZ WPM� �� QQ� ��؛�� 'FC� �����

<�> ,� (FJTTE¶SGFS 3� (MFJDI BOE "� 8BME 1PUFOUJBMTآ PG TUBOEBSEJ[JOH MJGF DZDMF DPTU BOBMZTJT
NPEFMT GPS TUSBUFHJD DPTU NBOBHFNFOUأ ;FJUTDISJظ S¼؟ #FUSJFCTXJSUTDIBظ WPM� �� QQ� ���؛���
+VOF �����

<�> 4� 3BHPOB OBMZ[JOH"آ DPNQPOFOU NBOVGBDUVSJOH DPTUT VTJOH UIF 4&.*ୖ&�� TUBOEBSE GPS DPTU
PG PXOFSTIJQ 	$00
�0QUP�$BOBEBأ 41*& 3FHJPOBM .FFUJOH PO 0QUPFMFDUSPOJDT 1IPUPOJDT
BOE *NBHJOH Q� ��� "VH� �����

<��> ,� "� )PSPXJU[ 5� 8� 3FNP #� 4NJUI BOE "� +� 1UBL "آ 5FDIOP�&DPOPNJD "OBMZTJT
BOE $PTU 3FEVDUJPO 3PBENBQ GPS ***ୖ7 4PMBS $FMMTأ 5FDI� 3FQ� ��������"�؛�51-&3/
������� /BUJPOBM 3FOFXBCMF &OFSHZ -BC /PW� �����

<��> #VSFBV PG -BCPS 4UBUJTUJDT 0WFSWJFXآ PG #-4 8BHF %BUB CZ "SFB BOE 0DDVQBUJPOأ �����

��



<��> &*" MFDUSJDJUZ&آ %BUBأ .BS� �����

<��> ,� "� 8� )PSPXJU[ BOE .� 8PPEIPVTF PTU$آ BOE QPUFOUJBM PG NPOPMJUIJD $*(4 QIPUP�
WPMUBJD NPEVMFTأ 1SPDFFEJOHT PG UIF ��OE *&&& 1IPUPWPMUBJD 4QFDJBMJTUT $POGFSFODF �����

<��> %� .� 1PXFMM 3� 'V ,� )PSPXJU[ 1� "� #BTPSF .� 8PPEIPVTF BOE 5� #VPOBTTJTJ 5IFآ
DBQJUBM JOUFOTJUZ PG QIPUPWPMUBJDT NBOVGBDUVSJOH� #BSSJFS UP TDBMF BOE PQQPSUVOJUZ GPS JOOP�
WBUJPOأ &OFSॻ � &OWJSPONFOUBM 4DJFODF WPM� � OP� �� QQ� ����؛���� �����

<��> ;� -J :� ;IBP 9� 8BOH :� 4VO ;� ;IBP :� -J )� ;IPV BOE 2� $IFO PTU$آ "OBMZTJT PG
1FSPWTLJUF 5BOEFN 1IPUPWPMUBJDTأ +PVMF WPM� � QQ� ����؛���� "VH� �����

<��> +� 7� #VTDI BOE +� 1� %JTNVLFT 5SFOETآ BOE NBSLFU QFSTQFDUJWFT GPS $7% EJBNPOE�JB%أ
NPOE BOE 3FMBUFE .BUFSJBMT WPM� � QQ� ���؛��� "QS� �����

<��> "� 4JOHFS 1PMZDSZTUBMMJOFآ $7% EJBNPOE JO FMFDUSPOJDT� *NQPSUBOU DPTU GBDUPSTأ ���� 1SP�
DFFEJOHT� ��UI &MFDUSPOJD $PNQPOFOUT BOE 5FDIOPMPॻ $POGFSFODF QQ� ���؛��� �����

<��> "� &� "HCPPMB 3� 8� 1JLF 5� "� )FSUXJH BOE )� )� -PV PODFQUVBM$آ EFTJHO PG DBSCPO
OBOPUVCF QSPDFTTFTأ $MFBO 5FDIOPMPHJॶ BOE &OWJSPONFOUBM 1PMJDZ WPM� � QQ� ���؛��� /PW�
�����

<��> +� )FSO¡OEF[�7BSHBT +� .BSUJOF[�(PNF[ +� #� (PO[¡MF[�$BNQPT +� -BSB�3PNFSP BOE +� .�
1PODF�0SUFHB O"آ PQUJNJ[BUJPO BQQSPBDI GPS QSPEVDJOH DBSCPO OBOPUVCFT JOWPMWJOH FDP�
OPNJD BOE TBGFUZ PCKFDUJWFTأ $MFBO 5FDIOPMPHJॶ BOE &OWJSPONFOUBM 1PMJDZ WPM� �� QQ� ؛����
���� %FD� �����

<��> "� 4BSLBS DPOPNJDT&آ PG TJOHMF�NPEF ୮ୢCFS QSPEVDUJPO VTJOH .$7% BOE 7"% QSPDFTTFTأ
*OUFSOBUJPOBM $POGFSFODF PO 'JCFS 0QUJDT BOE 1IPUPOJDT� 4FMFDUFE 1BQFST GSPN 1IPUPOJDT *O�
EJB ԙ�� QQ� ��؛�� "QS� �����

<��> %� $� 8POH BOE "� 8BVHI PTU$آ *NQBDUT PG "OUJ�3F୯୳FDUJPO $PBUJOHT PO 4JMJDPO 4PMBS
$FMMT34.أ 1SPDFFEJOHT WPM� ��� Q� ��� �����

<��> ,� "� )PSPXJU[ 3� 'V BOE .� 8PPEIPVTF O"آ BOBMZTJT PG HMBTT؛HMBTT $*(4 NBOVGBDUVSJOH
DPTUTأ 4PMBS &OFSॻ .BUFSJBMT BOE 4PMBS $FMMT WPM� ��� QQ� ��؛� 4FQU� �����

<��> ,� "� 8� )PSPXJU[ 3� 'V 9� 4VO 5� 4JMWFSNBO .� 8PPEIPVTF BOE .� "� "MBN �TUJNBU&آ
JOH UIF &୭GFDUT PG .PEVMF "SFB PO 5IJO�'JMN 1IPUPWPMUBJD 4ZTUFN $PTUTأ ���� *&&& ��UI
1IPUPWPMUBJD 4QFDJBMJTU $POGFSFODF 	174$
 QQ� ����؛���� +VOF �����

<��> "� $� 5BNCPMJ %� $� #PCFMB "� ,BOFWDF 5� 3FNP ,� "MCFSJ BOE .� 8PPEIPVTF �PX-آ
$PTU $E5F�4JMJDPO 5BOEFN 4PMBS $FMMTأ *&&& +PVSOBM PG 1IPUPWPMUBJDT WPM� � QQ� ����؛����
/PW� �����

��



<��> 3� )FMNT BOE +� 4IBX BTJD#آ 3FTFBSDI /FFET GPS &OWJSPONFOUBMMZ 3FTQPOTJCMF 5FDIOPMPHJFT
GPS UIF 'VUVSF 	&MFDUSPOJDT *OEVTUSZ
أ UFDI� SFQ� /BUJPOBM 4DJFODF 'PVOEBUJPO BOE %FQU� PG
&OFSHZ 8BTIJOHUPO %�$� �����

<��> 4*" 5IFآ /BUJPOBM 5FDIOPMPHZ 3PBENBQ GPS 4FNJDPOEVDUPST� 5FDIOPMPHZ /FFETأ UFDI�
SFQ� 4FNJDPOEVDUPS *OEVTUSZ "TTPDJBUJPO �����

<��> "� 7FMUSJ %� %BODF BOE .� /BWF &�(4آ -JGF�$ZDMF $PTU .PEFM� "O JOUFSOBM TUVEZ GSPN
UIF TFNJDPOEVDUPS NBOVGBDUVSJOH JOEVTUSZأ 1SPGFTTJPOBM 4BGFUZ WPM� �� QQ� ��؛�� +VOF
�����

<��> 7� 5JQOJT 5PXBSETآ B DPNQSFIFOTJWF NFUIPEPMPHZ GPS DPNQFUJOH PO FDPMPHZ� )PX UP JO�
UFHSBUF DPNQFUJUJWF TUSBUFHZ BOE DPSQPSBUF ୮ୢOBODJBM PCKFDUJWFT XJUI MJGF DZDMF FOWJSPONFOUBM
JNQBDU BOE JNQSPWFNFOU BOBMZTFT أ 1SPDFFEJOHT PG ���� *&&& *OUFSOBUJPOBM 4ZNQPTJVN PO
&MFDUSPOJDT BOE 5IF &OWJSPONFOU QQ� ���؛��� �����

<��> /� ,SJTIOBO 4� #PZE +� 3PTBMFT %� %PSOGFME 4� 3BPVY BOE 3� 4NBUJ 6TJOHآ B IZCSJE BQ�
QSPBDI UP FWBMVBUF TFNJDPOEVDUPS MJGF DZDMF FOWJSPONFOUBM JTTVFT� " DBTF TUVEZ JO JOUFSDPO�
OFDU NPEVMF JNQBDUTأ JO *&&& *OUFSOBUJPOBM 4ZNQPTJVN PO &MFDUSPOJDT BOE UIF &OWJSPO�
NFOU ����� $POGFSFODF 3FDPSE� ���� 	4DPUUTEBMF "; 64"
 QQ� ��؛�� *&&& �����

<��> &� %� 8JMMJBNT 3� 6� "ZSFT BOE .� )FMMFS 5IFآ ��� ,JMPHSBN .JDSPDIJQ� &OFSHZ BOE .BUF�
SJBM 6TF JO UIF 1SPEVDUJPO PG 4FNJDPOEVDUPS %FWJDFTأ &OWJSPONFOUBM 4DJFODF � 5FDIOPMPॻ
WPM� �� QQ� ����؛���� %FD� �����

<��> 4� )FSNBOOT 6TJOHآ UIF -$" NFUIPE GPS JEFOUJGZJOH SFTPVSDF DPOTFSWBUJPO QSJPSJUJFT BU
".% TBYPOZأ JO/4'�43$ $FOUFS GPS &OWJSPONFOUBMMZ #FOJHO 4FNJDPOEVDUPS .BOVGBD�
UVSJOH 5FMF�4FNJOBS �����

<��> ,� 4DIJTDILF .� 4UVU[ +��1� 3VFMMF )� (SJFTF BOE )� 3FJDIM JGF-آ DZDMF JOWFOUPSZ BOBMZTJT
BOE JEFOUJ୮ୢDBUJPO PG FOWJSPONFOUBMMZ TJHOJ୮ୢDBOU BTQFDUT JO TFNJDPOEVDUPS NBOVGBDUVSJOHأ
JO 1SPDFFEJOHT PG UIF ���� *&&& *OUFSOBUJPOBM 4ZNQPTJVN PO &MFDUSPOJDT BOE UIF &OWJSPO�
NFOU� ���� *&&& *4&& 	$BU� /P� ��$)�����
 QQ� ���؛��� *&&& �����

<��> 3� 4NBUJ 4� 3BPVY %� )P BOE .� 8PPMTUPO FBTVSJOH.آ BOE NPEFMJOH HBT DPOTVNQUJPO
BOE FNJTTJPOT GSPN TFNJDPOEVDUPS NBOVGBDUVSJOH QSPDFTTFTأ &)4 "TTFTTNFOU 5FDIOJRVॶ
4&.*$0/8FTU �����

<��> $� '� .VSQIZ (� "� ,FOJH %� 5� "MMFO +��1� -BVSFOU BOE %� &� %ZFS FWFMPQNFOU%آ PG
QBSBNFUSJD NBUFSJBM FOFSHZ BOE FNJTTJPO JOWFOUPSJFT GPS XBGFS GBCSJDBUJPO JO UIF TFNJDPO�
EVDUPS JOEVTUSZأ &OWJSPONFOUBM 4DJFODF � 5FDIOPMPॻ WPM� �� OP� �� QQ� ����؛���� �����

<��> $� '� .VSQIZ +��1� -BVSFOU BOE %� 5� "MMFO JGF-آ DZDMF JOWFOUPSZ EFWFMPQNFOU GPS XBGFS
GBCSJDBUJPO JO TFNJDPOEVDUPS NBOVGBDUVSJOHأ JO *&&& *OUFSOBUJPOBM 4ZNQPTJVN PO &MFD�
USPOJDT BOE UIF &OWJSPONFOU ����� QQ� ���؛��� *&&& �����
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<��> /� ,SJTIOBO 4� 5IVSXBDIUFS 5� 'SBODJT BOE 1� 4IFOH "آ NPEVMBS FOWJSPONFOUBM EFTJHO
BOE EFDJTJPO�TVQQPSU UPPM 	&%%5
 GPS TFNJDPOEVDUPS NBOVGBDUVSJOHأ JO 1SPDFFEJOHT GSPN
4&.*$0/8FTU *NQSPWJOH &OWJSPONFOUBM 1FSGPSNBODF PG 8BGFS .BOVGBDUVSJOH 1SPDFTTॶ
�����

<��> &� 'VDIT BOE 3� ,JSDIBJO FTJHO%آ GPS -PDBUJPO 5IF *NQBDU PG .BOVGBDUVSJOH 0୭GTIPSF PO
5FDIOPMPHZ $PNQFUJUJWFOFTT JO UIF 0QUPFMFDUSPOJDT *OEVTUSZBOBHFNFOU.أ 4DJFODF WPM� ��
QQ� ����؛���� %FD� �����

<��> .� 8PPEIPVTF "� (PPESJDI 3� .BSHPMJT 5� +BNFT 3� %IFSF 5� (FTTFSU 5� #BSOFT 3� &H�
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.BUFSJBMT BOE 4PMBS $FMMT WPM� ��� QQ� ���؛��� "VH� �����
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UVSJOH DPTUTأ ���� *&&& ��UI 1IPUPWPMUBJD 4QFDJBMJTUT $POGFSFODF 	174$
 1"35 � QQ� �؛�
+VOF �����
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<��> $� 4V BOE $� $IPV "آ TZTUFNBUJD NFUIPEPMPHZ GPS UIF DSFBUJPO PG 4JY 4JHNB QSPKFDUT� " DBTF
TUVEZ PG TFNJDPOEVDUPS GPVOESZأ &YQFSU 4ZTUFNT XJUI "QQMJDBUJPOT WPM� �� QQ� ����؛����
.BZ �����
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2
7BQPS EFQPTJUJPO PG DPQQFS	*
 CSPNJEF

୮ୢMNT WJB B UXP�TUFQ DPOWFSTJPO QSPDFTT

<5IF GPMMPXJOH DIBQUFS JT EFSJWFE JO QBSU GSPN 3� )FBTMFZ $� .� $IBOH -� .� %BWJT ,� -JV 3� (�

(PSEPO +PVSOBM PG 7BDVVN 4DJFODF � 5FDIOPMPHZ " �� ��#��� 	����
�>�

�3� )FBTMFZ BOE $� $IBOH DPOUSJCVUFE FRVBMMZ UP UIJT XPSL�

��



��� "ঋজঝছঊঌঝ

5IJO ୮ୢMNT PG $V�4 HSPXO CZ QVMTFE�DIFNJDBM WBQPS EFQPTJUJPO PG CJT	//′�EJ�TFD�CVUZMBDFUBNJEJOBUP
EJDPQQFS	*


BOE IZESPHFO TVM୮ୢEF XFSF DPOWFSUFE UP $V#S VQPO FYQPTVSF UP BOIZESPVT IZESPHFO CSPNJEF� 9�

SBZ EJ୭GSBDUJPO TIPXT UIBU UIF BT�EFQPTJUFE ୮ୢMNT IBWF B QPMZDSZTUBMMJOF $V�4 TUSVDUVSF� "G୴FS FYQP�

TVSF UP )#S HBT UIF TVSGBDF PG UIF ୮ୢMNT JT USBOTGPSNFE UP B ɀ�$V#S QPMZDSZTUBMMJOF TUSVDUVSF� 4DBO�

OJOH FMFDUSPO NJDSPTDPQZ BOE 9�SBZ QIPUPFMFDUSPO TQFDUSPTDPQZ SFWFBM DPNQMFUF DPOWFSTJPO PG VQ

UP ��� ON PG ୮ୢMN� )PXFWFS XIFO UIF DPOWFSTJPO UP $V#S BQQSPBDIFT UIF JOUFSGBDF CFUXFFO BT�

EFQPTJUFE $V�4 BOE UIF 4J0� TVCTUSBUF UIF NPSQIPMPHZ PG UIF ୮ୢMN DIBOHFT GSPN DPOUJOVPVT BOE

OBOPDSZTUBMMJOF UP TQBSTF BOE NJDSPDSZTUBMMJOF�

��� *গঝছঘঞঌঝঘগ

3FTFBSDI JOUP QIPUPWPMUBJDT FNQMPZJOH B QFSPWTLJUF BCTPSCFS MBZFS 	GPSNVMB "#9� JO XIJDI " �

$)�/)�
� $)	/)�
��� # � 1C�

� 4O�
�� BOE 9 � *Ѽ  #SѼ  $MѼ 
 IBT TFFO ESBNBUJD HSPXUI JO UIF

QBTU � ZFBST ZJFMEJOH BO JODSFBTF JO QPXFS DPOWFSTJPO F୭୮ୢDJFODZ GSPN ��� ॎ JO ���� � UP ���� ॎ JO

����� � 0OF MJNJUJOH GBDUPS JO UIF DPNNFSDJBM EFWFMPQNFOU PG DPNQMFUF QFSPWTLJUF TPMBS DFMMT JT UIF

IJHI DPTU PG UIF IPMF�USBOTQPSU NBUFSJBM 	)5.
� � 5IF )5. JT B Q�UZQF TFNJDPOEVDUPS MBZFS UIBU

FYUSBDUT QPTJUJWF DIBSHFT 	IPMFT
 GSPN UIF QFSPWTLJUF BCTPSCFS BOE USBOTGFST UIFN UP UIF CBDL DPO�

UBDU� $VSSFOUMZ UIF NPTU F୭୮ୢDJFOU QFSPWTLJUF TPMBS DFMMT VTF UIF )5. �ؠ��/	�UFUSBLJTؠ�/�EJ�Q�

NFUIPYZQIFOZMBNJOF
���TQJSPCJ୯୳VPSFOFؠ� 	TQJSP�0.F5"%
 UIF TZOUIFTJT PG XIJDI JT DPNQMFY

BOE SFRVJSFT FYUFOTJWF DPTUMZ QVSJ୮ୢDBUJPO�� 5IF TQJSP�0.F5"% )5. JT VTVBMMZ EFQPTJUFE CZ TQJO

DPBUJOH XIJDI UZQJDBMMZ JODPSQPSBUFT POMZ DB� �ॎ PG UIF FYQFOTJWF TUBSUJOH NBUFSJBM � BOE QSPEVDFT

OPODPOGPSNBM ୮ୢMNT�� 5P DPNQFOTBUF GPS UIJT MBDL PG DPOGPSNBMJUZ B )5. PG TQJSP�0.F5"% NVTU

CF BU MFBTU ��� ON UIJDL UP QSFWFOU TIVOUJOH CFUXFFO UIF BCTPSCFS BOE UIF CBDL DPOUBDU PG UIF DFMM��

*O DPOUSBTU JOPSHBOJD )5.T DBO CF EFQPTJUFE CZ WBDVVN UFDIOJRVFT UIBU SFRVJSF TJHOJ୮ୢDBOUMZ MFTT

��



NBUFSJBM UP GVMMZ DPBU BO VOEFSMZJOH TVSGBDF� *OEFFE B TPMBS DFMM XJUI B QPXFS DPOWFSTJPO F୭୮ୢDJFODZ

HSFBUFS UIBO ��ॎ DBO CF QSPEVDFE VTJOH POMZ � ON PG BO JOPSHBOJD )5.� � *U JT DMFBS UIBU UIF DVSSFOU

VTBHF PG B UIJDL BOE QSPIJCJUJWFMZ FYQFOTJWF PSHBOJD )5. JT GBS GSPN JEFBM� 5IF EFWFMPQNFOU PG B

TVJUBCMF BMUFSOBUJWF UP UIF TQJSP�0.F5"% )5. JT JNQFSBUJWF GPS UIF DPNNFSDJBM EFWFMPQNFOU PG

QFSPWTLJUF QIPUPWPMUBJDT�

0OF DMBTT PG NBUFSJBMT UIBU NJHIU QSPWJEF BO JOFYQFOTJWF )5. JT DPQQFS	*
 IBMJEFT� $VQSPVT

JPEJEF 	$V*
 IBT CFFO VTFE TVDDFTTGVMMZ JO B QFSPWTLJUF TPMBS DFMM��� XJUI EFWJDFT FYIJCJUJOH QPXFS

DPOWFSTJPO F୭୮ୢDJFODJFT PG VQ UP ����ॎ� �� $VQSPVT CSPNJEF 	$V#S
 BMTP TIPXT QSPNJTF� JU JT B Q�

UZQF TFNJDPOEVDUPS XJUI B IPMF DPODFOUSBUJPO PO UIF PSEFS PG ���� DN−� BOE B IPMF NPCJMJUZ PG

��� DN�7−�T−�� �� 5IF Q�UZQF DPOEVDUJWJUZ JT UIPVHIU UP PSJHJOBUF GSPN DPQQFS WBDBODJFT BOE PYZHFO

EPQJOH� �� $V#S GFBUVSFT B XJEF CBOEHBQ PG ��� F7 XIJDI XPVME QSFWFOU QBSBTJUJD MJHIU BCTPSQUJPO

EVSJOH VTF JO B TPMBS DFMM� �� 'JMNT PG $V#S IBWF CFFO EFQPTJUFE QSFWJPVTMZ CZ WBDVVN FWBQPSBUJPO ��

NPMFDVMBS CFBN FQJUBYZ �� S�G� TQVUUFSJOH �� BOE TQJO�DPBUJOH� ��

$IFNJDBM WBQPS EFQPTJUJPO 	$7%
 JT B NPSF BQQFBMJOH HSPXUI QSPDFTT GPS )5.T CFDBVTF JU DBO

QSPEVDF ୮ୢMNT XJUI IJHI UIJDLOFTT VOJGPSNJUZ BOE DPOGPSNBMJUZ PWFS MBSHF BSFBT PG EFQPTJUJPO� )PX�

FWFS QSFWJPVT SFTFBSDI JO UIJT MBC JOEJDBUFT UIBU EJSFDU $7% PG NFUBM IBMJEFT JT OPU XFMM DPOUSPMMFE

XIFO IJHIMZ BDJEJD IZESPHFO IBMJEF QSFDVSTPST 	)9 XJUI 9 � $M #S *
 BSF VTFE� 5IF SFBDUJPO CF�

UXFFO )9 BOE B NFUBMPSHBOJD QSFDVSTPS EPFT JO GBDU QSPEVDF UIF EFTJSFE NFUBM IBMJEF NBUFSJBM CZ

USBOTGFSSJOH B QSPUPO GSPN )9 UP UIF BOJPOJD MJHBOE PG UIF NFUBMPSHBOJD QSFDVSTPS UIFSFCZ SFMFBT�

JOH UIF OFVUSBM GPSN PG UIF MJHBOE UP CF FWBDVBUFE� )PXFWFS $7% QSPDFTTFT DPOUJOVPVTMZ TVQQMZ

CPUI QSFDVSTPS WBQPST BMMPXJOH FYDFTT )9 UP QSPUPOBUF UIF OFXMZ SFMFBTFE MJHBOE B TFDPOE UJNF

JG UIBU GSFF MJHBOE JT CBTJD� 5IJT BDJE�CBTF SFBDUJPO GPSNT B MJHBOE�IZESPHFO IBMJEF TBMU UIBU JT JODPS�

QPSBUFE JOUP UIF SFTVMUBOU ୮ୢMN� 'PS FYBNQMF 9�SBZ QIPUPFMFDUSPO TQFDUSPTDPQZ 	914
 QFSGPSNFE

PO OPNJOBM $V#S EFQPTJUFE CZ QVMTFE�$7% SFWFBMT DBSCPO BOE OJUSPHFO DPOUBNJOBUJPO DPOTJTUFOU

XJUI UIF BDFUBNJEJOJVN CSPNJEF TBMU BT TIPXO JO 'JHVSF ����

��



"UPNJD MBZFS EFQPTJUJPO 	"-%
 JT B UZQF PG $7% UIBU TFQBSBUFT UIF JOUSPEVDUJPO PG QSFDVSTPS

WBQPST CZ QVSHJOH XJUI BO JOFSU HBT BOE FWBDVBUJOH BG୴FS FBDI FYQPTVSF� "-% JT LOPXO BT �TFMGآ

MJNJUJOHأ CFDBVTF ୮ୢMN HSPXUI QSPDFFET CZ DZDMFT PG BMUFSOBUJOH QSFDVSTPS FYQPTVSFT BOE DPOUJO�

VFT JO FBDI DZDMF POMZ VOUJM TVSGBDF SFBDUJWF TJUFT BSF EFQMFUFE� �� 5IF QSFDVSTPS BMTP EPFT OPU SFBDU

XJUI JUT PXO GSBHNFOUT XIJDI FOBCMFT UIF EFQMFUJPO PG TVSGBDF SFBDUJWF TJUFT� *U TFFNT QMBVTJCMF

UIBU QVSF NFUBM IBMJEF ୮ୢMNT DPVME CF EFQPTJUFE CZ UIJT NFUIPE HJWFO UIBU UIF TFRVFOUJBM OBUVSF PG

"-% XPVME QSFWFOU UIF FYQPTVSF PG B CBTJD MJHBOE UP B TUSPOH IZESPHFO IBMJEF BDJE� )PXFWFS JO

BO JEFBM "-% TFRVFODF UIF IZESPHFO IBMJEF FYQPTVSF TUFQ QSPEVDFT B IBMJEF�UFSNJOBUFE TVSGBDF

XIJDI NFBOT UIBU OP TVSGBDF SFBDUJWF TJUFT BSF BWBJMBCMF GPS UIF OFYU DZDMF PG NFUBMPSHBOJD QSFDVSTPS

FYQPTVSF� 5IJT MJNJUBUJPO DPVME CF PWFSDPNF JG FJUIFS UIF IZESPHFO IBMJEF PS UIF NFUBM QSFDVSTPS

XFSF BCMF UP BETPSC UP UIF ୮ୢMN TVSGBDF TUSPOHMZ FOPVHI UP SFNBJO UISPVHI UIF QVSHF BOE FWBDV�

BUJPO TUFQT� 1SFWJPVT SFTFBSDI JO UIJT MBC EFNPOTUSBUJOH UIF GBJMVSF PG "-% UP QSPEVDF BOZ ୮ୢMN

VOEFS B WBSJFUZ PG DPOEJUJPOT JOEJDBUFT UIBU UIJT TUSPOH BETPSQUJPO EPFT OPU PDDVS GPS UIF DPQQFS

DPNQPVOE CJT	//′�EJ�TFD�CVUZMBDFUBNJEJOBUP
EJDPQQFS	*
 <$V	T#V�".%
>�� 8JUI SFHBSE UP

IZESPHFO IBMJEFT JU IBT CFFO TIPXO UIBU TUSPOH BETPSQUJPO PO NFUBM IBMJEF TVSGBDFT PDDVST POMZ GPS

)' BT B SFTVMU PG UIF GPSNBUJPO PG CJ୯୳VPSJEF 	')'Ѽ 
 BOJPOT PO UIF TVSGBDF� �� "ETPSQUJPO PG PUIFS

IZESPHFO IBMJEFT UP B NFUBM IBMJEF ୮ୢMN JT UPP XFBL UP CJOE UIF NPMFDVMF UP UIF TVSGBDF EVSJOH QVSH�

JOH BOE FWBDVBUJPO� �� "T TVDI XF TFF OP EJSFDU SPVUF UP "-% PG NFUBM IBMJEFT 	XJUI UIF FYDFQUJPO PG

୯୳VPSJEFT
 VTJOH NFUBMPSHBOJD QSFDVSTPST BOE IZESPHFO IBMJEF SFBDUBOUT� *OEFFE BO "-% QSPDFTT UP

QSPEVDF 1C*� ୮ୢMNT IBT SFDFOUMZ CFFO SFQPSUFE BOE JU EPFT OPU VUJMJ[F )*� ��

(JWFO UIF PCTUBDMFT UP UIF EJSFDU EFQPTJUJPO PG NFUBM IBMJEFT CZ $7% PS "-% UIF EFWFMPQNFOU

PG BO BMUFSOBUJWF NFUIPE GPS WBQPS EFQPTJUJPO PG $V#S BOE PUIFS IBMJEFT JT OFFEFE� )FSF B OPWFM

SPVUF UP UIF WBQPS EFQPTJUJPO PG QVSF $V#S CZ B UXP�TUFQ QSPDFTT JT QSFTFOUFE� " ୮ୢMN PG $V�4 JT

୮ୢSTU EFQPTJUFE CZ B QVMTFE�$7% SFBDUJPO CFUXFFO <$V	T#V�".%
>� BOE IZESPHFO TVM୮ୢEF� �� 5IJT

୮ୢMN JT UIFO FYQPTFE UP BOIZESPVT IZESPHFO CSPNJEF HBT XIJMF IFME BU B UFNQFSBUVSF PG �� p$� 914

��



SFWFBMT UIBU UIF )#S FYQPTVSF JT BCMF UP GVMMZ DPOWFSU BU MFBTU ��� OBOPNFUFST PG UIF EFQPTJUFE $V�4

UP $V#S� 4USVDUVSBM BOE NPSQIPMPHJDBM QSPQFSUJFT PG UIF SFTVMUBOU $V#S ୮ୢMNT BSF QSFTFOUFE BOE

EJTDVTTFE�

��� .ঊঝছঊকজ ঊগ .ঝঘজ

����� 'কখ (ছঘঠঝ

$V�4 BOE $V#S ୮ୢMNT XFSF HSPXO JO B DVTUPN�CVJMU IPU�XBMMFE "-% SFBDUPS TJNJMBS JO EFTJHO UP

UIPTF EFTDSJCFE JO QSFWJPVT XPSL��� 'JMNT XFSF EFQPTJUFE PO �′′ × �′′ TVCTUSBUFT PG 4J XJUI B ����ON

TVSGBDF MBZFS PG 4J0� HSPXO CZ XFU PYJEBUJPO� 4VCTUSBUFT XFSF TFRVFOUJBMMZ SJOTFE JO TFNJDPOEVDUPS�

HSBEF BDFUPOF BOE JTPQSPQBOPM 	#%)≥ ��ॎ
 BOE UIFO ESJFE JO B OJUSPHFO HBT TUSFBN� 5IF TVC�

TUSBUFT XFSF UIFO USFBUFE XJUI 67�P[POF GPS � NJOVUFT UP QSPNPUF UIF GPSNBUJPO PG TVSGBDF IZESPYZM

HSPVQT�

5IJO ୮ୢMNT PG $V�4 XFSF EFQPTJUFE WJB QVMTFE�$7% VTJOH FYQPTVSFT UP <$V	T#V�".%
>� 	%PX

$IFNJDBM $PNQBOZ TZOUIFTJT ୮ୢSTU SFQPSUFE CZ -J FU BM� ��
 BOE )�4 	"JSHBT � XU�ॎ JO /�
� #PUI

QSFDVSTPST XFSF VTFE BT SFDFJWFE BOE UIF <$V	T#V�".%
>� XBT MPBEFE JOUP B WBDVVN CVCCMFS

VOEFS B OJUSPHFO BUNPTQIFSF UP QSFWFOU EFDPNQPTJUJPO JO BJS� 5IF <$V	T#V�".%
>� WBQPS XBT

USBOTGFSSFE UP UIF SFBDUPS DIBNCFS CZ B QVSJ୮ୢFE OJUSPHFO DBSSJFS HBT IFME BU B QSFTTVSF PG �� 5PSS JO

UIF CVCCMFS� 5IF <$V	T#V�".%
>� BOE )�4�/� SFBDUBOUT XFSF NJYFE UPHFUIFS JO B SFHJPO �′′ JO

MFOHUI BOE ����′′ JO EJBNFUFS CFGPSF SFBDIJOH UIF TVCTUSBUF IPMEFS� 4XBHFMPL "-% WBMWFT PQFSBUFE

CZ -BC7JFX FYFDVUFE UIF QVMTFE�$7% SFDJQFT� 1VMTFE�$7% JT TJNJMBS UP "-% CVU PNJUT UIF QVSH�

JOH TUFQ CFUXFFO QSFDVSTPS EPTFT� 5IF UJNJOH TFRVFODF VTFE GPS UIF $V�4 SFDJQF NBZ CF FYQSFTTFE

BT U� − U� − U� − U� − U� XIFSF U� JT UIF FYQPTVSF UJNF PG UIF <$V	T#V�".%
>� QSFDVSTPS U� JT UIF
FYQPTVSF UJNF PG UIF )�4�/� NJYUVSF U� JT B XBJUJOH QFSJPE EVSJOH XIJDI BMM WBMWFT BSF DMPTFE BOE

EFQPTJUJPO PDDVST U� JT UIF OJUSPHFO QVSHF UJNF BOE U� JT UIF FWBDVBUJPO UJNF XJUI BMM UJNFT HJWFO JO
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TFDPOET� 5IF UJNJOH TFRVFODF XBT ������������ GPS BMM $V�4 EFQPTJUJPOT� <$V	T#V�".%
>� XBT EFMJW�

FSFE BU B QBSUJBM QSFTTVSF PG ����� 5PSS GPS B UPUBM FYQPTVSF PG ���� 5PSS�TFD BOE UIF )�4�/� NJYUVSF

XBT EFMJWFSFE BU B QSFTTVSF PG ��� 5PSS GPS B UPUBM )�4 FYQPTVSF PG ��� 5PSS�TFD� 5IF CVCCMFS UFN�

QFSBUVSF PG <$V	T#V�".%
>� XBT NBJOUBJOFE BU ��� p$ XIJMF UIF TVCTUSBUF UFNQFSBUVSF XBT WBSJFE

GSPN ������� p$� 5IF JOMFU BOE PVUMFU PG UIF SFBDUPS UVCF GVSOBDF XFSF IFBUFE UP UFNQFSBUVSFT GSPN

������� p$ CZ 0NFHB '() IFBUJOH UBQF SFHVMBUFE CZ BO 0NFHB NJOJBUVSF CFODIUPQ QSPQPSUJPOBM�

JOUFHSBM�EFSJWBUJWF DPOUSPMMFS�

"G୴FS DPNQMFUJPO PG UIF $V�4 EFQPTJUJPO UIF ୮ୢMNT XFSF SFNPWFE GSPN UIF SFBDUPS BOE UIF TVC�

TUSBUF UFNQFSBUVSF XBT BEKVTUFE UP �� p$ �� p$ PS ��� p$� )BMG PG UIF BT�EFQPTJUFE ୮ୢMNT XFSF TUPSFE

VOEFS /� BUNPTQIFSF GPS GVUVSF DIBSBDUFSJ[BUJPO BOE IBMG XFSF SFUVSOFE UP UIF SFBDUPS BG୴FS B CSJFG

	DB� � NJOVUFT
 BJS FYQPTVSF� "U UIJT QPJOU DPOWFSTJPO UP $V#S QSPDFFEFE WJB SFQFBUFE FYQPTVSFT UP

BOIZESPVT )#S 	.JMMJQPSF4JHNB≥ ��ॎ VTFE BT SFDFJWFE
� 5IF )#S XBT JOUSPEVDFE CZ B ��TFDPOE

QVMTF BU B QSFTTVSF PG ��� 5PSS GPMMPXFE CZ B ���TFDPOE XBJU QFSJPE XJUI BMM WBMWFT DMPTFE� 5IF UPUBM

)#S FYQPTVSF XBT �� 5PSS�TFD� 5IJT XBT GPMMPXFE CZ B ���TFDPOE /� QVSHF BOE ���TFDPOE FWBDVB�

UJPO� 5IF SFQFBUFE QVSHJOH BOE FWBDVBUJPO TUFQT XFSF JNQMFNFOUFE UP FOTVSF UIF SFNPWBM PG HFO�

FSBUFE )�4 BOE UIF DPOUJOVBUJPO PG UIF GPSXBSE DPOWFSTJPO SFBDUJPO� 5IF OVNCFS PG DZDMFT XBT

UZQJDBMMZ ��� XIJDI DPSSFTQPOET UP BCPVU � IPVST PG UPUBM FYQPTVSF UP )#S� "MUIPVHI UIF ୮ୢMNT EP

OPU BQQFBS UP PYJEJ[F PS IZESPMZ[F JO BJS BMM BT�EFQPTJUFE BOE DPOWFSUFE TBNQMFT XFSF TUPSFE VOEFS

/� BUNPTQIFSF FYDFQU EVSJOH BOBMZTJT�

����� 'কখ $ঊছঊঌঝছণঊঝঘগ

&MFDUSPO NJDSPTDPQZ BOE FOFSHZ EJTQFSTJWF 9�SBZ TQFDUSPTDPQZ 	&%4
 XFSF QFSGPSNFE JO B ;FJTT

4VQSB �� TDBOOJOH FMFDUSPO NJDSPTDPQF 	4&.
� 9�SBZ EJ୭GSBDUJPO 	93%
 QBUUFSOT XFSF SFDPSEFE JO B

#SVLFS %� 1)"4&3 9�SBZ EJ୭GSBDUPNFUFS VTJOH $V ,Ⱦ SBEJBUJPO 	Ɉ � ����� �
 BOE B Ʌ��Ʌ TDBO� 9�

SBZ QIPUPFMFDUSPO TQFDUSPTDPQZ 	914
 XBT QFSGPSNFE PO B 5IFSNP 4DJFOUJ୮ୢD ,ୖ"MQIB TQFDUSPNFUFS
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FRVJQQFE XJUI B NPOPDISPNBUFE "M ,Ⱦ9�SBZ TPVSDF �� L7 FMFDUSPO CFBN BOE "S+ TQVUUFSJOH

HVO� %FQUI QSP୮ୢMFT XFSF DPMMFDUFE CZ TQVUUFSJOH BU ��� F7 GPS �� TFDPOET QFS MFWFM VOMFTT PUIFSXJTF

TUBUFE� 5IF 914 TQVUUFSJOH SBUF XBT EFUFSNJOFE CZ EJWJEJOH UIF ୮ୢMN UIJDLOFTT BT EFUFSNJOFE CZ

4&. CZ UIF UPUBM TQVUUFSJOH UJNF CFGPSF UIF 4J0� TVCTUSBUF XBT EFUFDUFE�

��� 3জঞকঝজ ঊগ %জঌঞজজঘগ

����� -ঐঊগ জঊকঝ�ঌঘগঝঊখগঊঝ একখ

'JHVSF ���B EFQJDUT UIF SFBDUJPO PG )#S XJUI <$V	T#V�".%
>� GPMMPXFE CZ BO BDJE�CBTF SFBDUJPO

CFUXFFO FYDFTT )#S BOE UIF EFNFUBMMBUFE BDFUBNJEJOF MJHBOE� #FDBVTF )#S JT B TUSPOH BDJE BOE

BNJEJOFT BSF CBTFT UIJT SFBDUJPO JT WFSZ GBWPSBCMF� 'JHVSF ���C TIPXT UIF FMFNFOUBM DPNQPTJUJPO PG

B OPNJOBMMZ $V#S ୮ୢMN EFQPTJUFE CZ EJSFDU QVMTFE�$7% CFUXFFO <$V	T#V�".%
>� BOE )#S BU ���

p$ BT EFUFSNJOFE CZ 914 TVSWFZ TQFDUSB BG୴FS �� TFDPOET PG "S+ TQVUUFSJOH� 5IF PWFSBMM DPNQPTJ�

UJPO JT TVHHFTUJWF PG UIF BDJE�CBTF SFBDUJPO JMMVTUSBUFE JO 'JHVSF ���B BOE UIF NFBTVSFE $�/ SBUJP PG

����� JT XJUIJO FSSPS PG UIF FYQFDUFE $�/ SBUJP PG ��� GPS UIF BDFUBNJEJOJVN CSPNJEF TBMU�

����� (ছঘঠঝ ঊগ $ঊছঊঌঝছণঊঝঘগ ঘএ $ঞঙছঘঞজ 4ঞকএ 'কখজ

5IF HSPXUI PG $V�4 XBT PQUJNJ[FE BDSPTT TFWFSBM WBSJBCMFT XJUI UIF VMUJNBUF HPBM PG QSPEVDJOH B

QVSF DPOUJOVPVT ୮ୢMN PG VOJGPSN UIJDLOFTT� 1VMTFE�$7% XBT DIPTFO BT UIF EFQPTJUJPO NFUIPE GPS

JUT BDDFMFSBUFE HSPXUI SBUF SFMBUJWF UP "-%� �� 914 TVSWFZ TQFDUSB SFWFBM UIBU EFQPTJUJPOT DPOEVDUFE

CFUXFFO ��� p$ BOE ��� p$ QSPEVDFE ୮ୢMNT DPOUBJOJOH TPMFMZ DPQQFS BOE TVMGVS XIFSFBT ୮ୢMNT EF�

QPTJUFE BU ��� p$ PS ��� p$ BMTP DPOUBJO DBSCPO� 5IF ୮ୢMN EFQJDUFE JO 'JHVSF ���B XBT EFQPTJUFE BU B

TVCTUSBUF UFNQFSBUVSF PG ��� $ڴ BOE UIF ୮ୢMN EFQJDUFE JO 'JHVSF ���C XBT EFQPTJUFE BU B TVCTUSBUF

UFNQFSBUVSF PG ��� �$ڴ #PUI ୮ୢMNT DPOUBJO B TJHOJ୮ୢDBOU BNPVOU PG DBSCPO XIJDI JT MJLFMZ EVF UP

JODPNQMFUF SFBDUJPO PG UIF QSFDVSTPS BU ��� $ڴ BOE UIFSNBM EFDPNQPTJUJPO BU ��� �$ڴ 5IF ୮ୢMN
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Figure 2.1: (a) The reaction of [Cu(TBu�AMD)]� andHBr to formCuBr, followed by the acid-base reaction between

excess HBr and the singly protonated ligand to form the acetamidinium bromide salt. (b) The elemental composition

of a CuBr film deposited at a growth temperature of 160 °C by p-CVD as determined by an XPS survey spectrum

obtained after 45 seconds of Ar+sputtering.
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Figure 2.2: The elemental compositions of films of Cu2S deposited at (a) 100 °C and (b) 200 °C as derived fromXPS

survey spectra obtained after 45 seconds of Ar+sputtering.

EFQPTJUFE BU ��� $ڴ BMTP DPOUBJOT [JOD XIJDI XBT VOJOUFOUJPOBMMZ JOUSPEVDFE CZ B WPMBUJMF DPOUBN�

JOBOU XJUIJO UIF "-% SFBDUPS JUTFMG� 914 TVSWFZ TQFDUSB SFWFBM POMZ $V BOE 4 GPS ୮ୢMNT EFQPTJUFE BU

UFNQFSBUVSFT CFUXFFO ��� $ڴ BOE ��� �$ڴ

%FQPTJUJPOT DPOEVDUFE CFUXFFO ��� p$ BOE ��� p$ QSPEVDFE ୮ୢMNT DPOUBJOJOH TPMFMZ DPQQFS BOE

TVMGVS� "T FWJEFODFE CZ FMFDUSPO NJDSPHSBQIT HSPXUI QSPDFFET CZ JTMBOE DPBMFTDFODF� 'JHVSFT ���B�D

DPNQBSF QVMTFE�$7% $V�4 ୮ୢMNT BG୴FS ��� DZDMFT PG HSPXUI BU ��� $ڴ ��� $ڴ BOE ��� $ڴ SFTQFD�

UJWFMZ� *O UIFTF EFQPTJUJPOT UIF UFNQFSBUVSF BU UIF JOMFU PG UIF SFBDUPS UVCF DB� �′′ GSPN UIF TVC�

TUSBUF XBT TFU UP ��� $ڴ ��� $ڴ BOE ��� $ڴ SFTQFDUJWFMZ� "T UIF QSPHSFTTJPO GSPN 'JHVSF ���B UP

���D TIPXT TVSGBDF DPWFSBHF JODSFBTFT BT TVCTUSBUF BOE JOMFU UFNQFSBUVSFT EFDSFBTF� 0G QBSUJDVMBS TJH�

OJ୮ୢDBODF JT 'JHVSF ���D XIJDI EFNPOTUSBUFT UIBU UIF SFBDUJPO CFUXFFO <$V	T#V�".%
>� BOE )�4

QSPDFFET FWFO BU UIF MPX UFNQFSBUVSF PG ��� �$ڴ 5IJT IJHI SFBDUJWJUZ JNQMJFT UIBU JG UIF JOMFU PG UIF

SFBDUPS UVCF JT IFBUFE UP ��� $ڴ PS HSFBUFS ୮ୢMN EFQPTJUJPO DBO PDDVS JO UIF NJYJOH SFHJPO CFGPSF UIF

QSFDVSTPST SFBDI UIF TVCTUSBUF IPMEFS� "T TVDI UIF PCTFSWFE SFEVDUJPO JO TVSGBDF DPWFSBHF GPS IJHIFS
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Figure 2.3: SEM images of Cu2S film coverage after 322 cycles at a growth temperature of (a) 180 ∞C, (b) 150 ∞C,

and (c) 120 ∞C. 120 ∞Cwas selected for its superior film coverage and Cu2S filmswere deposited for (d) 400 and (e)

500 cycles. A high-resolution XPS scan of the Cu2p region shown in (f) gives no indication of the Cu2+ satellite peak

typically observed at 943 eV (highlighted region).

HSPXUI UFNQFSBUVSFT MJLFMZ SFTVMUT GSPN TJHOJ୮ୢDBOU ୮ୢMN EFQPTJUJPO JO UIF NJYJOH SFHJPO PXJOH UP

UIF IJHIFS DPSSFTQPOEJOH JOMFU UFNQFSBUVSF� .VDI PG UIF EFMJWFSFE QSFDVSTPS JT UIFSFGPSF DPOTVNFE

VQTUSFBN PG UIF 4J0� TVCTUSBUFT� 5IF SFBDUJPO QSPDFFET NPSF TMPXMZ BU BO JOMFU UFNQFSBUVSF PG ���

$ڴ XIJDI MJNJUT UIF EFQPTJUJPO JO UIF NJYJOH SFHJPO BOE MFBET UP IJHIFS TVSGBDF DPWFSBHF PG $V�4

BU B TVCTUSBUF UFNQFSBUVSF PG ��� �$ڴ )JHI�RVBMJUZ ୮ୢMNT PG $V�4 DBO BMTP CF HSPXO NPSF RVJDLMZ BU

UIJT UFNQFSBUVSF CZ QVMTFE�$7% XJUI UIF XBJUJOH QFSJPE U� � � TFDPOE BT XFMM BT CZ TUBOEBSE "-%�

'JHVSFT ���E BOE ���F TIPX UIF NPSQIPMPHZ PG $V�4 ୮ୢMNT EFQPTJUFE BU ��� $ڴ PWFS ��� BOE ���

DZDMFT SFTQFDUJWFMZ� "U UIJT UFNQFSBUVSF ୮ୢMN DMPTVSF PDDVST CFUXFFO ��� BOE ��� DZDMFT BOE UIF

HSPXUI QFS DZDMF SBOHFT GSPN ��� UP ��� ��DZDMF XJUI UIF IJHIFS WBMVFT DBMDVMBUFE GSPN UIJDLFS ୮ୢMNT�

5IJT MBSHF WBSJBUJPO JO HSPXUI QFS DZDMF BU B TJOHMF UFNQFSBUVSF JT MJLFMZ EVF UP B SFMBUJWFMZ IJHIFS

BNPVOU PG ୮ୢMN EFQPTJUFE QFS DZDMF EVSJOH TUFBEZ�TUBUF $V�4 EFQPTJUJPO BT DPNQBSFE XJUI JOJUJBM

OVDMFBUJPO� 5IF FYJTUFODF PG TFQBSBUF OVDMFBUJPO BOE CVML EFQPTJUJPO HSPXUI SFHJNFT JT SFMBUJWFMZ

DPNNPO JO "-% BOE $7% QSPDFTTFT� �������� 'JHVSF ���G JT B IJHI�SFTPMVUJPO 914 TQFDUSVN PG UIF
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$V �Q QFBL PCUBJOFE BG୴FS �� TFDPOET PG "S+ TQVUUFSJOH� 8IJMF $ BOE 0 BSF EFUFDUFE BU UIF TVSGBDF

PG UIF EFQPTJUFE ୮ୢMNT UIFTF DPOUBNJOBOUT BSF SFNPWFE BG୴FS �� TFDPOET PG "S+ TQVUUFSJOH BOE UIF

BCTFODF PG UIF DIBSBDUFSJTUJD $V�� TBUFMMJUF QFBL BU ��� F7 DPO୮ୢSNT DPQQFS JT QSFTFOU BT $V� UISPVHI�

PVU UIF ୮ୢMN� ��

����� $ঘগটছজঘগ ঝঘ $ঞঙছঘঞজ #ছঘখ

"G୴FS PQUJNJ[BUJPO PG UIF $V�4 HSPXUI QSPDFTT FYQFSJNFOUT XFSF DPOEVDUFE UP DPOWFSU UIF $V�4

୮ୢMN UP QVSF $V#S� 5IF EFQPTJUFE ୮ୢMNT PG $V�4 XFSF FYQPTFE UP BOIZESPVT )#S JO BDDPSEBODF XJUI

UIF SFBDUJPO EFTDSJCFE JO &RVBUJPO ����

$V�4 + �)#S ↽−−−⇀ � $V#S + )�4 	���


5IF UIFSNPEZOBNJD GBWPSBCJMJUZ PG UIF DPOWFSTJPO PG $V�4 UP $V#S XBT EFUFSNJOFE CZ DBMDVMBU�

JOH UIF TJHO PG UIF DIBOHF JO (JCCT GSFF FOFSHZ GSPN�

˵( = ˵)− 5˵4 	���


6TJOH UBCVMBUFE ˵)G BOE 4 WBMVFT GPS )#S �� $V#S �� $V�4 ���� BOE )�4 �� BU �� $ڴ JU JT TUSBJHIU�

GPSXBSE UP VTF )FTTؠT MBX BOE &RVBUJPO ��� UP TIPX UIBU ˵ ( � ��� L+�NPM< � BOE UIF DPOWFSTJPO

PG $V�4 UP $V#S VQPO FYQPTVSF UP )#S JT UIFSNPEZOBNJDBMMZ GBWPSBCMF BU �� p$� 'JMNT PG $V�4

XJUI B SBOHF PG UIJDLOFTTFT GSPN �� UP ��� ON XFSF ୮ୢSTU QSFQBSFE� 5IFTF ୮ୢMNT XFSF UIFO IFBUFE

UP �� $ڴ BOE FYQPTFE UP ��� QVMTFT PG )#S BU B QSFTTVSF PG ��� 5PSS BNPVOUJOH UP B UPUBM FYQP�

TVSF UJNF PG � IPVST� 5IF WBSJBUJPO JO BUPNJD DPNQPTJUJPO UISPVHI UIF UIJDLOFTT PG UIF DPOWFSUFE

୮ୢMNT XBT NFBTVSFE CZ B EFQUI QSP୮ୢMF XJUIJO UIF 914� 'JHVSF ��� TIPXT UIF JODPNQMFUF DPOWFSTJPO

PG B ����ON UIJDL ୮ୢMN PG $V�4� "T FWJEFODFE CZ UIF QSFTFODF PG #S UIF )#S XBT BCMF UP QFOFUSBUF

UISPVHI IVOESFET PG OBOPNFUFST PG UIF ୮ୢMN GVMMZ DPOWFSUJOH UIF UPQ ��� ON UP $V#S 	IJHIMJHIUFE
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Figure 2.4: Depth profile obtained by XPS of a film converted from a 400-nm thick film of Cu2S via HBr exposure at 60

°C.

SFHJPO
� "G୴FS UIJT UPQ ��� ON JT SFNPWFE CZ TQVUUFSJOH TVMGVS CFDPNFT EFUFDUBCMF CZ 914 BOE UIF

୮ୢMN USBOTJUJPOT HSBEVBMMZ UP QSFEPNJOBOUMZ $V�4� 0YZHFO BOE TJMJDPO GSPN UIF 4J0� TVCTUSBUF CF�

DPNF WJTJCMF BG୴FS UIF GVMM ����ON UIJDLOFTT JT SFNPWFE�

5IF GPSXBSE SFBDUJPO JO &RVBUJPO ��� JT TMJHIUMZ NPSF FYFSHPOJD BU �� $ڴ 	˵( � ��� L+�NPM WFSTVT

��� L+�NPM
 BOE EPFT QSPDFFE CVU UIF QFOFUSBUJPO EFQUI PG UIF )#S JT TIBMMPXFS XJUI � IPVST PG

FYQPTVSF SFTVMUJOH JO POMZ �� ON PG $V#S BU UIF TVSGBDF BT TIPXO JO UIF 914 EFQUI QSP୮ୢMF JO 'JHVSF

���� "U �� $ڴ UIF SFBDUJPO JT LJOFUJDBMMZ MJNJUFE BOE DPOWFSTJPO QSPDFFET NVDI NPSF TMPXMZ UIBO BU

�� �$ڴ

$POWFSTJPO PG $V�4 UP $V#S JT GVSUIFS FWJEFODFE CZ 93% BOBMZTJT CFGPSF BOE BG୴FS )#S FYQP�

TVSF� 'JHVSF ��� QSFTFOUT UIF EJ୭GSBDUPHSBNT PG UIF BT�EFQPTJUFE $V�4 ୮ୢMN BOE UIF TBNF ୮ୢMN BG୴FS B

��IPVS FYQPTVSF UP )#S BU �� �$ڴ 'JHVSF ���B TIPXT UIBU UIF BT�EFQPTJUFE $V�4 ୮ୢMNT BSF DSZTUBMMJOF
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Figure 2.5: Depth profile obtained by XPS of a film converted from a 400-nm thick film of Cu2S via HBr exposure at 30

°C.
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Figure 2.6: X-ray diffraction patterns of as-deposited 250 nm thick Cu2S film (top) and the same film after conversion

of the top 100 nm to CuBr via a 4-hour exposure to HBr at 60 ∞C (bottom). The asterisk (*) denotes a background peak

associated with the XRD instrument itself.

BOE IJHIMZ PSJFOUFE� 5IF FYQFSJNFOUBM QBUUFSO CFTU NBUDIFT 1%' ������� GPS DVCJD $V�4 UIPVHI

UIF FYQFDUFE DSZTUBM TUSVDUVSF GPS $V�4 GPSNFE BU ��� p$ JT UIF IFYBHPOBM IJHI�DIBMDPDJUF� �� 5IJT EJT�

DSFQBODZ NBZ CF EVF UP UIF TJHOJ୮ୢDBOU JNQBDU PG TNBMM EFWJBUJPOT JO TUPJDIJPNFUSZ PO UIF SFTVMUBOU

DSZTUBM TUSVDUVSF PG $V�4 ୮ୢMNT XIJDI DPNQMJDBUFT UIF QSFDJTF DSZTUBMMPHSBQIJD BOBMZTJT PG UIJT NBUF�

SJBM CZ 93%� �� 'JHVSF ���C JMMVTUSBUFT UIF NFBTVSFE 93% QBUUFSO PG UIF TBNF $V�4 ୮ୢMN GPMMPXJOH

UIF )#S FYQPTVSF XIJDI NBUDIFT 1%' �������� GPS ɀ�$V#S� #PUI UIF BT�EFQPTJUFE BOE DPOWFSUFE

୮ୢMNT BQQFBS UP CF 	���
�PSJFOUFE�

5IF ୮ୢMN NPSQIPMPHZ XBT BMTP JO୯୳VFODFE CZ UIF EVSBUJPO BOE UFNQFSBUVSF PG UIF )#S FYQPTVSFT�
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)#S FYQPTVSF UFTUT XFSF DPOEVDUFE BU �� $ڴ �� $ڴ BOE ��� $ڴ XJUI B UPUBM FYQPTVSF UJNF PG FJ�

UIFS � PS �� IPVST� 5IFTF UXP QBSBNFUFST DPOUSPM UIF FYUFOU PG UIF DPOWFSTJPO� 5IF VTF PG MPOHFS

)#S FYQPTVSFT PS IJHIFS SFBDUJPO UFNQFSBUVSFT SFTVMUFE JO B HSFBUFS WPMVNF PG $V�4 DPOWFSUFE UP

$V#S� &MFDUSPO NJDSPHSBQIT JO 'JHVSF ��� TIPX UIF WBSJBUJPO JO ୮ୢMN NPSQIPMPHZ QSPEVDFE CZ UIFTF

DIBOHFT JO FYQPTVSF DPOEJUJPOT� 'PS TIPSUFS )#S FYQPTVSF UJNFT PS MPXFS SFBDUJPO UFNQFSBUVSFT UIF

DPOWFSUFE $V#S GPSNFE BT B TVSGBDF MBZFS UIBU BQQFBSFE SPVHIFS UIBO UIF BT�EFQPTJUFE $V�4 CVU SF�

NBJOFE DPOUJOVPVT� )PXFWFS GPS MPOHFS FYQPTVSFT PS IJHIFS SFBDUJPO UFNQFSBUVSFT UIF DPOWFSTJPO

PG $V�4 QSPHSFTTFE GBSUIFS JOUP UIF ୮ୢMN BOE UXP EJTUJODU NPSQIPMPHJFT EFWFMPQFE�

5IF 4&. JNBHF JO 'JHVSF ���C JMMVTUSBUFT UIFTF NPSQIPMPHJFT� 5IF VQQFS MBZFS JT DPNQSJTFE PG

VODPBMFTDFE � ɉN�TJ[FE HSBJOT BOE UIF MBZFS CFOFBUI JT DPNQSJTFE PG ����ON HSBJOT� #PUI MBZFST BSF

EJTDPOUJOVPVT UIPVHI UIF MBSHF HSBJOT PG UIF UPQ MBZFS BSF NPSF TQBUJBMMZ TFQBSBUFE UIBO UIF TNBMMFS

HSBJOT VOEFSOFBUI� 'JHVSF ���G TIPXT B TJNJMBS EJTDPOUJOVPVT NPSQIPMPHZ FYDFQU UIF HSBJOT PG UIF

UPQ MBZFS BSF TNBMMFS� 5XP�EJNFOTJPOBM &%4 NBQQJOH TIPXO JO 'JHVSF ��� DPO୮ୢSNT UIBU UIF MBSHFS

HSBJOT BU UIF TVSGBDF BSF DPNQPTFE PG DPQQFS BOE CSPNJOF XIFSFBT UIF TNBMMFS HSBJOT CFOFBUI BSF

DPNQPTFE PG DPQQFS BOE TVMGVS� 5IF 4J0� TVCTUSBUF JT BMTP WJTJCMF UISPVHI UIF DPOWFSUFE ୮ୢMN�

5IF UIJDLOFTT PG UIF BT�EFQPTJUFE $V�4 B୭GFDUT UIF NPSQIPMPHZ PG UIF DPOWFSUFE $V#S� 'JHVSFT

���D BOE ���G TIPX ୮ୢMNT PG $V�4 XJUI EJ୭GFSFOU JOJUJBM UIJDLOFTTFT UIBU IBWF CFFO FYQPTFE UP )#S GPS

�� IPVST BU �� �$ڴ 5IF ����ON UIJDL ୮ୢMN PG 'JHVSF ���D IBT B TNPPUI DPOUJOVPVT TVSGBDF PG $V#S

	WJTJCMF JO DSPTT�TFDUJPO JO 'JHVSF ���E
 XIFSFBT UIF ���ON UIJDL ୮ୢMN PG 'JHVSF ���G IBT EFWFMPQFE

UIF EJTDPOUJOVPVT NPSQIPMPHZ� 5BCMF ��� DPOUBJOT UIF BUPNJD DPNQPTJUJPO PG UIF ୮ୢMNT JNBHFE JO

'JHVSF ��� BT EFUFSNJOFE CZ 914 TVSWFZ TQFDUSB DPOEVDUFE BG୴FS �� TFDPOET PG "S+ TQVUUFSJOH� 5IF

TVSGBDF PG UIF ୮ୢMN JNBHFE JO 'JH� ���D JT FYDMVTJWFMZ DPNQPTFE PG DPQQFS BOE CSPNJOF XIFSFBT GPS

UIF ୮ୢMN JO 'JH� ���G DPQQFS BOE CSPNJOF BSF EFUFDUFE CVU BMTP TVMGVS BOE UIF TJMJDPO BOE PYZHFO

PG UIF 4J0� TVCTUSBUF� 'SPN UIFTF SFTVMUT JU BQQFBST UIBU UIF DPOWFSTJPO PG $V�4 UP $V#S VQPO FY�

QPTVSF UP )#S QSPDFFET VOUJM FOPVHI PG UIF $V�4 JT DPOTVNFE UIBU UIF 4J0� TVSGBDF JT FYQPTFE� "U
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Figure 2.7: SEM images of Cu2S filmswith initial thickness Y, exposed to HBr for Z hours at a temperature of [ °C
(denoted Y− Z− [) (a) 400 nm-4 hrs-60 ∞C; (b) 400 nm-4 hrs-180 ∞C; (c) 400 nm-10 hrs-60 ∞C; (d) 400 nm-10 hrs-60
∞C imaged in cross-section; (e) 60 nm-4 hrs-60 ∞C; (f) 60 nm-10 hrs-60 ∞C.
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Figure 2.8: EDS compositionmapping of a 400-nm thick film of Cu2S exposed to HBr for 4 hours at 180 ∞C.

UIJT QPJOU UIF $V#S BHHMPNFSBUFT JOUP MBSHFS HSBJOT PO UIF TVSGBDF PG UIF SFNBJOJOH $V�4� 5IJT SF�

TVMU TVHHFTUT UIBU UIF TVSGBDF FOFSHZ PG UIF QBSUJBMMZ DPOWFSUFE ୮ୢMN JT NJOJNJ[FE XIFO $V#S�$V�4

BOE $V#S�$V#S JOUFSBDUJPOT BSF GBWPSFE PWFS $V#S�4J0� JOUFSBDUJPOT� 5IJOOFS BT�EFQPTJUFE ୮ୢMNT

PG $V�4 SFRVJSF TIPSUFS )#S FYQPTVSFT BOE MPXFS SFBDUJPO UFNQFSBUVSFT UP EFWFMPQ UIF EJTDPOUJOV�

PVT NPSQIPMPHZ XIJDI JT DPOTJTUFOU XJUI UIJT IZQPUIFTJT BT UIFSF JT MFTT $V�4 UP DPOWFSU CFGPSF UIF

4J0� TVSGBDF JT FYQPTFE� 3FTFBSDI JT POHPJOH UP ୮ୢOE B TVCTUSBUF UIBU XJMM BMMPX B ୮ୢMN PG $V�4 UP CF

DPOWFSUFE DPNQMFUFMZ UP B UIJO DPOUJOVPVT ୮ୢMN PG $V#S� 5IF OFYU DIBQUFS EJTDVTTFT B SFMBUFE CPEZ

PG FYQFSJNFOUBM XPSL UIBU JOGPSNT UIJT POHPJOH SFTFBSDI�

��� $ঘগঌকঞজঘগ

5IJO ୮ୢMNT PG $V#S XFSF EFQPTJUFE CZ B UXP�TUFQ QSPDFTT TUBSUJOH XJUI UIF HSPXUI PG $V�4 CZ

QVMTFE�$7% PG CJT	//′�EJ�TFD�CVUZMBDFUBNJEJOBUP
EJDPQQFS	*
 BOE IZESPHFO TVM୮ୢEF BU UFNQFS�
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Table 2.1: As-deposited Cu2S film thicknesses, subsequent HBr exposure parameters, and elemental composition

measured by XPS survey spectra after 30 seconds of Ar+ sputtering.

BUVSFT SBOHJOH GSPN ��� $ڴ UP ��� �$ڴ " HSPXUI UFNQFSBUVSF PG ��� $ڴ QSPEVDFE DSZTUBMMJOF

$V�4 ୮ୢMNT XJUI DBSCPO BOE PYZHFO DPOUFOUT CFMPX UIF EFUFDUJPO MJNJU PG 914� 5IFTF $V�4 ୮ୢMNT

XFSF UIFO DPOWFSUFE UP $V#S CZ FYQPTVSF UP BOIZESPVT IZESPHFO CSPNJEF BU �� �$ڴ 5IF SFBDUJPO

QSPEVDFE ୮ୢMNT PG QVSF DSZTUBMMJOF 	���
�PSJFOUFE ɀ�$V#S� 5IF NPSQIPMPHZ PG UIF SFTVMUBOU $V#S

XBT EFQFOEFOU PO UIF QSPYJNJUZ PG UIF HSPXUI GSPOU UP UIF 4J0� TVCTUSBUF XJUI NVDI MBSHFS HSBJOT

GPSNJOH JO B EJTDPOUJOVPVT BSSBOHFNFOU XIFO UIF TVCTUSBUF XBT FYQPTFE� 5IJT TVM୮ୢEF�UP�CSPNJEF

DPOWFSTJPO QSPDFTT JT JO QSJODJQMF HFOFSBMJ[BCMF UP UIF QSFQBSBUJPO PG IBMJEFT PG NBOZ EJ୭GFSFOU NFU�

BMT� 0VS ୮ୢOEJOHT SFHBSEJOH UIF QPPS XFUUJOH PG $V#S PO 4J0� BMTP QPJOU UIF XBZ UPXBSE SFTFBSDI

UIBU XJMM FOBCMF CFUUFS XFUUJOH PG $V#S PO BMUFSOBUF TVCTUSBUFT� 0VS SFTFBSDI PO UIJT UPQJD JT EF�

TDSJCFE JO UIF OFYU DIBQUFS BT XFMM BT JO UIF 1I% EJTTFSUBUJPO PG %S� 3BDIFM )FBTMFZ �� BOE B KPVSOBM

BSUJDMF� ��
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%JSFDU DIFNJDBM WBQPS EFQPTJUJPO PG

DPQQFS	*
 CSPNJEF UIJO ୮ୢMNT

��� "ঋজঝছঊঌঝ

5 জখঌঘগঞঌঝঘছজ $V9 	9 � #S *
 BSF IJHI�NPCJMJUZ Q�UZQF USBOTQBSFOU DPOEVDUPST QSPNJT�

JOH GPS VTF JO UIJO�୮ୢMN PQUPFMFDUSPOJD EFWJDFT TVDI BT QFSPWTLJUF QIPUPWPMUBJDT� 5IFTF EFWJDFT SF�

RVJSF TNPPUI QJOIPMF�GSFF ୮ୢMNT UIBU BSF UFOT PG OBOPNFUFST UIJDL XIJDI DBOOPU FBTJMZ CF EFQPTJUFE

WJB FYJTUJOH NFUIPET� " QSPNJTJOH BMUFSOBUJWF NFUIPE DIFNJDBM WBQPS EFQPTJUJPO 	$7%
 JT BO

FTUBCMJTIFE JOEVTUSJBM QSPDFTT XJUI FYDFMMFOU VOJGPSNJUZ� )PXFWFS OP QSJPS $7% NFUIPE DPVME

QSPEVDF DPOUJOVPVT UIJO ୮ୢMNT PG BOZ DVQSPVT IBMJEF� 8F IBWF FTUBCMJTIFE TVDI B NFUIPE QSFQBSJOH

$V#S UIJO ୮ୢMNT CZ SFBDUJPO CFUXFFO )#S HBT BOE WJOZMUSJNFUIZMTJMBOF	IFYB୯୳VPSPBDFUZMBDFUPOBUP
DPQQFS	*
�

0VS NFUIPE OPU POMZ QSPWJEFT UIF EFTJSFE EFWJDF�RVBMJUZ ୮ୢMNT CVU BMTP PQFOT VQ UIF QPTTJCJMJUZ PG B

HFOFSBM SPVUF UP UIF $7% PG PUIFS NFUBM IBMJEFT�

��� *গঝছঘঞঌঝঘগ

5IJO ୮ୢMNT PG USBOTQBSFOU DPOEVDUJWF MBZFST BSF JNQPSUBOU GPS B XJEF WBSJFUZ PG PQUPFMFDUSPOJD EF�

WJDFT JODMVEJOH QIPUPWPMUBJDT ୯୳BU�QBOFM EJTQMBZT BOE PUIFS QIPUPOJD EFWJDFT SFRVJSJOH XJEF�CBOEHBQ

TFNJDPOEVDUPST� /�UZQF FMFDUSPO�USBOTQPSU MBZFST 	&5-T
 UFOE UP CF NPSF XJEFMZ BWBJMBCMF NPTU OP�

UBCMZ USBOTQBSFOU DPOEVDUJOH PYJEFT 	5$0T
� � *O DPOUSBTU UIFSF BSF NBOZ GFXFS Q�UZQF USBOTQBSFOU
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IPMF�USBOTQPSU MBZFST 	)5-T
 BWBJMBCMF F�H� 4O0 � /J0 � BOE BMMPZ NBUFSJBMT EFSJWFE GSPN $V�0��

6OGPSUVOBUFMZ Q�UZQF 5$0T EP OPU QFSGPSN OFBSMZ BT XFMM BT O�UZQF 5$0T GPS SFBTPOT UIBU BSF VO�

EFS TUVEZ BOE SFMBUF UP UIF MPDBMJ[FE OBUVSF PG UIF PYZHFO �Q�EFSJWFE WBMFODF CBOE� �

0OF QSPNJTJOH BMUFSOBUJWF JT UIF DMBTT PG Q�UZQF TFNJDPOEVDUPST $V9 	9 � $M #S *
 XIJDI DPN�

CJOF OFBS�67 CBOEHBQT� 	��� UP ��� F7
 IJHI IPMF NPCJMJUZ�� 	��� UP �� DN�7��T��
 BOE USBOTQBSFODZ

JO UIF WJTJCMF SFHJPO� #FDBVTF PG UIFTF QSPQFSUJFT $V9 UIJO ୮ୢMNT BSF JODSFBTJOHMZ JOUFSFTUJOH BT

)5-T� 'PS FYBNQMF $V* IBT CFFO VTFE JO Q�O KVODUJPOT� UIFSNPFMFDUSJD EFWJDFT� BOE USBOTQBSFOU

DPOEVDUPST BOE IPMF USBOTQPSU MBZFST JO TPMBS DFMMT� �� $V#S IBT CFFO VTFE JO UIJO�୮ୢMN USBOTJTUPST� ��

5IFSF BSF NBOZ TPMVUJPO PS QIZTJDBM WBQPS EFQPTJUJPO NFUIPET UP GBCSJDBUF $V9 UIJO ୮ୢMNT JO�

DMVEJOH EPDUPS�CMBEJOH �� TQJO�DPBUJOH �� WBDVVN BOE UIFSNBM FWBQPSBUJPO����� NPMFDVMBS CFBN

FQJUBYZ �� S�G� TQVUUFSJOH ���� MBTFS�BTTJTUFE NPMFDVMBS CFBN EFQPTJUJPO �� QVMTFE MBTFS EFQPTJUJPO ��

BOE TPMJE PS WBQPS JPEJOBUJPO ��� PG $V NFUBM PS $V�/� 5IPVHI UIFTF NFUIPET IBWF FOBCMFE QSPNJT�

JOH $V9 UIJO ୮ୢMNT GPS SFTFBSDI QVSQPTFT UIFZ UZQJDBMMZ QSPEVDF ୮ୢMNT UIBU IBWF JOBEFRVBUF TNPPUI�

OFTT QVSJUZ PS DPOUJOVJUZ GPS VMUJNBUFMZ DPNNFSDJBM BQQMJDBUJPO JO PQUJDBM EFWJDFT� .PSFPWFS FWFO

IJHI�RVBMJUZ DPOUJOVPVT $V* ୮ୢMNT NBEF CZ TQVUUFSJOH EFXFU JOUP JTMBOET JG TQVUUFSFE BU IJHI TVC�

TUSBUF UFNQFSBUVSFT� ��

5IF MBDL PG BEFRVBUF GBCSJDBUJPO NFUIPET GPS $V9 NPUJWBUFT UIFJS QPUFOUJBM GBCSJDBUJPO WJB

DIFNJDBM WBQPS EFQPTJUJPO 	$7%
� $7% JT POF PG UIF NBJO UFDIOJRVFT VTFE JO JOEVTUSZ UP GBCSJ�

DBUF EFWJDF�RVBMJUZ ୮ୢMNT PG PUIFS NBUFSJBMT CFDBVTF PG JUT NPMFDVMBS�MFWFM DPOUSPM PG UIF GBCSJDBUJPO

QSPDFTT� )PXFWFS SFTFBSDI F୭GPSUT JO UIF EFWFMPQNFOU PG B $7% QSPDFTT UP EFQPTJU DPOUJOVPVT

NFUBM IBMJEF ୮ୢMNT ؛ OPU KVTU $V9 CVU UIF MBSHFS DMBTT PG NBUFSJBMT .9O ؛ IBWF NFU TFWFSBM SFBDUJW�

JUZ DIBMMFOHFT� 5IF GFX LOPXO NFUBM IBMJEF $7% BOE "-% QSPDFTTFT UP QSPEVDF .9O UIJO ୮ୢMNT

IBWF CFFO DPO୮ୢOFE BMNPTU FOUJSFMZ UP NFUBM ୯୳VPSJEFT� ,OPXO QSPDFTTFT VUJMJ[F FJUIFS PG UXP IBMJEF

TPVSDFT� )' BOE BODJMMBSZ NFUBM IBMJEFT� 5IF )'�CBTFE NFDIBOJTN SFMJFT PO BETPSQUJPO HFOFSBUJOH

UIF CJ୯୳VPSJEF BOJPO 	')'Ѽ 
 �� XIJDI JT OPU TV୭୮ୢDJFOUMZ TUBCMF GPS UIF IFBWJFS IBMJEFT MJNJUJOH UIF
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VUJMJUZ PG UIPTF NFUIPET� 8IFO BODJMMBSZ NFUBM IBMJEFT BSF VTFE BT UIF IBMJEF TPVSDF ������ UIJT DIFN�

JTUSZ SFMJFT PO IBMJEF USBOTGFS CFUXFFO UXP NFUBMT XIJDI JT TQFDJ୮ୢD UP UIF UXP NFUBMT JO RVFTUJPO

BOE UIVT BMTP MJNJUFE JO BQQMJDBCJMJUZ� "DDPSEJOHMZ JU JT PG DPOTJEFSBCMF JOUFSFTU UP EFWFMPQ B NPSF

HFOFSBM SPVUF UP NFUBM IBMJEF WBQPS EFQPTJUJPO BOE UIF QBTU GFX ZFBST IBWF TFFO JODSFBTFE SFTFBSDI

F୭GPSUT UPXBSE UIJT JNQPSUBOU HPBM� 4PNF SFTFBSDIFST IBWF TVDDFFEFE JO QSPEVDJOH EJTDPOUJOVPVT

أJTMBOETآ PG NFUBM IBMJEFT 	F�H� $V$M $V*
 CVU DPOUJOVPVT UIJO ୮ୢMNT PG NFUBM DIMPSJEFT CSPNJEFT

BOE JPEJEFT IBWF SFNBJOFE FMVTJWF� 'PS FYBNQMF (SVOENBOO BOE DP�XPSLFST�� SFQPSUFE $7% PG

$V* GSPN SFBDUJPO CFUXFFO DZDMPQFOUBEJFOZM	USJFUIZMQIPTQIJOP
DPQQFS	*
 BOE FUIZM JPEJEF SFTVMU�

JOH JO XFMM�DSZTUBMMJ[FE JTMBOET PG $V* JOTUFBE PG UIJO ୮ୢMNT� $BNFSPO BOE DP�XPSLFST SFQPSUFE "-%

GSPN UIF SFBDUJPO CFUXFFO 	CJT	USJNFUIZMTJMZM
 BDFUZMFOF
	IFYB୯୳VPSPBDFUZMBDFUPOBUP
�DPQQFS	*
 BOE

)$M PS QZSJEJOF IZESPDIMPSJEF SFTVMUJOH JO $V$M DSZTUBMMJUF JTMBOET JOTUFBE PG UIJO ୮ୢMNT� ������ 8F

IBWF BUUFNQUFE �� CPUI BUPNJD MBZFS EFQPTJUJPO 	"-%
 BOE QVMTFE $7% PG $V#S GSPN )#S WBQPS

BOE UIF WPMBUJMF DPNQPVOE CJT	//′�EJ�TFD�CVUZMBDFUBNJEJOBUP
EJDPQQFS	*
 <$V	T#V".%
>� BOE

GPVOE UIBU CPUI WBSJBOUT GBDF NFDIBOJTUJD DIBMMFOHFT� 6OEFS "-% DPOEJUJPOT )#S EJE OPU TUSPOHMZ

BETPSC UP UIF TVCTUSBUF JO JUT IBMG PG UIF "-% DZDMF BT FWJEFODFE CZ B MBDL PG UIJO ୮ୢMN EFQPTJUJPO VO�

EFS B WBSJFUZ PG DPOEJUJPOT� )PXFWFS VOEFS QVMTFE $7% DPOEJUJPOT JO XIJDI CPUI QSFDVSTPS WBQPST

XFSF BWBJMBCMF JO UIF SFBDUPS TJNVMUBOFPVTMZ BMUIPVHI UIF EFTJSFE SFBDUJPO UP QSPEVDF $V#S UIJO

୮ୢMNT TVDDFFEFE B GVSUIFS BDJE�CBTF SFBDUJPO CFUXFFO )#S BOE UIF BDFUBNJEJOF ZJFMEFE OPOWPMBUJMF

BDFUBNJEJOJVN IBMJEF TBMUT DPOUBNJOBUJOH UIF $V#S ୮ୢMNT XJUI DBSCPO BOE OJUSPHFO� 5P UIF CFTU PG

PVS LOPXMFEHF DPOUJOVPVT UIJO ୮ୢMNT PG NFUBM IBMJEFT 	9 � $M #S *
 IBWF OPU ZFU CFFO BUUBJOFE CZ

DIFNJDBM WBQPS EFQPTJUJPO�

*O SFTQPOTF UP UIJT DIBMMFOHF XF IFSFJO SFQPSU UIF ୮ୢSTU DIFNJDBM WBQPS EFQPTJUJPO PG B DPOUJOVPVT

NFUBM IBMJEF 	OPO�୯୳VPSJEF
 UIJO ୮ୢMN OPU SFMZJOH PO BO BODJMMBSZ NFUBM IBMJEF BT UIF IBMJEF TPVSDF�

0VS NFUIPE VTFT B SFBDUJPO CFUXFFO UIF DPNNFSDJBMMZ BWBJMBCMF WJOZMUSJNFUIZMTJMBOF	IFYB୯୳VPSP�

BDFUZMBDFUPOBUP
DPQQFS	*
 $V	IGBD
	WUNT
 BOE )#S� (JWFO UIF CSPBE BWBJMBCJMJUZ PG NFUBM ȿ�EJLFUPOBUFT
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UIJT SFBDUJPO QBWFT UIF XBZ GPS PUIFS $7% SFBDUJPOT UP QSPEVDF QVSF DPOUJOVPVT ୮ୢMNT PG .9O 	9 �

$M #S *
�

��� .ঊঝছঊকজ ঊগ .ঝঘজ

����� %ঊঐছঊখ ঘএ ঝ 3ঊঌঝঘছ 4ঝঞঙ

0VS DVTUPN�CVJMU BQQBSBUVT GPS $7% SFBDUJPOT JT B IPU�XBMMFE "-% SFBDUPS XBT NPEJ୮ୢFE BT TIPXO

JO 'JHVSF ��� XIPTF TZNCPM MFHFOE JT TIPXO JO ���� 0VS Q�$7% EFQPTJUJPOT UBLF QMBDF XJUIJO B UVCF

GVSOBDF UIBU JT ��′′ MPOH XIFSF BU UIF GBS MFG୴ SFBDUBOUT BSF JOUSPEVDFE UP UIF DIBNCFS� 5IF TVCTUSBUF

IPMEFS FOE JT ���′′ BXBZ GSPN UIF JOMFU UP UIF DIBNCFS BOE UIF IPMEFS JT ����′′ MPOH� 5IVT TBNQMFT

DBO CF QMBDFE CFUXFFO ���′′ BOE ��′′ BXBZ GSPN UIF JOMFU� 5P IBWF UIF IJHIFTU QSFDVSTPS VUJMJ[BUJPO

XF QMBDFE TVCTUSBUFT BU UIF GVSUIFTU MFG୴ QPTJUJPO BQQSPYJNBUFMZ ���′′ BXBZ GSPN XIFSF HBTFT FOUFS

UIF DIBNCFS VOMFTT PUIFSXJTF OPUFE�

8IFO XF QMBDF B TJMJDPO XBGFS TVCTUSBUF JOTJEF UIF UVCF GVSOBDF BOE IFBU UIF GVSOBDF VOUJM UIF

UFNQFSBUVSF EJTQMBZ TUBCJMJ[FT XF XPOEFSFE XIBU UIF UFNQFSBUVSF PG UIF TVCTUSBUF JT� 8F TVTQFDUFE

UIBU JU NJHIU OPU CF UIF TBNF WBMVF EJTQMBZFE PO UIF UVCF GVSOBDF GPS B WBSJFUZ PG SFBTPOT� 'JSTU

UIF GVSOBDF UIFSNPDPVQMF NBZ CF PVU PG DBMJCSBUJPO� 4FDPOE UIF UFNQFSBUVSF PG UIF UVCF BOE UIF

DPJMT NBZ EJ୭GFS TJODF UIF NFUBM UVCF JT IFBUFE SBEJBUJWFMZ BOE DPOWFDUJWFMZ SBUIFS UIBO CZ EJSFDU

DPOUBDU XJUI UIF IFBUJOH DPJMT� 5IJSE UIF UPQ TVSGBDF PG UIF TJMJDPO JT FYQPTFE UP B MPX QSFTTVSF PG

HBT� *G BMMPXFE TV୭୮ୢDJFOU UJNF UIJT HBT NVTU SFBDI UIFSNBM FRVJMJCSJVN XJUI UIF XBMMT� #VU EVSJOH B

$7% SFDJQF OFX HBT BMJRVPUT BSF QVMTFE JO PO UIF PSEFS PG ��� UP �� TFDPOET� 5IFTF HBTFT BSF BU MPXFS

UFNQFSBUVSFT UIBO UIF UVCF GVSOBDF JOJUJBMMZ TP UIFZ NBZ DBVTF JOTUBOUBOFPVT DPPMJOH� 5IFTF UISFF

SFBTPOT QSPNQUFE VT UP EFTJHO FYQFSJNFOUT UP EFUFSNJOF UIF UFNQFSBUVSF PG UIF TVCTUSBUFT JO PVS

UVCF GVSOBDF�

8F EFTJHOFE BO JO TJUV UIFSNPDPVQMF BOE QMBDFE JU XIFSF B TVCTUSBUF TJUT JO UIF SFBDUPS BT TIPXO
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Figure 3.1: Piping & instrumentation diagram (|&ID) of the custom-built hot-walled reactor for CuBr depositions. In-

dustry standard P&ID symbols are used: TT = temperature transmitter; TC = temperature controller; TI = temperature

indicator. Other symbols shown in 3.2
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Figure 3.2: Piping & Instrumentation Diagram Legend.

Figure 3.3: Our reactor tube furnace has four temperature readings. (1) The furnace heating coil temperature reading

is displayed on the front (red LED number, black label). (2) Our substrate holder contains a thermocouple at its center

(red). Additionally, we used Kapton tape to attach two thermocouples to other locations around the reactor. (3)We at-

tached one directly to the outside of the tube at the far left of the furnace (gray). (4)We attached one to the substrate

holder, bending the thermocouple end so that it touches the holder surface, where our substrates sit (blue, inset).
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Figure 3.4: Calibration curve for measured temperatures

JO 'JHVSF ���� 8F UIFO BMMPXFE UIF SFBDUPS UVCF GVSOBDF UP FRVJMJCSBUF BU WBSJPVT TFU UFNQFSBUVSFT

BOE SFDPSEFE UIF PVUQVU UFNQFSBUVSF SFBEJOHT GSPN UIF GPVS SFBDUPS UIFSNPDPVQMFT SFTVMUJOH JO

UIF DBMJCSBUJPO DVSWF TIPXO JO 'JHVSF ���� 5IF JOMFU JO TJUV UFNQFSBUVSF JT DMPTFTU UP XIBU XF CFMJFWF

UIF TVCTUSBUF UFNQFSBUVSF JT� "DDPSEJOHMZ XIFO XF DPOEVDUFE FYQFSJNFOUT JO UIF QSFTFOU XPSL

XF SFDPSEFE UIF GVSOBDF DPJM UFNQFSBUVSF GPS FBDI FYQFSJNFOU BOE UIFO CBTFE PO UIF DBMJCSBUJPO

FRVBUJPO HJWFO JO 'JHVSF ��� XF SFQPSUFE UIF JOMFU JO TJUV UFNQFSBUVSF� 'PS FYBNQMF XIFO UIF UVCF

GVSOBDF XBT TFU UP �� p$ UIF JOMFU JO TJUV UFNQFSBUVSF XBT ���� p$�

8F TVTQFDUFE UIBU UIF QVMTFT PG HBTFT JOUP UIF SFBDUPS NJHIU TMJHIUMZ DPPM UIF TVCTUSBUF� 5P BTTFTT

UIJT QPTTJCJMJUZ XF SBO B SFDJQF TJNJMBS UP PVS TUBOEBSE Q�$7% SFDJQF XJUI UIF JO TJUV UIFSNPDPVQMF

JOTJEF UIF SFBDUPS JOTUFBE PG B TVCTUSBUF� 8F DMPTFE UIF $V	IGBD
	WUNT
 CVCCMFS NBOVBM WBMWF TP

BT OPU UP XBTUF UIJT DIFNJDBM� 8F EJE OPU QVMTF JO )#S CVU JOTUFBE QVMTFE /� XJUI UIF TBNF UJNF

TFRVFODF� 5IF SFTVMUJOH JOMFU JO TJUV UFNQFSBUVSF SFDPSEFE EVSJOH UIF DZDMF XBT IJHIMZ SFQFBUBCMF

BOE JT TIPXO JO 'JHVSF ���� %VSJOH POF Q�$7% DZDMF UIF JO TJUV UFNQFSBUVSF JT EFDSFBTFE∼��� p$ CZ

UIF OJUSPHFO QVSHF BOE FWBDVBUJPO TUFQT�

��



Figure 3.5: *O TJUV temperaturemeasured during the course of a nitrogen pulse sequence.
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5IF $V	IGBD
	WUNT
 DPNQPVOE XBT SFDFJWFE BT B MJRVJE NJYUVSF PG $V	IGBD
� BOE $V	IGBD
	WUNT
�

8F EFWFMPQFE UIF GPMMPXJOH QSPDFEVSF UP TFQBSBUF UIF UXP DPNQPVOET� JO B OJUSPHFO HMPWFCPY

UIF BT�SFDFJWFE $V	IGBD
	WUNT
�$V	IGBD
� NJYUVSF XBT SVO UISPVHI B TJMJDB DPMVNO XJUI QFOUBOF BT

UIF FMVFOU� 8F PCTFSWFE B EBSL HSFFO UPQ CBOE BOE B CSJHIU ZFMMPX CPUUPN CBOE� 5IF ZFMMPX QFO�

UBOF�$V	IGBD
	WUNT
 TPMVUJPO XBT DPMMFDUFE JO B 4USBVT ୯୳BTL XIJDI XF TUPQQFSFE BOE SFNPWFE GSPN

UIF HMPWFCPY� 'JOBMMZ XF TVCNFSHFE UIF QFOUBOF�$V	IGBD
	WUNT
 JO B � p$ JDF CBUI BOE EJTUJMMFE

P୭G UIF QFOUBOF CZ FWBDVBUJOH UIF ୯୳BTL BOE DPMMFDUJOH QFOUBOF JO B MJRVJE OJUSPHFO DPME USBQ PO B

4DIMFOL MJOF BT TIPXO JO 'JHVSF ����

5P RVBOUJGZ UIF QSPQPSUJPO PG QFOUBOF SFNBJOJOH JO UIF TPMVUJPO XF EJTTPMWFE BO BMJRVPU PG

UIF TPMVUJPO JOUP EFVUFSPCFO[FOF JO BO /.3 UVCF BOE NBJOUBJOFE B QPTJUJWF QSFTTVSF PG /� HBT

JO UIF IFBETQBDF PG UIF UVCF UISPVHIPVU UIF USBOTGFS UP BWPJE PYJEBUJPO PG UIF $V	*
 DPNQMFY BOE

JNNFEJBUFMZ DPMMFDUFE B �) /.3 TQFDUSVN TIPXO JO 'JHVSF ���� 1FBL BTTJHONFOUT BOE JOUFHSBMT
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Figure 3.6: Straus flask diagram

GPS QFOUBOF $V	IGBD
	WUNT
 QSPUPOT BOE EFVUFSPCFO[FOF TPMWFOU SFTJEVBMT BSF HJWFO JO 5BCMF ���

BOE BSF DPOTJTUFOU XJUI UIF MJUFSBUVSF� 5P FTUJNBUF UIF BNPVOU PG QFOUBOF JO UIF TPMVUJPO XF ୮ୢSTU

EFUFSNJOFE UIF SFMBUJWF QSPQPSUJPOT PG UIF NPMFDVMFT JNQMJFE CZ UIF QSPUPO JOUFHSBUJPOT� 6TJOH UIF

$)� QSPUPOT XF DBMDVMBUF B SFMBUJWF NPMBS BNPVOU PG QFOUBOF 	WT� UIF ���ॎ SFTJEVBM $�)� JO UIF

$�%�
 BU ������ XIJDI JT MBSHFS UIBO UIF DBMDVMBUJPO GSPN UIF $)� QSPUPOT BU ������� 8F TJNJMBSMZ

DBMDVMBUFE UIF SFMBUJWF NPMBS BNPVOU PG $V	IGBD
	WUNT
 VTJOH UIF UISFF UZQFT PG QSPUPOT QSFTFOU

PO UIJT NPMFDVMF BT TIPXO JO 5BCMF ���� 8F OFYU DBMDVMBUFE UIF NPTU DPOTFSWBUJWF FTUJNBUF PG UIF

BNPVOU PG QFOUBOF JO UIF TPMVUJPO CZ VTJOH UIF MBSHFTU BNPVOU PG QFOUBOF DBMDVMBUFE 	������
 BOE

UIF TNBMMFTU BNPVOU PG $V	IGBD
	WUNT
 DBMDVMBUFE 	����
�

0VS FTUJNBUF JT UIBU UIF NBYJNVN BNPVOU PG QFOUBOF JO TPMVUJPO JT ������ � 	������ � ����
 �

��� NPM ॎ QFOUBOF� 5IJT ��ॎ $V	IGBD
	WUNT
 NJYUVSF XBT VTFE EJSFDUMZ BT UIF QSFDVSTPS GPS $V#S

WBQPS EFQPTJUJPO� 1VSJ୮ୢDBUJPO DBO CF EPOF PO MBSHF CBUDIFT BOE UIF QVSJ୮ୢFE QSFDVSTPS TUPSFE BU

��� p$ JO B GSFF[FS EPFT OPU EJTQSPQPSUJPOBUF BQQSFDJBCMZ PWFS BU MFBTU � NPOUIT� ��N- BMJRVPUT XFSF
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Figure 3.7: �HNMR spectrum of Cu(hfac)(vtms) after purification procedure.

Figure 3.8: �HNMRpeaks of Cu(hfac)(vtms) after purification procedure.
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UBLFO PVU BOE MPBEFE JOUP UIF SFBDUPS BT OFFEFE GPS UIJO ୮ୢMN EFQPTJUJPO FYQFSJNFOUT�

����� $7% (ছঘঠঝ ঘএ $ঞ#ছ ঊগ $ঞ

5IJO ୮ୢMNT PG $V#S XFSF EFQPTJUFE WJB QVMTFE�$7% VTJOH FYQPTVSFT UP $V	IGBD
	WUNT
 	(FMFTU QV�

SJ୮ୢFE BT EJTDVTTFE BCPWF
 BOE )#S 	.BUIFTPO
� $V	IGBD
	WUNT
 XBT MPBEFE JOUP B WBDVVN CVCCMFS

VOEFS B OJUSPHFO BUNPTQIFSF UP QSFWFOU EFDPNQPTJUJPO JO BJS� )#S XBT VTFE BT SFDFJWFE FJUIFS BU

SFTFBSDI QVSJUZ 	������ॎ
 PS BU DIFNJDBM QVSJUZ HSBEF 	����ॎ
 JO B ��MC MFDUVSF CPUUMF QSFTTVSJ[FE UP

��� QTJH� 0XJOH UP UIF NBUFSJBMT VTFE JO UIF DPOTUSVDUJPO PG UIF WBMWFT UIFTF MFDUVSF CPUUMFT TIPVME

OPU CF TUPSFE GPS NPSF UIBO DJSDB � NPOUIT BT UIF WBMWFT UFOE UP DPSSPEF EVF UP )#S FYQPTVSF�

5IF $V	IGBD
	WUNT
 WBQPS XBT USBOTGFSSFE UP UIF SFBDUPS DIBNCFS CZ B QVSJ୮ୢFE 	&OUFHSJT QVSJ�

୮ୢFS NPEFM OVNCFS $&���,'*�3
 OJUSPHFO DBSSJFS HBT IFME BU B QSFTTVSF PG �� 5PSS JO UIF CVCCMFS�

4XBHFMPL "-% WBMWFT PQFSBUFE CZ -"#7*&8 FYFDVUFE UIF QVMTFE�$7% SFDJQFT� 1VMTFE�$7% JT

TJNJMBS UP "-% CVU PNJUT UIF QVSHJOH TUFQ CFUXFFO QSFDVSTPS EPTFT� 8F QSPHSBNNFE SFDJQFT XJUI

FJUIFS PG UXP UZQFT PG QSFDVSTPS EFMJWFSZ LOPXO JO UIF MJUFSBUVSF BT PQFO�WBMWFآ NPEFأ BOE �DMPTFEآ

WBMWF NPEFأ *O PQFO�WBMWF NPEF UIF SFBDUPS DIBNCFS JT DPOTUBOUMZ CFJOH QVSHFE XJUI B DBSSJFS HBT

UIBU JT CFJOH FWBDVBUFE TVDI UIBU UIF WBMWF UP UIF WBDVVN JT OFWFS DMPTFE� *O DMPTFE�WBMWF NPEF UIF

SFBDUPS DIBNCFS JT DMPTFE P୭G GSPN UIF WBDVVN BU TPNF QPJOU JO UIF $7% DZDMF PG୴FO TP UIBU UIF QSF�

DVSTPST BSF IFME JO UIF SFBDUPS DIBNCFS GPS B MPOHFS JODVCBUJPO UJNF UIBO XPVME PUIFSXJTF CF QPT�

TJCMF JG UIF WBMWF UP UIF WBDVVN XFSF PQFO� 8IJMF DMPTFE�WBMWF NPEF NBZ JO TPNF JOTUBODFT QSPWJEF

IJHIFS QSFDVSTPS VUJMJ[BUJPO BOE�PS HSFBUFS ୮ୢMN DPWFSBHF BOE VOJGPSNJUZ UISPVHIPVU UIF SFBDUPS JU

JT BMTP PG୴FO TMPXFS CFDBVTF JU SFRVJSFT TFQBSBUF TUFQT GPS SFBDUJPO BOE GPS QVSHJOH�FWBDVBUJPO� 8F

FYQMPSFE CPUI NPEFT�

'PS DMPTFE�WBMWF NPEF UIF UJNJOH TFRVFODF VTFE GPS UIF $V#S SFDJQF NBZ CF FYQSFTTFE BT U� − U� −
U� − U� − U� XIFSF U� JT UIF FYQPTVSF UJNF PG UIF $V	IGBD
	WUNT
 U� JT UIF FYQPTVSF UJNF PG UIF )#S

U� JT B XBJUJOH QFSJPE EVSJOH XIJDI BMM WBMWFT BSF DMPTFE BOE EFQPTJUJPO PDDVST U� JT UIF UJNF EVSJOH

��



XIJDI OJUSPHFO QVSHF HBT JT QVSHFE UISPVHI UIF SFBDUPS BOE U� JT UIF DIBNCFS FWBDVBUJPO UJNF XJUI

BMM UJNFT HJWFO JO TFDPOET� 'PS PVS TUBOEBSE SFDJQF UIF UJNJOH TFRVFODF XBT ������������ 5IF SFMFWBOU

QSFTTVSFT BSF� ��� 5PSS QVSHF OJUSPHFO QSFTTVSF� �� 5PSS OJUSPHFO DBSSJFS HBT QSFTTVSF � 5PSS )#S

FYQPTVSF BOE � 5PSS DPNCJOFE $V	IGBD
	WUNT
 BOE DBSSJFS HBT FYQPTVSF�

8F BTTFTTFE UIF QBSUJBM QSFTTVSFT PG $V	IGBD
	WUNT
 BOE DBSSJFS HBT JO UIF NJYUVSF CZ DPOEVDUJOH

B DPOUSPM FYQFSJNFOU� 5IF CVCCMFS PWFO UFNQFSBUVSF XBT NBJOUBJOFE BU �� p$ BOE UIF UVCF GVSOBDF

XBT BU SPPN UFNQFSBUVSF� 8F ୮ୢSTU FWBDVBUFE UIF QSFDVSTPS CVCCMFS VOUJM UIF QSFTTVSF TUBCJMJ[FE BU B

TUFBEZ TUBUF XJUI QVNQJOH BU B SFBDUPS QSFTTVSF HBVHF SFBEJOH PG �� N5PSS� 5IJT QSFTTVSF TUBCJMJ[B�

UJPO QSPDFTT UPPL �� TFDPOET� 5IFO XF DMPTFE UIF "-% WBMWF UP UIF CVCCMFS BOE MFU JUT IFBETQBDF

HBT FRVJMJCSBUF GPS � NJOVUFT XIJMF UIF DIBNCFS DPOUJOVFE UP CF VOEFS EZOBNJD WBDVVN�

5IF SFBDUPS QSFTTVSF HBVHF SFBEJOH SFUVSOFE UP �� N5PSS VOEFS EZOBNJD WBDVVN JUT UZQJDBM CBTF

QSFTTVSF� 5IFO XF DMPTFE UIF QVNQ BOE PQFOFE UIF "-% WBMWF UP UIF CVCCMFS GPS � TFDPOE� 8F TBX

UIF QSFTTVSF JO UIF SFBDUPS UVCF GVSOBDF SJTF GSPN �� N5PSS UP �� N5PSS� 8F UIFSFGPSF SFBTPO UIBU

UIF QBSUJBM QSFTTVSF PG $V	IGBD
	WUNT
 EVSJOH PVS SFBDUJPO DZDMFT JT BQQSPYJNBUFMZ �� N5PSS�

*O UIF TUBOEBSE SFDJQF UIF UXP QSFDVSTPST BSF JO UIF SFBDUPS UPHFUIFS GPS � TFDPOET SFTVMUJOH JO BO

FYQPTVSF WBMVF PG � 5PSS× � TFDPOET � � 5PSS�TFDPOET FBDI� #BTFE PO UIF QSFDFEJOH JOGPSNBUJPO UIF

FYQPTVSF PG $V	IGBD
	WUNT
 JUTFMG NVTU CF SPVHIMZ �ॎ PG � 5PSS�TFDPOET XIJDI JT ��� 5PSS�TFDPOET�

8F GPVOE EVSJOH UIF DPVSTF PG PVS FYQFSJNFOUT UIBU UIF GVMM � TFDPOET BSF OPU OFDFTTBSZ UP BDIJFWF

PVS SFQPSUFE HSPXUI QFS DZDMF� 5IF ��TFDPOE XBJU UJNF U� DBO CF SFEVDFE UP ��� TFDPOE XJUIPVU

SFEVDJOH UIF ୮ୢMN HSPXUI QFS DZDMF� 5IVT PVS أBDDFMFSBUFEآ DMPTFE�WBMWF Q�$7% SFDJQF UJNJOH TF�

RVFODF JT ��������������

*O PQFO�WBMWF NPEF B OJUSPHFO TUSFBN JT DPOTUBOUMZ QVSHJOH UIF SFBDUPS DIBNCFS BOE QSFDVS�

TPS NBOJGPME DFOUSBM MJOFT TP CPUI UIF WBMWFT UP OJUSPHFO BOE UP UIF QVNQ EPXOTUSFBN PG UIF SF�

BDUPS DIBNCFS BSF BMXBZT PQFO� 5IF UJNJOH TFRVFODF VTFE GPS BO PQFO�WBMWF $V#S SFDJQF NBZ CF

FYQSFTTFE BT UB − UC − UD XIFSF UB JT UIF FYQPTVSF UJNF PG UIF $V	IGBD
	WUNT
 UC JT UIF FYQPTVSF UJNF

��



PG UIF )#S BOE UD JT UIF XBJU UJNF EVSJOH XIJDI TPMFMZ UIF OJUSPHFO BOE QVNQ WBMWFT BSF PQFO� 5IJT

XBJU UJNF JT SFRVJSFE JO PSEFS UP SFUVSO UIF SFBDUPS QSFTTVSF EPXO UP JUT TUFBEZ�TUBUF OJUSPHFO ୯୳PX

BG୴FS )#S BOE $V	IGBD
	WUNT
�DBSSJFS HBT BSF EPTFE JO� 0VS PQFO�WBMWF SFDJQF UJNJOH TFRVFODF JT ����

������ 5IF SFMFWBOU QSFTTVSFT BSF BT GPS UIF DMPTFE�WBMWF NPEF ��� 5PSS QVSHF OJUSPHFO QSFTTVSF ��

5PSS OJUSPHFO DBSSJFS HBT QSFTTVSF � 5PSS )#S BOE � 5PSS $V	IGBD
	WUNT
 DBSSJFS HBT QSFTTVSF�

5IF DPOUSPM FYQFSJNFOUT UP EFQPTJU $V NFUBM XFSF DPOEVDUFE JO DMPTFE�WBMWF NPEF� 5IF UJNJOH

TFRVFODF VTFE GPS UIF $V SFDJQF JT UIF TBNF BT PVS TUBOEBSE DMPTFE�WBMWF SFDJQF OBNFMZ B UJNJOH TF�

RVFODF PG ����������� FYDFQU UIBU JOTUFBE PG B EPTF PG )#S EVSJOH UIF U� UJNF OP WBMWFT PQFO EVSJOH

UIBU UJNF BOE UIVT )#S JT OPU JOKFDUFE JOUP UIF SFBDUPS�

����� 4ঞঋজঝছঊঝজ

'JMNT XFSF EFQPTJUFE PO � TVCTUSBUF UZQFT� 5ISFF TVCTUSBUF UZQFT XFSF QVSDIBTFE� ���� NN EJBNF�

UFS IJHI QVSJUZ WJUSFPVT DBSCPO QMBODIFUT 	5FE 1FMMB
 � DN× � DN RVBSU[ TVCTUSBUFT 	&MFDUSPO .J�

DSPTDPQZ 4DJFODFT
 BOE � JO� × � JO� 4J TVCTUSBUFT XJUI B ����ON TVSGBDF MBZFS PG 4J0� HSPXO CZ XFU

PYJEBUJPO XIJDI XFSF DVU GSPN MBSHFS XBGFST 	6OJWFSTJUZ 8BGFS
� 8F QSFQBSFE UXP NPSF TVCTUSBUF

UZQFT JO�IPVTF CZ BEEJOH TVSGBDF MBZFST UP CPUI UIF RVBSU[ BOE UIF 4J0��4J TVCTUSBUFT� 0OF TVSGBDF

MBZFS XF QSFQBSFE VTJOH B %FOUPO &�CFBN FWBQPSBUPS� � ON PG 5J BEIFTJPO MBZFS XFSF GPMMPXFE CZ

��� ON PG 1U� "OPUIFS TVSGBDF MBZFS XF QSFQBSFE VTJOH BO 454 1&$7%� �� ON PG 4J/Y XFSF EF�

QPTJUFE GSPN �� TDDN 4J)� �� TDDN /)� BOE ���� TDDN /� PO IJHI�GSFRVFODZ NPEF 	����� .)[


XJUI UIF QPXFS TVQQMZ BU �� 8� 5IF WJUSFPVT DBSCPO QMBODIFUT XFSF VTFE BT SFDFJWFE XJUIPVU XBTI�

JOH QSJPS UP $V#S EFQPTJUJPO� "MM PG UIF PUIFS � TVCTUSBUF UZQFT XFSF USFBUFE XJUI TPMWFOU XBTIFT PG

TFNJDPOEVDUPS�HSBEF BDFUPOF BOE JTPQSPQBOPM 	#%)≥ ��ॎ
� 'VSUIFSNPSF CPUI UIF 1U BOE UIF

4J0��4J TVCTUSBUFT XFSF UIFO USFBUFE XJUI 67�P[POF GPS � NJO CPUI UP QSPNPUF UIF GPSNBUJPO PG

TVSGBDF IZESPYZM HSPVQT BOE WJB PYJEBUJPO GVSUIFS SFNPWF BOZ DBSCPOBDFPVT DPOUBNJOBUJPO PO UIF

TVSGBDF�

��



����� 'কখ $ঊছঊঌঝছণঊঝঘগ

4DBOOJOH FMFDUSPO NJDSPTDPQZ 	4&.
 XBT QFSGPSNFE JO B ;FJTT 6MUSB 1MVT TDBOOJOH FMFDUSPO NJDSP�

TDPQF� 9�SBZ QIPUPFMFDUSPO TQFDUSPTDPQZ 	914
 XBT QFSGPSNFE PO B 5IFSNP 4DJFOUJ୮ୢD ,ୖ"MQIB

TQFDUSPNFUFS FRVJQQFE XJUI B NPOPDISPNBUFE "M ,Ⱦ9�SBZ TPVSDF �� L7 FMFDUSPO CFBN BOE "S+

TQVUUFSJOH HVO� %FQUI QSP୮ୢMFT XFSF DPMMFDUFE CZ TQVUUFSJOH BU ��� F7 GPS �� T QFS MFWFM VOMFTT PUI�

FSXJTF TUBUFE� 5IF 914 TQVUUFSJOH SBUF XBT EFUFSNJOFE CZ EJWJEJOH UIF ୮ୢMN UIJDLOFTT BT EFUFSNJOFE

CZ 4&. CZ UIF UPUBM TQVUUFSJOH UJNF CFGPSF UIF TVCTUSBUF FMFNFOUBM TJHOBMT XFSF EFUFDUFE� 9�SBZ

EJ୭GSBDUJPO 	93%
 QBUUFSOT XFSF SFDPSEFE JO B #SVLFS %� 1)"4&3 9�SBZ EJ୭GSBDUPNFUFS VTJOH $V

,Ⱦ SBEJBUJPO 	Ɉ ������ �
 BOE B Ʌ − �Ʌ TDBO� 0QUJDBM USBOTNJUUBODF BOE SF୯୳FDUBODF NFBTVSFNFOUT

XFSF QFSGPSNFE PWFS B XBWFMFOHUI SBOHF PG ��� � ��� ON VTJOH UIF TNBMM TQPU LJU JO UIF EJ୭GVTF

SF୯୳FDUBODF BDDFTTPSZ PG BO "HJMFOU $BSZ ���� 6OJWFSTBM .FBTVSFNFOU 4QFDUSPQIPUPNFUFS� 3F�

୯୳FDUBODF NFBTVSFNFOUT XFSF NBEF BU ڴ� BOE USBOTNJUUBODF NFBTVSFNFOUT BU �ڴ��� 5P EFUFSNJOF

UIF BCTPSQUJPO DPF୭୮ୢDJFOU PG $V#S UIJO ୮ୢMNT XF NFBTVSFE USBOTNJUUBODF BOE SF୯୳FDUBODF GPS CPUI B

�� ON 4J/Y ୮ୢMN PO RVBSU[ 	UIF أTVCTUSBUFآ NFBTVSFNFOU
 BOE B ��� ON $V#S ୮ୢMN PO �� ON 4J/Y

PO RVBSU[ 	UIF أUPUBMآ NFBTVSFNFOU
� 5P FYUSBDU PVU UIF $V#S ୮ୢMN BCTPSQUJPO DPF୭୮ୢDJFOU XF VTFE

UXP EBUB USFBUNFOU TUFQT� 'JSTU XF DBMDVMBUFE ȾTVC BOE ȾUPUBM WJB UIF FRVBUJPO Ⱦ = �/ETVC × MO
( �−3

5
)


XIFSF ETVC � UIJDLOFTT PG RVBSU[ TVCTUSBUF 	� NN
 GPMMPXJOH UIF BQQSPYJNBUJPO CZ 3JUUFS BOE

8FJTFS� �� 4FDPOE XF FTUJNBUFE Ⱦ$V#S WJB UIF FRVBUJPO ȾGJMN = ETVC/EGJMN × (ȾUPUBM − ȾTVC) GPM�

MPXJOH $FTBSJB� ��

&MFDUSJDBM QSPQFSUJFT XFSF BTTFTTFE CZ )BMM F୭GFDU NFBTVSFNFOUT VTJOH B IJHI TFOTJUJWJUZ SPUBUJOH

QBSBMMFM EJQPMF MJOF TZTUFN EFWFMPQFE CZ *#.� �� 5P GPSN FMFDUSJDBM DPOUBDUT GPS )BMM NFBTVSFNFOUT

B �� ON BEIFTJPO MBZFS PG 5J GPMMPXFE CZ ��� ON PG "V XFSF EFQPTJUFE UISPVHI B TIBEPX NBTL

CZ FMFDUSPO�CFBN FWBQPSBUJPO JO B %FOUPO &YQMPSFS� 5IF MFBET PG UIF )BMM TZTUFN XFSF BEIFSFE UP

UIF "V DPOUBDUT VTJOH *O TPMEFS� 3VUIFSGPSE #BDLTDBUUFSJOH 4QFDUSPNFUSZ 	3#4
 FYQFSJNFOUT BOE

��



EBUB JOUFSQSFUBUJPO XFSF DPOEVDUFE BU UIF 3VUHFST *PO 4DBUUFSJOH 'BDJMJUZ CZ %S� 3ZBO 5IPSQF� "

��� .F7 CFBN PG �)F++ JPOT XBT VTFE GPS 3#4 FYQFSJNFOUT XJUI BO FOFSHZ SFTPMVUJPO PG �� LF7�

$POUBDU BOHMF NFBTVSFNFOUT XFSF QFSGPSNFE WJB UIF TFTTJMF ESPQ UFDIOJRVF VTJOH UIF IBMG BOHMF

NFUIPE PO B 5BOUFD $".ୖ1-64 .*$30 FRVJQQFE XJUI NJDSPNFUFS TZSJOHF BOE ୮ୢCFS�PQUJD MJHIU

TPVSDF� 'PVS TUBOEBSE DPOUBDU BOHMF UFTU MJRVJET 	EJJPEPNFUIBOF UIJPEJHMZDPM FUIZMFOF HMZDPM BOE

EFJPOJ[FE XBUFS
 XFSF TFMFDUFE GPS UIFJS EJTUJODU BOE XFMM�EF୮ୢOFE EJTQFSTJWF BOE QPMBS DPNQPOFOUT PG

TVSGBDF GSFF FOFSHZ�

��� 3জঞকঝজ ঊগ %জঌঞজজঘগ

����� 4ঌছগ ঘএ 4ঞঋজঝছঊঝজ

$V#S ୮ୢMNT XFSF HSPXO JO B DVTUPN�CVJMU IPU�XBMMFE "-% SFBDUPS 	TFF EJBHSBN JO 'JHVSF ���
 XIJDI

IBT CFFO SFQPSUFE JO QSFWJPVT XPSL��� *O UIJT SFBDUPS XF JOTUBMMFE B CVCCMFS DPOUBJOJOH UIF $V	IGBD
	WUNT


QSFDVSTPS� 5IJO ୮ୢMNT PG $V#S XFSF EFQPTJUFE WJB QVMTFE�$7% VTJOH BMUFSOBUJOH FYQPTVSFT UP $V	IGBD
	WUNT


BOE )#S XJUI UIF SFDJQFT PVUMJOFE JO UIF .FUIPET TFDUJPO�

5IF NPSQIPMPHZ PG UIJO ୮ୢMNT HSPXO CZ $7% JT IJHIMZ EFQFOEFOU PO UIF TVSGBDF GSFF FOFSHZ

NBUDI CFUXFFO UIF EFQPTJUFE NBUFSJBM BOE UIF TVSGBDF NBUFSJBM� $VQSPVT IBMJEFT EP OPU TFFN UP

FBTJMZ XFU NFUBM PYJEFT� XF IBWF PCTFSWFE�� UIBU WBQPS�DPOWFSUFE $V#S GPSNT JTMBOET PO 4J0� BOE

UIBU $V* GPSNT JTMBOET �� PO $V�0 VOEFS NBOZ FYQFSJNFOUBM DPOEJUJPOT� 1SJPS SFTFBSDIFST IBWF PC�

TFSWFE TJNJMBS SFTVMUT JO BUUFNQUT UP QSPEVDF $V* UIJO ୮ୢMNT WJB $7%� 'PS FYBNQMF (PUUTDIBMDI FU BM�

GPVOE�� $V* GPSNFE JTMBOET XIFO HSPXO PO "M�0� 4J0� 4J BOE (B"T� "DDPSEJOHMZ XF JOUFOEFE

UP BTTFTT PVS QSPQPTFE $7% QSPDFTT PO 4J0� 	GPS DPNQBSJTPO
 BT XFMM BT PO BMUFSOBUJWF TVCTUSBUFT

UIBU XF IPQFE DPVME BMMPX GPSNBUJPO PG EFOTFMZ QBDLFE DPOUJOVPVT ୮ୢMNT JOTUFBE PG TQBSTF JTMBOET�

#BTFE PO BWBJMBCJMJUZ TVSGBDF GSFF FOFSHZ DPOTJEFSBUJPOT BOE UIF TVCTUSBUF SFRVJSFNFOUT PG WBSJPVT

BOBMZUJDBM UFDIOJRVFT XF TPVHIU UP FNQMPZ XF TFMFDUFE HMBTTZ DBSCPO TJMJDPO OJUSJEF BOE QMBUJOVN

��



GPS JOJUJBM UFTUT�

8IFO XF SBO PVS TUBOEBSE Q�$7% SFDJQF BU B TVCTUSBUF UFNQFSBUVSF PG ���� p$± ��� p$ XF PC�

TFSWFE BQQBSFOU DSZTUBMMJUFT BQQSPYJNBUFMZ ��� ON JO EJBNFUFS PO FBDI PG � TVCTUSBUF TVSGBDFT� HMBTTZ

DBSCPO TJMJDPO OJUSJEF QMBUJOVN BOE TJMJDB 	'JHVSFT ��� ���� BOE ����
� 5IFTF ୮ୢMNT XFSF VOJGPSN

BDSPTT UIF � ′′ × �′′ TVCTUSBUFT�

$POTJTUFOU XJUI PVS QSFWJPVT ୮ୢOEJOHT �� GSPN WBQPS�DPOWFSUFE $V#S ୮ୢMNT XF GPVOE UIBU $V#S

HSBJOT PO 4J0� XFSF TPNFXIBU JTPMBUFE GSPN FBDI PUIFS XJUI 4J0� TVCTUSBUF WJTJCMF JO UIF QMBO�WJFX

4&. NJDSPHSBQIT� *O DPOUSBTU UIF∼��ON UIJDL $V#S ୮ୢMNT HSPXO PO HMBTTZ DBSCPO TJMJDPO OJUSJEF

BOE QMBUJOVN BQQFBSFE DPOUJOVPVT BU UIF ���� p$± ��� p$ TVCTUSBUF UFNQFSBUVSF�

%VSJOH 4&. JNBHJOH XF PCTFSWFE B CFBN�JOEVDFE QIFOPNFOPO XIFO JNBHJOH UIF $V#S ୮ୢMNT

HSPXO PO 1U TVCTUSBUFT� 8F TBX CSJHIU EPUT BQQFBS PO UIF $V#S HSBJOT BOE XJUI GVSUIFS CFBN FY�

QPTVSF UIFTF EPUT CFDBNF MBSHFS BOE HSFX VQ MJLF UFOESJMT PVU PG UIF HSBJOT� #FDBVTF UIFTF UFOESJMT

XFSF CSJHIU XIFO JNBHFE JO UIF JO�MFOT JNBHJOH NPEF XF FOWJTJPO UIBU UIFZ NBZ CF DPQQFS NFUBM

BOE UIBU FMFDUSPOT GSPN UIF 4&. CFBN BSF SFEVDJOH UIF ୮ୢMNؠT $V�� UP $V�� 5IJT F୭GFDU POMZ PDDVST

XIFO UIF VOEFSMZJOH TVCTUSBUF XBT QMBUJOVN JNQMZJOH UIBU DPOEVDUJPO JT SFRVJSFE GPS UIJT QIF�

OPNFOPO UP PDDVS� *O UIF 4&. JNBHFT PG $V#S PO 1U JNBHFT XFSF SFDPSEFE JNNFEJBUFMZ VQPO OBW�

JHBUJOH UIF CFBN UP B OFX ୮ୢMN BSFB TP UIBU UIJT F୭GFDU XBT NJOJNJ[FE JO PVS JNBHFT PG $V#S HSBJOT�

4UJMM TNBMM CSJHIU EPUT BSF WJTJCMF JO 'JHVSF ���D 'JHVSF ����D BOE 'JHVSF �����

����� 'কখ $ঘখঙঘজঝঘগ $ঊছঊঌঝছণঊঝঘগ

8F OFYU VTFE UXP NFUIPET UP FWBMVBUF UIF FMFNFOUBM DPNQPTJUJPO PG UIF EFQPTJUFE UIJO ୮ୢMNT� 8F

୮ୢSTU VTFE 9�SBZ QIPUPFMFDUSPO TQFDUSPTDPQZ 	914
� 8F GPVOE UIBU UIF DPNQPTJUJPO PG PVS ୮ୢMN

HSPXO PO TJMJDPO OJUSJEF XBT ��ॎ $V BOE ��ॎ #S CZ 914 	'JHVSF ����
� .BUSJY F୭GFDUT BMUFS UIF EF�

UFDUJPO F୭୮ୢDJFODZ PG QIPUPFMFDUSPOT BOE UIFSF JT OP B QSJPSJ SFBTPO UP FYQFDU UIF VODBMJCSBUFE 914

WBMVFT UP CF RVBOUJUBUJWF�

��



Figure 3.9: SEM images of CuBr grown at 83.4 °C on (a) glassy carbon, (b) silicon nitride, (c) platinum, and (d) silica. All

films were deposited using 600 cycles of the standard p-CVD recipe. No cross-section is available for glassy carbon

because the as-received planchets are too rough for imaging at these length scales andmoreover they cannot be easily

fractured, forming dust instead of cleaving cleanly.

��



Figure 3.10: SEM images of CuBr grown at 83.4 °C on (a) glassy carbon, (b) silicon nitride, (c) platinum, and (d) silica.

All films were deposited using 600 cycles of the standard p-CVD recipe. Thesemicrographs show uniformity across 3

microns of film length. No cross-section is available for glassy carbon because the as-received planchets are too rough

for imaging at these length scales.

��



Figure 3.11: SEM images of CuBr grown at 83.4 °C on (a) glassy carbon, (b) silicon nitride, (c) platinum, and (d) silica. All

films were deposited using 600 cycles of the standard p-CVD recipe. Thesemicrographs show uniformity across 10

microns of film length.

��



Figure 3.12: SEM images of CuBr deposited on Pt using our standard recipe at a range of temperatures: (a) 65.8 °C, (b)

83.4 °C, (c) 162.8 °C, and (d) 189.3 °C.

��



Figure 3.13: XPS depth profile of CuBr deposited on silicon nitride at 83.4 °C using the standard p-CVD recipe. After

sputtering away surface contamination, wemeasuredz an elemental composition of 55 at. % Cu and 45 at. % Br.
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Figure 3.14: Fits of the Rutherford Backscattering Spectrometry data, provided byDr. Ryan Thorpe. Themodel

shown here indicates that identical counts of Cu and Br atomswere found in the film, giving a stoichiometry of

Cu�.��Br�.��±�.��. No other elements were detected. The peak shapes here are consistent with compositional uni-

formity throughout the depth of the CuBr film.
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Figure 3.15: X-ray diffraction pattern of CuBr deposited on silicon nitride via 600 cycles of our standard p-CVD recipe.

The blue dotted lines PDF 006-0292, for ɀ-CuBr, normalized such that the reference (111) peak height matches our
CuBr data (111) peak height. The asterisk (*) denotes a background peak associated with the XRD instrument itself.
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SFTVMUJOH JO $V#S BOE B SFEVDFE TQFDJFT QFSIBQT )� WBQPS BDDPSEJOH UP UIF SFBDUJPO�
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Figure 3.16: SEM images of CuBr grown on silicon nitride at a range of substrate temperatures: (a) 65.8 ∞C, (b) 83.4

∞C, (c) 109.9 ∞C, and (d) 136.4 ∞C. All images at same scale. Scale bar 1micron.
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Figure 3.17: SEM images of CuBr grown on silicon nitride at a range of substrate temperatures: (a) 65.8 ∞C, (b) 83.4

∞C, (c) 109.9 ∞C, and (d) 136.4 ∞C. Scale bar is 5microns. At temperatures 109.9 ∞C and above, we observed large

particles atop the film, whose areal density increases with deposition temperature.
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6QPO UIF GPVS JOTVMBUJOH TVCTUSBUFT XF EFUFSNJOFE UIBU IBSEMZ BOZ EFQPTJUJPO IBE PDDVSSFE� 7JB

UIF 4&. JNBHFT JO 'JHVSF ���� XF ୮ୢOE OP WJTJCMF $V HSBJOT� 7JB 914 JO 'JHVSF ���� XF ୮ୢOE BQQSPY

����� BU ॎ PG $V PS #S QSFTFOU 	MJLFMZ #S JT MFG୴ PWFS JO UIF DIBNCFS GSPN )#S�CBTFE EFQPTJUJPOT
�

)JHI�SFTPMVUJPO 914 TQFDUSB XFSF UBLFO BOE DPSSPCPSBUFE XJUI TVSWFZ TDBOT UP FOTVSF OP QFBLT

XFSF NJTTFE�

)PXFWFS VQPO UIF QMBUJOVN TVCTUSBUF XF GPVOE B DPQQFS MBZFS IBE CFFO EFQPTJUFE 	914 BOE

4&. JO 'JHVSF ����
� #BTFE PO UIFTF 4&. JNBHFT XF CFMJFWF UIJT MBZFS JT WBSJBCMF JO UIJDLOFTT XJUI

EJTUBODF JOUP UIF SFBDUPS GSPN DJSDB ��� ON UP �� ON BOE FWFO UIJOOFS GVSUIFS JOUP UIF SFBDUPS�

5IFSFGPSF XF DPODMVEFE UIBU UIF NFDIBOJTN PG EFQPTJUJPO VQPO JOTVMBUJOH TVCTUSBUFT JT MJLFMZ OPU

CSPNJOBUJPO PG FYJTUJOH DPQQFS NFUBM CVU UIBU TVDI B NFDIBOJTN XPVME CF QPTTJCMF XIFO UIF TVC�

TUSBUF JT QMBUJOVN�

*U JT LOPXO UIBU $V	IGBD
	WUNT
 EJTQSPQPSUJPOBUFT UP GPSN OPOWPMBUJMF $V NFUBM BOE WPMBUJMF

$V	IGBD
� PWFS UJNF BOE XJUI IFBUJOH� #FDBVTF UIF $V	IGBD
	WUNT
 QSFDVSTPS JT IFBUFE UP �� $ڴ UP

��



Figure 3.18: In a control experiment, Cu(hfac)(vtms) was dosed for 600 cycles onto insulating substrates at a substrate

temperature of 83.4 ∞C. Scale bar is 1micron for all four images: a) polished carbon, b) silicon dioxide, c) silicon nitride,

and d) aluminum oxide substrates.
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Figure 3.19: In a control experiment, Cu(hfac)(vtms) was dosed for 600 cycles onto insulating substrates at a substrate

temperature of 83.4 ∞C. After surface carbon is sputtered away beyond the first etch level, the substrate is themost

appreciably detected component, with approx. 0-0.5 at % of Cu and 0-0.5 at % Br detected.
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Figure 3.20: In a control experiment, Cu(hfac)(vtms) was dosed for 600 cycles onto a platinum substrate at a tempera-

ture of 83.4 ∞C. High-resolution XPS and SEM indicate that a copper layer of variable thickness has been deposited on

the surface of the platinum. Via SEM, we imaged regions of the Cu film that were as thin as 80 nm and as thick as 300

nm.
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IPMEFS CFUXFFO ���′′ BOE ��′′ BXBZ GSPN UIF JOMFU XIFSF HBTFT BSF JOUSPEVDFE JOUP UIF SFBDUPS� *O
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Figure 3.21: SEMMicrograph of CuBr Deposited on SiNY at 1 foot from reactor inlet.
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CF HSPXO XJUI B HSPXUI QFS DZDMF PG BU MFBTU ���� ON � DZDMF� 0OF DZDMF PG UIJT PQFO�WBMWF SFDJQF UBLFT

POMZ ����� TFDPOET DPSSFTQPOEJOH UP B HSPXUI SBUF PG � ON�NJO� 8F FYQFDU UIBU GVSUIFS JODSFBTF
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Figure 3.22: UV-Vis Spectrum of Quartz. Transmission through quartz is about 93% in the visible region.

Figure 3.23: UV-Vis Spectrum of 40 nm SiNY on quartz.
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Figure 3.24: UV-Vis Spectrum of 120 nmCuBr on 40 nm SiNY on quartz.

Figure 3.25: Absorption coefficient versus energy for 120 nmCuBr on 40 nm SiNY on quartz, grown using our standard
recipe at 83 °C�. Our CuBr films are transparent in the visible region.

��



Figure 3.26: Photograph of three samples: (left) quartz, (center) 40 nm silicon nitride on quartz, and (right) 200 nm of

CuBr on 40 nm silicon nitride on quartz, with the CuBr having been deposited at 83.4 ∞C using our accelerated recipe.

Figure 3.27: SEMMicrograph of CuBr sample used for Hall effect measurement.
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Figure 3.28: Cross-section of a liquid droplet on a solid surface indicating contact angle ɅD.
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Figure 3.29: Calculated polar and dispersive free energy components for several surfaces.The CuI, Cu2O, and Al2O3

values are extracted from data in the PhD dissertation of Dr. Rachel Heasley. 45
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Figure 3.30: Calculated interfacial free energy components for CuBr films and substrates.
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5PXBSE 'MFYJCMF )ZCSJE 1PMZNFS�$FSBNJD

%JFMFDUSJD 5IJO 'JMNT

��� "ঋজঝছঊঌঝ

&NFSHJOH ୯୳FYJCMF FMFDUSPOJD EFWJDFT XJMM SFRVJSF EJFMFDUSJD DPBUJOHT UIBU BSF CPUI ୯୳FYJCMF BOE IFBU�

TUBCMF� 5IF HPBM PG UIJT QSPKFDU JT UP JOWFOU OFX NBUFSJBMT UIBU NFFU UIFTF SFRVJSFNFOUT BOE UP EF�

���



QPTJU UIJO�୮ୢMN DPBUJOHT PG UIFTF NBUFSJBMT BUPQ EFWJDFT PG BSCJUSBSZ HFPNFUSZ� 0VS BQQSPBDI IBT

CFFO UP DP�QPMZNFSJ[F B IZCSJE PSHBOJD�DFSBNJD EJFMFDUSJD NBUFSJBM VTJOH DIFNJDBM WBQPS EFQPTJUJPO

	$7%
� 4QFDJ୮ୢDBMMZ BMVNJOB XJMM CF IZCSJEJ[FE XJUI QPMZJNJEF� 8F IBWF EFTJHOFE SFBDUJPO DIFN�

JTUSZ EFTJHOFE BOE CVJMU B $7% SFBDUPS BOE EFQPTJUFE BOE DIBSBDUFSJ[FE EJFMFDUSJD UIJO ୮ୢMNT� 5IF

SFTFBSDI JO UIJT DIBQUFS IBT CFFO TVQQPSUFE CZ BO JOUFSOBM SFTFBSDI BOE EFWFMPQNFOU 	*3"%
 QSPKFDU

BU %SBQFS -BCPSBUPSZ OBNFE .JOJBUVSF�.VMUJ�8JSF 4ZTUFNT 	..4
�

��� *গঝছঘঞঌঝঘগ

����� .ঘঝটঊঝঘগ এঘছ )ঐ�5 'কডঋক %কঌঝছঌ $ঘঊঝগঐজ

'MFYJCMF FMFDUSPOJDT IBWF CFFO VOEFS EFWFMPQNFOU TJODF UIF ����T XIFO UIF ୮ୢSTU ୯୳FYJCMF TPMBS QBOFMT

XFSF GBCSJDBUFE CZ UIJOOJOH TJMJDPO XBGFST VOUJM UIFZ XFSF UIJO FOPVHI UP CF SFMBUJWFMZ ୯୳FYJCMF 	JO

UIJT DBTF≈ ��� ɉN
 BOE BUUBDIJOH UIFN UP B QMBTUJD TVCTUSBUF� �� 4JODF UIFO UIF EFWFMPQNFOU PG ୯୳FY�

JCMF FMFDUSPOJDT IBT FYQBOEFE EVF UP UIF NBOZ CFOF୮ୢUT QSPNJTFE CZ ୯୳FYJCMF FMFDUSPOJDT JODMVEJOH�

UIF VTF PG PSHBOJD GVODUJPOBM NBUFSJBMT XIJDI DBO CF DIFNJDBMMZ UVOFE UP TQFDJGZ QSPQFSUJFT� UIJOOJOH

BOE UIFSFGPSF MJHIUXFJHIUJOH XIJDI GBDJMJUBUFT NPCJMJUZ BOE USBOTQPSUBUJPO BOE NBZ SFEVDF DPTU� BOE

VTF DBTFT JO XFBSBCMF FMFDUSPOJDT BOE TNBSU UFYUJMFT PS F�UFYUJMFT XIFSFJO DPNQPOFOUT BOE JOUFSDPO�

OFDUJPOT BSF JOUSJOTJD UP UIF GBCSJD� � $VSSFOUMZ NPTU SFTFBSDI BOE EFWFMPQNFOU PG ୯୳FYJCMF FMFDUSPOJDT

JO JOEVTUSZ JT GPS ୯୳FYJCMF EJTQMBZT BOE 9�SBZ TFOTPS BSSBZT�� 1SF�DPNNFSDJBM SFTFBSDI PO ୯୳FYJCMF FMFD�

USPOJDT WBSJFT XJEFMZ JO GPDVT XJUI NBKPS F୭GPSUT JO DPNGPSNBMMZ TIBQFE FMFDUSPOJDT BOE FMBTUJDBMMZ

TUSFUDIBCMF FMFDUSPOJD TVSGBDFT�

"O JNQPSUBOU FNFSHJOH BSFB XIFSFJO ୯୳FYJCMF FMFDUSPOJDT BSF SFRVJSFE JT FMFDUSPOJD QBDLBHJOH J�F�

FODMPTVSFT GPS FMFDUSPOJD EFWJDFT� )JTUPSJDBMMZ UIF NPTU DPNNPO BSDIJUFDUVSF JO QBDLBHJOH FMFDUSPO�

JDT JT BO BTTFNCMZ PG TJOHMF� PS NVMUJ�DIJQ NPEVMFT PO B QSJOUFE DJSDVJU CPBSE 	1$#
� 5IVT DPNQMFY

DJSDVJUT DBO CF GBCSJDBUFE PO B EJF BOE UIFTF NPOPMJUIJD TZTUFNT NBZ CF SFGFSSFE UP BT 4ZTUFN PO
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Figure 4.1: Example of stacked die, courtesy of Amkor: 5 wire bonding (left) and reverse wire bonding with gold studs

on the die (right).

$IJQ 	4P$
� )PXFWFS JO TPNF EFWJDFT NPEVMBSJUZ CFZPOE XIBU DBO CF QSPWJEFE CZ 4P$ JT EF�

TJSFE� *O UIF FBSMZ ����T EFGFOTF BQQMJDBUJPOT 	PG୴FO DMBTTJ୮ୢFE
 SFRVJSFE UIF JOUFHSBUJPO PG IFUFSPHF�

OFPVT DIJQ UZQFT� 5P FOBCMF UIFTF EFWJDFT B OFX BEWBODFE QBDLBHJOH QMBUGPSN IBT FNFSHFE XIJDI

JT LOPXO BT 4ZTUFN JO 1BDLBHF 	4J1
� *O UIJT QBDLBHJOH QMBUGPSN UXP PS NPSF EJTTJNJMBS DIJQT BSF

JOUFHSBUFE JOUP UIF TBNF QBDLBHF� 5IFTF EJWFSTF DIJQT UP CF JOUFHSBUFE JOUP POF QBDLBHF NBZ JODMVEF

NJDSPFMFDUSPNFDIBOJDBM TZTUFNT 	.&.4
 PQUJDBM PS SBEJP GSFRVFODZ DPNQPOFOUT BOE CJPDIFNJDBM

DPNQPOFOUT� 0OF DPNNPO XBZ UP JOUFHSBUF UIFTF EJWFSTF DIJQT JO 4J1 QBDLBHFT JT UP VTF EJF TUBDL�

JOH� "T TIPXO JO 'JHVSF ��� EJFT BSF TUBDLFE BUPQ FBDI PUIFS BOE UIFO XJSF CPOEFE UP FBDI PUIFS�

*O 4P$ QBDLBHFT JOUFSDPOOFDUT BSF PG୴FO UXP�EJNFOTJPOBM CVU JO 4J1 UIF XJSFT UIBU JOUFSDPOOFDU

UIF EJFT BSF UISFF�EJNFOTJPOBM BOE ୯୳FYJCMF QSFTFOUJOH OFX DIBMMFOHFT GPS CPUI FMFDUSJDBM BOE NF�

DIBOJDBM QFSGPSNBODF PG UIFTF XJSFT� "MUIPVHI UIF FBSMZ EFGFOTF BQQMJDBUJPOT GPS 4J1 EJE OPU SFRVJSF

UIF QSPEVDUJPO PG MBSHF WPMVNFT PG EFWJDFT 4J1 JT HBJOJOH QPQVMBSJUZ JO UIF DPNNFSDJBM XPSME� 5IF

NBJO ESJWFS PG UIJT HSPXUI JT DPNQMFY NJOJBUVSF EFWJDFT GSPN TNBSUQIPOFT UP QBDFNBLFST BOE UIF

CSPBEFS XPSME PG OUFSOFU*آ PG 5IJOHTأ EFWJDFT� 'PS TVDI BQQMJDBUJPOT OFX IJHI�UISPVHIQVU GBCSJDB�

UJPO QSPDFTTFT BSF OFFEFE UP FOBCMF MBSHF�TDBMF QSPEVDUJPO PG UIFTF EFWJDFT DPNNFSDJBMMZ�
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Figure 4.2: A simulatedmock-up example of the DraperMiniatureMultiwire Systems Technology. Components are

fused to a substrate and interconnected via micro-coaxial cables using an automated bonder tool.

"O JOUFSOBM SFTFBSDI BOE EFWFMPQNFOU 	*3"%
 QSPKFDU BU %SBQFS OBNFE .JOJBUVSF .VMUJXJSF

4ZTUFNT 	..4
 XBT MBVODIFE UP VTF TIJFMEFE NJDSP�DPBYJBM DBCMFT GPS BMM DPNQPOFOU JOUFSDPO�

OFDUT� " DPBYJBM DBCMF BMTP LOPXO BT B أDPBYآ JT BO FMFDUSJDBM DBCMF UIBU IBT BO JOOFS أDPSFآ NFUBM

TVSSPVOEFE CZ B UVCVMBS JOTVMBUJOH MBZFS TVSSPVOEFE CZ BO PVUFS أTIJFMEآ NFUBM� *O BDIJFWJOH UIF

HPBM PG NJDSP DPBY DBCMFT UIF ..4 QSPKFDU XJMM FMJNJOBUF UIF UJNF�DPOTVNJOH QSPDFTTFT PG MBZJOH

PVU BOE GBCSJDBUJOH UIF PUIFSXJTF �% JOUFSDPOOFDUT GPS QPXFS BOE TJHOBM EJTUSJCVUJPO� " NPDL�VQ

FYBNQMF PG BO ..4�FOBCMFE EFWJDF JT TIPXO JO 'JHVSF ���� 5IF NJDSP�DPBYJBM DBCMFT BSF ୮ୢSTU GBC�

SJDBUFE JO B SFFM�UP�SFFM QSPDFTT� 5IFO JO B QSPDFTT TJNJMBS UP XJSF CPOEJOH B UPPM TQPPMT UIF DBCMFT

BOE TUSJQT UIF NFUBM TIJFME PVUFS MBZFS JO PSEFS UP CPOE UIF DPSF BOE TIJFME BU CPUI FOET�� *O UIFTF

EFWJDFT CPUI QPXFS BOE TJHOBMT NVTU CF USBOTNJUUFE�

$PBYJBM DBCMFT NBZ CF VTFE UP USBOTNJU TJHOBMT PS QPXFS� *O TJHOBM DPBYJBM DBCMFT EBUB JT DBSSJFE

JO UIF DPSF NFUBM BOE TVSSPVOEJOH TIJFME MBZFST SFEVDF BUUFOVBUJPO MPTT� 1PXFS DPBYJBM DBCMFT BSF
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Figure 4.3: A simulatedmock-up example of the DraperMiniatureMultiwire Systems Technology. Separate electrical

attachments to core and shield are shown.
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Figure 4.4: Signal and power coax will have different cross-sectional profiles because of their different functions.

DPO୮ୢHVSFE TPMFMZ GPS QPXFS EJTUSJCVUJPO� "DDPSEJOHMZ TJHOBM DPBYJBM DBCMFT BOE QPXFS DPBYJBM DBCMFT

IBWF EJ୭GFSFOU QFSGPSNBODF NFUSJDT MFBEJOH UP UIF VTF PG EJ୭GFSFOU SBEJJ BOE NBUFSJBMT BT TIPXO JO

'JHVSF ���� 8F GPDVT JO UIJT UIFTJT PO QPXFS DPBYJBM DBCMFT BLB QPXFSآ DPBYأ� 5IFTF DBCMFT BSF VTFE

GPS QPXFS EJTUSJCVUJPO� 5IF UFDIOJDBM ESJWFST UIBU EFUFSNJOF UIF EJNFOTJPOT PG UIF DPSF JODMVEF�

NFBO DPBY MFOHUI CZ QPXFS EPNBJO OVNCFS PG DPOOFDUJPOT QFS EPNBJO NBUFSJBM DPOEVDUJWJUZ TLJO

EFQUI BOE TZTUFN JNQFEBODF� 5IF UFDIOJDBM ESJWFST UIBU EFUFSNJOF UIF EJNFOTJPOT PG UIF EJFMFDUSJD

JODMVEF UIF EJFMFDUSJD DPOTUBOU BOE UIF DPSF EJBNFUFS� 5IF UFDIOJDBM ESJWFST UIBU EFUFSNJOF UIF TIJFME

EJNFOTJPO JODMVEF UIF DPSF�TIJFME DPOEVDUJWJUZ SBUJP UIF DPSF EJBNFUFS BOE UIF TLJO EFQUI�

8JSJOH JOUFSDPOOFDUJPO UFDIOPMPHJFT SFRVJSF B XJSF UP CF TUSJQQFE BOE UIFO CPOEFE DSFBUJOH

FMFDUSJDBM DPOOFDUJPOT CFUXFFO EJ୭GFSFOU QPJOUT BOE DPNQPOFOUT� 0OF TVDI TUSJQQJOH UFDIOPMPHZ

QSPQPTFE GPS QPXFS DPBY XJUIJO UIF ..4 QSPKFDU XBT UIF FMFDUSJD ୯୳BNF�P୭G 	&'0
 NFUIPE�� "
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Figure 4.5: Coaxial cable before, during, and the electric flame-off process, reproduced fromMeinhold et al. 7

TDIFNBUJD PG UIJT NFUIPE JT TIPXO JO 'JHVSF ���� 5ZQJDBMMZ B ୮ୢSTU FMFDUSJDBM TQBSL JT BQQMJFE UP UIF

DPBYJBM DBCMF NFMUJOH BOE EFGPSNJOH UIF DPOEVDUJWF TIJFME MBZFS MPDBMMZ SFWFBMJOH UIF UXP JOOFS

MBZFST� 5IF NPTU DPNNPO DPOEVDUJWF NBUFSJBMT BSF DPQQFS BOE HPME� 5IF EJFMFDUSJD MBZFST UFOE UP CF

୯୳FYJCMF QPMZNFST TVDI BT 1BSZMFOF QPMZVSFUIBOF BOE QPMZFUIFSJNJEF�

5IJT UIFTJT DIBQUFS JT NPUJWBUFE CZ FBSMZ XPSL BU %SBQFS -BCPSBUPSZ VTJOH UIF &'0 NFUIPE PO

QPXFS DPBYJBM XJSFT VTJOH DPNNFSDJBMMZ BWBJMBCMF DPNQPOFOUT� "MUIPVHI FMFDUSJDBM JOTVMBUJPO CF�

UXFFO UIF DPSF BOE TIJFME NFUBMT XBT EFTJSFE FBSMZ BUUFNQUT VTJOH &'0 SFTVMUFE JO FMFDUSJDBM DPO�

OFDUJPO ؛ TIPSUJOH ؛ CFUXFFO UIF DPSF BOE TIJFME NFUBMT� 5IF NFUBM MPDBMMZ IFBUT UP SPVHIMZ ���� p$

EVSJOH UIF &'0 QSPDFTT B UFNQFSBUVSF BU XIJDI PSHBOJD JOTVMBUPST BSF LOPXO UP EFDPNQPTF BOE

CFDPNF FMFDUSJDBMMZ DPOEVDUJWF�� 0OF TUSBUFHZ UP TPMWJOH UIJT QSPCMFN JT UP EFWFMPQ B NFUIPE UP

EFQPTJU DPOGPSNBM EJFMFDUSJD DPBUJOHT PO XJSFT TVDI UIBU UIF EJFMFDUSJD XJMM OPU CFDPNF DPOEVDUJWF

XIFO VTJOH UIF FMFDUSJD ୯୳BNF�P୭G CPOEJOH NFUIPE�
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5IFSF BSF TFWFSBM JNQPSUBOU RVBMJUJFT PG UIF JEFBM EJFMFDUSJD DPBUJOH GPS UIJT BQQMJDBUJPO� 5IF FTTFOUJBM

RVBMJUJFT BSF� 	�
 )JHI NFDIBOJDBM TUSFOHUI BOE ୯୳FYJCJMJUZ XJMM FOBCMF UIF DPBUFE XJSF UP CF CFOU BOE

TQPPMFE XJUIPVU UIF DPBUJOH CSFBLJOH PS DSBDLJOH 	CFOE SBEJVT≈ ��× DPBY EJBNFUFS
 	�
 UIF DPBU�

JOH TIPVME CF TPNFXIBU UIJO 	∼��� ON PS MFTT
 	�
 DPOGPSNBM 	�
 QJOIPMF�GSFF BOE 	�
 XIFO UIF

NBUFSJBM JT FYQPTFE UP B MPDBM ���� p$ TQBSL GPS NJMMJTFDPOET JU TIPVME SFNBJO JOTVMBUJOH BG୴FS FYQP�

TVSF UP UIJT TQBSL BOE BG୴FS CPOEJOH� 0OF GVSUIFS RVBMJUZ UIBU JT OPU SFRVJSFE CVU XPVME CF EFTJSBCMF

JT NPEVMBSJUZ BU UIF NPMFDVMBS MFWFM CFDBVTF JU XPVME UIFSFCZ CF QPTTJCMF UP UVOF UIF QSPQFSUJFT PG

UIF NBUFSJBM CZ NBLJOH TMJHIU DIBOHFT UP UIF NPMFDVMBS TUSVDUVSF�

$ঘঊঝগঐ 1ছঘঌজজ

3FQSPEVDJCJMJUZ JT B GPSFNPTU DPOTJEFSBUJPO GPS UIJT QSPKFDU CFDBVTF BQQMJDBUJPO UP FMFDUSPOJD EFWJDFT

SFRVJSFT B IJHI MFWFM PG TUBOEBSEJ[BUJPO BOE RVBMJUZ DPOUSPM� "EEJUJPOBM GBDUPST JODMVEF UIF BNPVOU

PG UJNF SFRVJSFE UP BQQMZ UIF DPBUJOH BOE UIF BNPSUJ[FE DPTU PG UIF DPBUJOH� *U JT EFTJSBCMF UIBU UIF

EJFMFDUSJD DPBUJOH QSPDFTT CF DPNQBUJCMF XJUI SFFM�UP�SFFM XJSF GBCSJDBUJPO�

5IF DIPJDF PG DIFNJDBM WBQPS EFQPTJUJPO 	$7%
 JT BQQSPQSJBUF CFDBVTF UIJT UFDIOJRVF JT XJEFMZ

VTFE UP EFQPTJU DPOGPSNBM QJOIPMF�GSFF VMUSBUIJO NBUFSJBMT SFQSPEVDJCMZ BOE XJUI EFWJDF�MFWFM RVBM�

JUZ� "MM FMTF CFJOH FRVBM GPS UIJT QSPKFDU XF QSFGFS UIF $7% WBSJBOU BUPNJD MBZFS EFQPTJUJPO 	"-%


JO XIJDI QSFDVSTPS HBTFT BSF FWBDVBUFE GSPN UIF DIBNCFS JO CFUXFFO EPTFT MFBWJOH POMZ TVSGBDF�

CPVOE TQFDJFT� 8IJMF "-% JT TMPXFS UIBO USBEJUJPOBM $7% "-% QSPWJEFT CFUUFS DPOUSPM XIJDI

NBUDIFE PVS EFTJSF GPS FBSMZ QSPDFTT FTUBCMJTINFOU XJUI UIJT QSPKFDU� "EEJUJPOBMMZ "-% QSPDFTTFT

BSF PG୴FO BCMF UP CF TDBMFE UP $7% BG୴FS UIFJS JOJUJBM EFWFMPQNFOU�

���
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5P CF VTFE JO B NJDSP�DPBYJBM DBCMF DPNQBUJCMF XJUI &'0 CPOEJOH B UIJO ୮ୢMN DPBUJOH NFUIPE�NBUFSJBM

NVTU NFFU UIF SFRVJSFNFOUT JO 4FDUJPO ������ 5IF PWFSWJFX JO UIJT TFDUJPO BTDFSUBJOT UIF TIPSUDPN�

JOHT PG FYJTUJOH EJFMFDUSJD DPBUJOHT NPUJWBUJOH UIF EFWFMPQNFOU PG B OPWFM NFUIPE�NBUFSJBM�

*O UIF ୮ୢFME PG TZTUFNT FOHJOFFSJOH B أUSBEFTQBDFآ QMPU JT DPNNPOMZ VTFE CZ /"4" %"31"

BOE PUIFST UP BOBMZ[F UIF DPNQMFY SFTPVSDFT DPTUT BOE QSPWJTJPOJOH JOWPMWFE JO MBSHF QSPKFDUT XJUI

NVMUJQMF PCKFDUJWFT� 8F EFWFMPQFE B USBEFTQBDF QMPU UP BOBMZ[F FYJTUJOH EJFMFDUSJD NBUFSJBMT GPS TVJU�

BCJMJUZ GPS UIJT QSPKFDU� 1BSZMFOF $ BOE ,BQUPO 	UIF DPNNFSDJBM OBNF PG B DPNNPO QPMZJNJEF
 BSF

QPQVMBS DIPJDFT BT EJFMFDUSJD DPBUJOHT GPS ୯୳FYJCMF FMFDUSPOJD BQQMJDBUJPOT CFDBVTF UIFZ IBWF IJHI ୯୳FYJ�

CJMJUZ� )PXFWFS OP PSHBOJD EJFMFDUSJD XJMM TVSWJWF VTF UFNQFSBUVSFT BCPWF BCPVU ��� p$ GPS FYUFOEFE

QFSJPET PG UJNF 	'JHVSF ���
� 5IF SFRVJSFNFOUT JO 4FDUJPO ����� JOEJDBUF UIBU UIF DPBUJOH VTFE XJUI

&'0 TQBSL CPOEJOH NVTU SFNBJO JOTVMBUJOH BG୴FS UIF BQQMJDBUJPO PG B GFX NJMMJTFDPOET PG FYQPTVSF

UP ���� p$ IFBU� 0O UIF PUIFS IBOE DFSBNJD NBUFSJBMT BSF GPVOE JO UIF MPXFS SJHIU�IBOE DPSOFS PG

UIJT USBEFTQBDF ؛ UIFZ XJMM TVSWJWF UIF TQBSL CVU UIFZ BSF OPU ୯୳FYJCMF FOPVHI GPS UIF BQQMJDBUJPO�

5IFTF ESBXCBDLT PG UIF JOEJWJEVBM NBUFSJBMT MFBE VT UP DPOTJEFS IZCSJE NBUFSJBMT XIPTF PSHBOJD

DPNQPOFOU QSPWJEFT ୯୳FYJCJMJUZ BOE XIPTF JOPSHBOJD DPNQPOFOU QSPWJEFT TUSFOHUI BOE QSFWFOUT

TIPSUJOH FWFO BU UIF XJSF TFDUJPO FYQPTFE UP BO &'0 TQBSL FWFO JG UIF PSHBOJD TFDUJPO HFUT FOUJSFMZ

EFDPNQPTFE JO UIBU TFDUJPO�

" GFX FNFSHJOH IZCSJE EJFMFDUSJD DPBUJOHT BSF GVMMZ PS QBSUJBMMZ NJTTJOH GSPN 'JHVSF ��� CFDBVTF

UIFJS QBSBNFUFS WBMVFT IBWF OPU ZFU CFFO NFBTVSFE� 5IFTF IZCSJE NBUFSJBMT IBWF CFFO SFWJFXFE

FMTFXIFSF BOE UISFF NBJO DBUFHPSJFT FYJTU� NFUBMDPOFT� TJMPYBOF�CBTFE QPMZNFST �� BOE OBOPMBN�

JOBUFT� �� 5IFTF NBUFSJBMT BSF EFTDSJCFE OFYU�

.FUBMDPOFT BSF UIJO ୮ୢMNT HSPXO CZ NPMFDVMBS MBZFS EFQPTJUJPO 	.-%
 CZ BMUFSOBUJOH QVMTFT PG

UIF NFUBMPSHBOJD QSFDVSTPST GPS DFSBNJDT XJUI QVMTFT PG BO PSHBOJD أMJOLFSآ NPMFDVMF UIBU CSJEHFT

���



Figure 4.6: Temperature-Young’sModulus tradespace for common dielectric materials.

CFUXFFO UIF UIJO DFSBNJD MBZFST� 5IF DFSBNJDT BSF UZQJDBMMZ PYJEFT 	F�H� "M�0� ;O0
 BOE UIF MJOLFS

JT PG୴FO B EJPM BOE UIVT UIF PYZHFO CSJEHFT DPWBMFOUMZ MJOL UIF MBZFST� )PXFWFS UXP EPXOTJEFT PG

NFUBMDPOFT EJTRVBMJGZ UIFN GPS UIF QVSQPTFT PG UIF EFTJSFE BQQMJDBUJPO� 'JSTU NFUBMDPOFT UFOE OPU

UP CF WFSZ TUBCMF UP FYQPTVSF UP BNCJFOU BUNPTQIFSF TJODF UIF MJOLFST UFOE UP IZESPMZ[F� 4FDPOE

NFUBMDPOFT BSF OPU BT UVOBCMF BT XF EFTJSF� 5IFSF JT BO VQQFS MJNJU PO UIF ୯୳FYJCMF PSHBOJD DPOUFOU PG

NFUBMDPOFT CFDBVTF UIF MJOLFS PSHBOJD NPMFDVMFT DBOOPU CPOE UP FBDI PUIFS 	UIFZ BSF OPU QPMZNFST


TP UIFZ NVTU CF CPOEFE UP B DFSBNJD MBZFS PO FJUIFS TJEF� 5IJT HJWFT B NBYJNVN PSHBOJD�DFSBNJD

MBZFS SBUJP PG ��� BOE UIVT BO VQQFS MJNJU PO UIF PSHBOJD DPOUFOU BOE UIFSFGPSF UIF ୯୳FYJCJMJUZ PG

NFUBMDPOFT�

4JMPYBOF�CBTFE QPMZNFST BSF CFOF୮ୢDJBMMZ IJHIMZ UIFSNBMMZ TUBCMF EVF UP UIF 4J IFUFSPBUPNT� ��

5IFTF QPMZNFST BSF PG୴FO VTFE JO IJHI�UFNQFSBUVSF HBT DISPNBUPHSBQIZ BT UIJO�୮ୢMN QPMZNFS DPBU�

JOHT TP�DBMMFE TUBUJPOBSZآ QIBTFTأ XIJDI BSF DPBUFE POUP TJMJDB DBQJMMBSZ DPMVNO XBMMT� 5IF NPTU

GSFRVFOUMZ VTFE NBUFSJBM JT QPMZ	EJNFUIZMTJMPYBOF
 1%.4 BMUIPVHI NBOZ WBSJBUJPOT IBWF CFFO JO�

WFOUFE� �������� 5IFTF NBUFSJBMT BSF PG୴FO QSFQBSFE CZ UZQJDBM TPMWFOU�CBTFE QPMZNFSJ[BUJPO NFUIPET

���



XIJDI XPVME OPU CF BNFOBCMF UP VTF XJUI UIF ..4 QSPKFDU XIJDI SFRVJSFT VMUSBUIJO DPBUJOH EF�

QPTJUJPO PO XJSFT� )PXFWFS SFDFOUMZ TJMPYBOF QPMZNFST IBWF CFFO GBCSJDBUFE CZ BEWBODFE DIFNJDBM

WBQPS EFQPTJUJPO NFUIPET� ����

/BOPMBNJOBUFT BSF UIJO ୮ୢMNT DPNQPTFE PG �% OBOPTIFFUT PG EJTQBSBUF NBUFSJBMT BMUFSOBUJOH BOE

PG୴FO TUBDLFE CFUXFFO � BOE �� TIFFUT UIJDL� "MUIPVHI NPTU OBOPMBNJOBUFT IBWF CFFO DPNQPTFE PG

UXP EJ୭GFSFOU JOPSHBOJD NBUFSJBMT 	F�H� 5J0؛�"M�0� )G05؛�B�0� BOE "M�0��TJMJDPOF ����
 B GFX

FYBNQMFT PG PSHBOJD؛DFSBNJD OBOPMBNJOBUFT FYJTU BOE BSF TIPXO JO 5BCMFT ��� 	PSHBOJD DPNQPOFOU

JT QPMZNFSJD
 BOE ��� 	PSHBOJD DPNQPOFOU JT OPO�QPMZNFSJD
� 8IJMF NBOZ PG UIFTF FYBNQMFT BSF OPU

EFTJSBCMF GPS PVS BQQMJDBUJPO CFDBVTF UIF QPMZNFST VTFE BSF IJHIMZ VOTUBCMF UP IFBU UIFSF JT POF FY�

BNQMF PG B QPMZJNJEF CBTFE OBOPMBNJOBUF� UIF QPMZJNJEF5؛B�0� OBOPMBNJOBUF TZOUIFTJ[FE CZ 4BMNJ

FU BM� �� 5IF QPMZJNJEF LOPXO BT ,BQUPO 	TFF 'JHVSF ���
 JT EFTJSBCMF CFDBVTF JU JT POF PG UIF NPTU

IFBU�TUBCMF QPMZNFST� 5IJT QPMZJNJEF5؛B�0� NBUFSJBM JT WFSZ QSPNJTJOH GPS UIF ..4 BQQMJDBUJPO�

5IF EJFMFDUSJD DPOTUBOU PG 5B�0� JT ��� 'PS TPNF ..4 BQQMJDBUJPOT B IJHI EJFMFDUSJD DPOTUBOU JT BQ�

QSPQSJBUF CVU GPS PUIFST B MPX EJFMFDUSJD DPOTUBOU JT BQQSPQSJBUF� *U XPVME UIFSFGPSF CF PG JOUFSFTU

UP UIJT QSPKFDU BOE PG WBMVF UP UIF MJUFSBUVSF UP QSPEVDF B OBOPMBNJOBUF XIPTF EJFMFDUSJD DPOTUBOU JT

MPXFS 	! �
� .PSFPWFS 4BMNJ FU BM� �� EJE OPU TUVEZ UIF UFNQFSBUVSF TUBCJMJUZ PG UIFJS NBUFSJBMT TP

QSPWJEJOH B OFX OBOPMBNJOBUF BOE TUVEZJOH JUT UIFSNBM QSPQFSUJFT XPVME CF PG JOUFSFTU�

"T TVNNBSJ[FE JO 5BCMF ��� PSHBOJD�JOPSHBOJD OBOPMBNJOBUFT IBWF TFWFSBM BEWBOUBHFT PWFS �NFUآ

BMDPOFTأ OBNFMZ UIFJS IJHIFS IZESPMZUJD TUBCJMJUZ UIFSNBM TUBCJMJUZ BOE CSPBEFS BWBJMBCMF SBOHF PG

DPNQPTJUJPO�

���



Table 4.1: Known vapor processes to prepare organic-inorganic nanolaminate thin films using non-polymer organic

components. *WVTR =water vapor transmission rate.
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Table 4.3: Possible project options. Colors indicate favorable (green), neutral (yellow), and unfavorable (red) factors.

*Dameron et al. 28

����� 4ঙঌএঌ "খজ

5IF TQFDJ୮ୢD BJNT PG UIF SFTFBSDI QSFTFOUFE JO UIJT DIBQUFS BSF�

�� #FODINBSL UIF QSPQFSUJFT BOE QFSGPSNBODF PG LOPXO DPNNFSDJBMMZ BWBJMBCMF $7% EJ�

FMFDUSJDT 	"M�0� "M4J0Y QBSZMFOF BOE QPMZJNJEF


�� %FTJHO B EJFMFDUSJD NBUFSJBM UIBU NFFUT UIF SFRVJSFNFOUT JO 4FDUJPO �����

�� %FTJHO UIF QSPDFTT DIFNJTUSZ BOE BQQBSBUVT UP EFQPTJU UIJT EFTJHOFE NBUFSJBM PO TVCTUSBUFT PG

BSCJUSBSZ HFPNFUSZ

�� #VJMU UIF BQQBSBUVT UP EFQPTJU UIJT NBUFSJBM

�� %FQPTJU BOE DIBSBDUFSJ[F EJFMFDUSJD UIJO ୮ୢMNT PO QMBOBS BOE XJSF TVCTUSBUFT

���



��� 3ঊঝঘগঊক এঘছ %জঐগ ঘএ )ঢঋছ .ঊঝছঊক

*O UIJT DIBQUFS PVS UXP�GPME IZQPUIFTJT JT� 	�
 " IZCSJE PSHBOJD�JOPSHBOJD OBOPMBNJOBUF NBUFSJBM

UIBU JT UIFSNBMMZ TUBCMF ZFU ୯୳FYJCMF BOE UPVHI DBO CF NBEF� 	�
 TVDI B NBUFSJBM XJMM NFFU UIF SFRVJSF�

NFOUT PG 4FDUJPO ������ 8JUIJO UIF QSFTFOU TFDUJPO XF EFWFMPQ B SFTFBSDI QSPKFDU UP UFTU UIFTF IZ�

QPUIFTFT� *O QBSUJDVMBS XF ୮ୢSTU TVSWFZ FYJTUJOH DBOEJEBUF DFSBNJD 	4FDUJPO �����
 BOE QPMZNFS $7%

	4FDUJPO �����
 QSPDFTTFT� 8F UIFO OBSSPX EPXO GSPN UIF UXP TVSWFZT CZ DPNQBSJOH UIF EFQPTJUJPO

UFNQFSBUVSF XJOEPXT GPS UIF QSPDFTT JO PSEFS UP JEFOUJGZ NBUFSJBM QBJST UIBU DPVME CF EFQPTJUFE BU

B DPNNPO EFQPTJUJPO UFNQFSBUVSF 	4FDUJPO �����
� )BWJOH OBSSPXFE EPXO UP B DBOEJEBUF QBJS UP

IZCSJEJ[F XF UIFO DPOTJEFS BOE EFWFMPQ DIFNJTUSZ UP MJOL UIF UXP EJTQBSBUF NBUFSJBMT�

����� $ছঊখঌ 1ছঘঌজজজ 0টছটঠ

8F JEFOUJ୮ୢFE DFSBNJD NBUFSJBMT UIBU DBO CF EFQPTJUFE CZ WBQPS NFUIPET� 5IF GPMMPXJOH UXP TFDUJPOT

SFQSFTFOU SFWJFXT PG UIF LOPXO WBQPS NFUIPET UP EFQPTJU UXP DBOEJEBUF NBUFSJBMT� BMVNJOVN OJ�

USJEF BOE BMVNJOVN PYJEF� 8F GPDVTFE PO UIFTF UXP DFSBNJDT PWFS PUIFS DFSBNJDT UIBU DBO CF WBQPS�

EFQPTJUFE CFDBVTF UIFTF WBQPS QSPDFTTFT BSF XFMM�TUVEJFE� 8F EP OPU IFSF QSPWJEF B GVMM MJUFSBUVSF

SFWJFX PG PUIFS DFSBNJDT UIBU DBO CF WBQPS EFQPTJUFE POMZ BU WFSZ IJHI TVCTUSBUF UFNQFSBUVSFT BCPWF

��� p$ MJLF CPSPO OJUSJEF �� BOE IBGOJB �� CFDBVTF XF IZQPUIFTJ[FE UIBU UIFTF IJHI UFNQFSBUVSFT

XPVME OPU CF DPNNFOTVSBUF XJUI QPMZNFS WBQPS EFQPTJUJPO TJODF QPMZNFST UFOE UP EFDPNQPTF

BCPWF ��� p$�

"কঞখগঞখ /ঝছ

"MVNJOVN OJUSJEF 	"M/
 JT B EJFMFDUSJD NBUFSJBM XJUI B NBYJNVN VTF UFNQFSBUVSF PG BQQSPYJNBUFMZ

���� p$ 	'JHVSF ���
� 4QFDJ୮ୢDBMMZ JO JOFSU BUNPTQIFSFT JU JT TUBCMF BU WFSZ IJHI UFNQFSBUVSFT NFMUJOH

BU ���� p$� *O DPOUSBTU JO BJS TVSGBDF PYJEBUJPO PDDVST BCPWF ��� p$� &WFO BU SPPN UFNQFSBUVSF

���



TVSGBDF PYJEF MBZFST CFUXFFO ���� OBOPNFUFST DBO CF GPSNFE� 5IF PYJEF QSPUFDUT UIF NBUFSJBM GSPN

EFDPNQPTJUJPO JO BJS VQ UP ���� p$ BOE BCPWF UIJT UFNQFSBUVSF UIF CVML PYJEJ[FT� $7% QSPDFTTFT UP

EFQPTJU "M/ BSF TIPXO JO 5BCMF ����
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Figure 4.7: ALD cycle to produce Al2O3 thin films, described inMiller et al. 39

"কঞখগঞখ 0ড 	"কঞখগঊ


"MVNJOB 	"M�0�
 JT BO FMFDUSJDBM JOTVMBUPS XJUI IJHI VTF UFNQFSBUVSF PG BQQSPYJNBUFMZ ���� p$

	'JHVSF ���
� *U DBO CF EFQPTJUFE CZ BUPNJD MBZFS EFQPTJUJPO BDDPSEJOH UP UIF TFMG�MJNJUJOH TVSGBDF

UFSNJOBUJPO DZDMF TIPXO JO 'JHVSF ���� 5IF TVCTUSBUF UFNQFSBUVSF SBOHF BU XIJDI BMVNJOB DBO CF

WBQPS�EFQPTJUFE JT �� p$ UP ��� p$� �� "T B DBWFBU UIF BMVNJOB NBUFSJBM QSPQFSUJFT BSF EFQFOEFOU PO

EFQPTJUJPO UFNQFSBUVSF XJUI BMVNJOB NBUFSJBMT IBWJOH CFFO EFQPTJUFE BU B MPXFS UFNQFSBUVSF IBW�

JOH B IJHIFS IZESPYZM 	BT PQQPTFE UP PYJEF
 DPOUFOU B DPNQPTJUJPOBM GFBUVSF UIBU B୭GFDUT UIF ୮ୢMNؠT

QSPQFSUJFT�

����� 1ঘকঢখছজ 0টছটঠ

.BOZ QPMZNFST DBO CF EFQPTJUFE CZ WBQPS EFQPTJUJPO����� 5P OBSSPX PVS TFBSDI XF DIPTF UP GP�

DVT PO QPMZNFST XJUI IJHI EFDPNQPTJUJPO UFNQFSBUVSFT BOE VTJOH UIJT TFMFDUJPO DSJUFSJPO XPVME

FOBCMF VT UP DSFBUF B NBUFSJBM XJUI IJHIFS VTF UFNQFSBUVSFT NBUDIJOH UIF TUBOEBSET PG TPNF BQQMJ�

DBUJPOT XJUI SFTQFDU UP UIFSNBM DZDMJOH� 'BDUPST UIBU JODSFBTF UIF IFBU TUBCJMJUZ PG PSHBOJD QPMZNFST

BSF EFTDSJCFE FMTFXIFSF������ BOE JODMVEF� BSPNBUJD SJOHT IFUFSPBUPNT ��% PS ��% DSPTTMJOLJOH BOE

���



Figure 4.8: Themechanism proposed by Putkonen et al. 45 forMLD of PMDA and EDA to form polyimide.

B IJHI EFHSFF PG DSZTUBMMJOJUZ� 8F DPOTUSBJOFE PVS TFBSDI UP QPMZNFST XJUI UIFSNBM TUBCJMJUZ BCPWF

BCPVU ��� p$� 5IVT XF EJE OPU FYQMPSF UIF MJUFSBUVSF PO LOPXO WBQPS QSPDFTTFT UP EFQPTJU QPMZVSFB

QPMZUIJPVSFB QPMZVSFUIBOF QPMZB[PNFUIJOF QPMZFTUFS PS PUIFS QPMZNFST XJUI SFMBUJWFMZ MPX UIFS�

NBM TUBCJMJUZ� UIF SFBEFS JT SFGFSSFE UP ;IPV FU BM��� GPS GVSUIFS EFUBJM PO UIF WBQPS EFQPTJUJPO PG

UIFTF QPMZNFST� "EEJUJPOBMMZ XF FYDMVEFE GSPN PVS TFBSDI QPMZNFST UIBU IBWF B IJHI EFDPNQP�

TJUJPO UFNQFSBUVSF CVU GPS XIJDI UIFSF EP OPU ZFU FYJTU DIFNJDBM WBQPS EFQPTJUJPO QSPDFTTFT GPS

FYBNQMF TFWFSBM TJMPYBOF QPMZNFST� ��

0VS TFBSDI GPS WBQPS EFQPTJUJPO UFDIOJRVFT UP EFQPTJU IJHIMZ IFBU�TUBCMF QPMZNFST SFTVMUFE JO

୮ୢWF QPMZNFS DMBTTFT� QPMZJNJEFT 	F�H� ,BQUPO
 QBSZMFOFT QPMZOBQIUIBMFOFT QPMZ୯୳VPSPFUIZMFOFT

	F�H� 5F୯୳PO
 BOE TJMPYBOFT� 5IF NPTU XFMM�TUVEJFE PG UIFTF DMBTTFT WJB WBQPS EFQPTJUJPO XFSF UIF

QPMZJNJEFT� 5IF QPMZJNJEF QPMZNFSJ[BUJPO QSPDFTT JT TIPXO JO 'JHVSF ���� 5IF GPSNBUJPO PG QPMZ�

JNJEFT SFMJFT PO B DPOEFOTBUJPO SFBDUJPO CFUXFFO UXP DPNQPOFOUT� B EJBOIZESJEF BOE B EJBNJOF

	PS MFTT DPNNPOMZ B EJJTPDZBOBUF
� 5IF NPTU DPNNPOMZ VTFE EJBIZESJEF JT QZSPNFMMJUJD EJBOIZ�

ESJEF 	1.%"
 BOE NBOZ EJBNJOFT IBWF CFFO VTFE BMM TIPXO JO 5BCMF ���� 5IF PUIFS GPVS DMBTTFT

���



Table 4.5:MLDprocesses to deposit polyimides. Data from Putkonen et al., 45 Salmi et al., 20 Yoshimura et al., 48 and

González et al. 49

PG QPMZNFS IBE MFTT MJUFSBUVSF QSFDFEFOU JO UFSNT PG WBQPS EFQPTJUJPO UFDIOJRVFT� .FUIPET UP NBLF

UIFTF TBNF QPMZNFST XFSF FYDMVEFE 	F�H� WBQPS QIBTF QZSPMZTJT BOE SFEFQPTJUJPO UP NBLF 5F୯୳PO

୮ୢMNT����
� 5IF WBQPS EFQPTJUJPO QSPDFTTFT GPS QBSZMFOFT QPMZOBQIUIBMFOFT QPMZ୯୳VPSPFUIZMFOFT

BOE TJMPYBOFT BSF PWFSWJFXFE JO 5BCMF ����

����� .ঊঝঌগঐ ঘএ $ছঊখঌ ঊগ 0ছঐঊগঌ 1ছঘঌজজ 1ঊছঊখঝছজ

*O PSEFS UP GVSUIFS OBSSPX EPXO UIF DFSBNJD BOE PSHBOJD NBUFSJBMT GPS PVS IZCSJE NBUFSJBM XF OFYU

DPOTJEFSFE UIBU UIF SFQPSUFE MJUFSBUVSF EFQPTJUJPO UFNQFSBUVSFT PG UIF DFSBNJDT BOE QPMZNFST NBZ

OPU NBUDI� 'PS FYBNQMF BMVNJOVN OJUSJEF DBO POMZ CF EFQPTJUFE BCPWF ��� p$ CVU QBSZMFOF DBO

���



Table 4.6:MLDprocesses to deposit polymers. 5E is the decomposition temperature of the polymer and5TVC is the
substrate temperature. Data from Lu et al., 46 Wary et al., 50 Lang et al., 47 Sharangpani et al., 51,52 andMurthy et al. 16

���



Table 4.7: Ceramic and polymer vapor deposition process temperature windows.

POMZ CF EFQPTJUFE CFMPX �� p$ TP JU XJMM CF JNQPTTJCMF UP RVJDLMZ EFQPTJU TFWFSBM BMUFSOBUJOH MBZFST

PG UIFTF UXP NBUFSJBMT� 5IF UBCMF PG QPTTJCMF TVCTUSBUF UFNQFSBUVSFT GPS UIF $7% DFSBNJD BOE .-%

QPMZNFS QSPDFTTFT BSF TIPXO JO 5BCMF ���� 8F JODMVEF B DPMVNO MBCFMFE 'VODUJPOBMJ[BUJPO JEFOUJ�

GZJOH UIF IFUFSPBUPN UIBU SFBDUT EVSJOH UIF WBQPS EFQPTJUJPO DZDMF PS JG OP IFUFSPBUPN SFBDUT UIF

POMZ FYJTUJOH IFUFSPBUPN JO UIF TUSVDUVSF� 8F IZQPUIFTJ[FE UIBU NBUDIJOH GVODUJPOBMJ[BUJPO CF�

UXFFO UIF DFSBNJD BOE QPMZNFS XPVME CF BEWBOUBHFPVT GPS UXP SFBTPOT� 	�
 JU XPVME JODSFBTF UIF

QSPCBCJMJUZ UIBU UIF PSHBOJD BOE JOPSHBOJD QSFDVSTPST XPVME SFBDU GPSNJOH B DPWBMFOU CPOE CFUXFFO

MBZFST BOE 	�
 B DPWBMFOU CPOE CFUXFFO MBZFST XPVME JODSFBTF BEIFTJPO CFUXFFO MBZFST 	BT PQQPTFE

UP QIZTJTPSQUJPO PS PUIFS QIZTJDBM OPO�DIFNJDBM JOUFSBDUJPOT CFUXFFO MBZFST
�

5IVT BMUIPVHI UIF ୯୳VPSJOBUFE QPMZNFST IBWF IFBU TUBCJMJUZ JU XBT EJ୭୮ୢDVMU UP JNBHJOF UIBU UIFSF

XPVME CF TUSPOH BEIFTJPO CFUXFFO 5F୯୳PO MBZFST BOE DFSBNJD MBZFST� 8F GPDVTFE UIFSFGPSF PO UIF

QPMZJNJEFT CFDBVTF� 	�
 UIFJS OJUSPHFO BOE PYZHFO GVODUJPOBMJ[BUJPO NBEF UIFN NPSF BQQFBMJOH

GPS SFBDUJPO XJUI "M/ PS "M�0� QSFDVSTPST� 	�
 UIFSF JT B XJEF WBSJFUZ PG QPMZJNJEF DIFNJTUSJFT BWBJM�

���



BCMF WJB WBQPS EFQPTJUJPO BOE 	�
 QPMZJNJEF WBQPS EFQPTJUJPO JT XFMM�TUVEJFE BOE XFMM�FTUBCMJTIFE�

1PMZJNJEF JT EFQPTJUFE BU UFNQFSBUVSFT CFUXFFO ��� � ��� p$ CVU WBQPS EFQPTJUJPO PG QPMZJNJEF BU

PS BCPWF ��� p$ IBT OPU CFFO PCTFSWFE��� 8F OFYU DPOTJEFSFE XIJDI PG UIF UXP DFSBNJDT "M/ PS

"M�0� NJHIU CF CFUUFS TVJUFE UP OBOPMBNJOBUF EFQPTJUJPO XJUI QPMZJNJEFT�

"MVNJOVN OJUSJEF JT UZQJDBMMZ EFQPTJUFE BU IJHI UFNQFSBUVSFT CFUXFFO ��� BOE ��� p$ BT TIPXO

JO EFUBJM JO 5BCMF ��� BOE TVNNBSJ[FE JO 5BCMF ���� 8F GPVOE POF SFGFSFODF XIJDI EFTDSJCFE UIF

EFQPTJUJPO PG BO BMVNJOB�MJLF NBUFSJBM CFMPX ��� p$ CVU UIJT ୮ୢMN EFQPTJUFE BU ��� p$ IBE B DPN�

QPTJUJPO UIBU XBT QVSF BMVNJOB� JU DPOUBJOFE ;O 0 BOE 4� �� 5IF MPXFTU�UFNQFSBUVSF SFMBUJWFMZ QVSF

"M/ ୮ୢMNT XFSF EFQPTJUFE BU ��� p$ CZ (PSEPO )P୭GNBO BOE 3JB[� �� 5IFSFGPSF UIF EFQPTJUJPO

UFNQFSBUVSF XJOEPXT PG "M/ BOE QPMZJNJEF EP OPU PWFSMBQ�

"MVNJOVN PYJEF IPXFWFS IBT B XJEF UFNQFSBUVSF XJOEPX CFUXFFO �� � ��� p$� 'PS UIJT QSPKFDU

XF FOWJTJPO EFQPTJUJOH BO "M�0��QPMZJNJEF OBOPMBNJOBUF BU B TVCTUSBUF UFNQFSBUVSF CFUXFFO ��� �

��� p$ BOE UIFO BOOFBMJOH UIF ୮ୢMN BU ��� p$ UP ESJWF PVU XBUFS GSPN CPUI MBZFST GVMMZ JNJEJ[JOH UIF

QPMZJNJEF PSHBOJD MBZFS BOE SFEVDJOH UIF IZESPYZM DPOUFOU PG UIF BMVNJOB MBZFS�

����� 4কঌঝগঐ 0ছঐঊগঌ $ঘখঙঘগগঝজ

$ঘঘজগঐ ঙঘকঢখ ঘছঐঊগঌ ঌঘখঙঘগগঝজ

0VS OFYU UBTL XBT UP TFMFDU QPMZJNJEF NPOPNFST� "T TIPXO JO 'JHVSF ��� UIF GPSNBUJPO PG QPMZ�

JNJEFT SFMJFT PO B DPOEFOTBUJPO SFBDUJPO CFUXFFO UXP DPNQPOFOUT� B EJBOIZESJEF BOE B EJBNJOF

	PS MFTT DPNNPOMZ B EJJTPDZDOBUF
� 5IF NPTU DPNNPO EJBIZESJEFT BSF QZSPNFMMJUJD EJBOIZESJEF

	1.%"
 CFO[PRVJOPOFUFUSBDBSCPYZMJD BDJE EJBOIZESJEF BOE OBQIUIBMFOF UFUSBDBSCPYZMJD BDJE

EJBOIZESJEF� 8F DIPTF UP GPDVT PO 1.%" CFDBVTF JU IBT CFFO XFMM�FTUBCMJTIFE JO WBQPS EFQPTJ�

UJPO UFDIOJRVFT� 5P TFMFDU B EJBNJOF GPS PVS QSPKFDU XF ୮ୢSTU DPOTJEFSFE UIF QSPQFSUJFT PG TFWFSBM

EJBNJOFT TPNF PG XIJDI IBWF QSFWJPVTMZ CFFO VTFE JO QPMZJNJEF WBQPS EFQPTJUJPO TIPXO JO 5BCMF

���



����

0OF NBJO DSJUFSJPO GPS EJBNJOF TFMFDUJPO GPS UIJT QSPKFDU JT UIF TUBCJMJUZ PG UIF QPMZNFS UP IFBU FY�

QPTVSF� "T EFTDSJCFE JO 4FDUJPO ����� UIF IJHIFS UIF BSPNBUJD DPOUFOU BOE DSPTT�MJOLJOH PG UIF QPMZ�

NFS UZQJDBMMZ UIF NPSF IFBU�TUBCMF� "DDPSEJOHMZ PYZEJBOJMJOF 	0%"
 NFUIZMFOF EJBNJOF 	.%"


QIFOZMFOF EJBNJOF 	1%"
 BOE EJBNJOPCJQIFOZMFOF 	%#1
 NBZ QSPWJEF QPMZJNJEFT UIBU BSF NPSF

IFBU�TUBCMF UIBO UIF TJNQMFS BOE DPNNPO FUIZMFOF EJBNJOF 	&%"
 XPVME� 5IF UIFSNBM TUBCJMJUZ PG

QPMZJNJEF HSPXO VTJOH %"#1 JT WFSZ IJHI BOE UIPTF HSPXO VTJOH .%" BOE 0%" BSF BMTP RVJUF

IJHI� 5"&" IBT OFWFS CFFO VTFE JO QPMZJNJEF UP PVS LOPXMFEHF CVU XF JNBHJOF DSPTT�MJOLJOH UP

FOBCMF IJHIFS TUBCJMJUZ UIBO &%"� " TFDPOE DSJUFSJPO GPS QSFDVSTPS TFMFDUJPO JT :PVOHؠT NPEVMVT�

UIF NPEVMVT PG UIF 1.%"ୖ0%" QPMZJNJEF JT∼ � (1B BOE UIPTF PG PUIFS QPMZJNJEFT BSF TJNJMBS�

"OPUIFS GBDUPS JO UIF DIPJDF PG EJBNJOF JT UIF BNPVOU PG MJUFSBUVSF QSFDFEFOU GPS JUT VTF BOE TQFDJG�

JDBMMZ XIFUIFS JU IBT TVDDFTTGVMMZ CFFO VTFE JO WBQPS EFQPTJUJPO� (JWFO UIBU UIJT IZCSJE NBUFSJBM

JT DPNQMFY BOE PVS QSPKFDU UJNFMJOF XBT MJNJUFE XF EFTJSFE UP VTF QSFDVSTPST UIBU IBE QSFWJPVTMZ

CFFO SFQPSUFE� 0%" BOE 1%" IBWF UIF NPTU EBUB XIJMF 5"&" IBT OPU ZFU CFFO VTFE BT B WBQPS

EFQPTJUJPO QSFDVSTPS� 0%" JT B NBKPS DPNQPOFOU PG ,BQUPO UIF QPMZJNJEF XJUI UIF NPTU QVCMJDMZ

BWBJMBCMF EBUB� (JWFO UIFTF USBEF�P୭GT BOE DSJUFSJB XF TFMFDUFE UIF XFMM�TUVEJFE 0%" GPS UIF IZCSJE

PSHBOJD�JOPSHBOJD NBUFSJBM� 8F BMTP TFMFDUFE 5"&" UP VTF JO B TFQBSBUF أQPMZJNJEF�POMZآ SFBDUPS GPS

NPSF FYQMPSBUPSZ SFTFBSDI JO PSEFS UP IPQFGVMMZ EFWFMPQ B OFX DSPTT�MJOLFE QPMZJNJEF UIBU DPVME CF

CPUI B VTFGVM NBUFSJBM JO JUT PXO SJHIU BOE B DBOEJEBUF GPS PVS IZCSJE OBOPMBNJOBUF TUSVDUVSF� 5IF

5"&" SFTFBSDI XBT DPOEVDUFE QSJNBSJMZ CZ .S� 9JBO (POH BOE .S� %BXFJ 9J�

0VS QSPQPTFE SFBDUJPO TDIFNF UP QSPEVDF B IZCSJE NBUFSJBM PG 1.%"ୖ0%" QPMZJNEF BOE

"M�0� JT TIPXO JO 'JHVSF ���� "G୴FS EFQPTJUJPO PGN PSHBOJD MBZFST PG QPMZJNJEF XF NBZ FOE UIF

QPMZJNJEF MBZFS XJUI B QVMTF PG FJUIFS 0%" PS 1.%"� *O QMBOOJOH UIF SFBDUJPO TFRVFODF XF IZ�

QPUIFTJ[FE UIBU TVSGBDF UFSNJOBUJPO PG UIF QSFWJPVT MBZFS XJMM B୭GFDU EFQPTJUJPO PG UIF TVCTFRVFOU

NBUFSJBM� *OEFFE JO TUVEZJOH UIF MJUFSBUVSF PG IZCSJE PSHBOJD�JOPSHBOJD OBOPMBNJOBUFT XF GPVOE

���



Figure 4.9: Proposed reaction scheme to produce hybridmaterial.

JOEJDBUJPOT UIBU UIF PSHBOJD BOE JOPSHBOJD MBZFST NBZ OPU BEIFSF XFMM UP FBDI PUIFS� 'PS FYBNQMF

4BMNJ FU BM� VTFE 1.%" BOE EJBNJOPIFYBOF 	%")
 BT UIF QPMZJNJEF QSFDVSTPST� 5IFZ SFQPSU UIBU

QPMZJNJEFآ HSPXUI NVTU CF FOEFE XJUI B 1.%" QVMTF� *G FOEFE XJUI %") UIF GPMMPXJOH 5B�0�

HSPXUI XBT MFTT SFQSPEVDJCMF� 5IJT JNQMJFT MPX SFBDUJWJUZ PG 5B	0&U
� XJUI BNJOF HSPVQTأ� 8F NBZ

BQQMZ UIFTF ୮ୢOEJOHT UP PVS EFTJSFE NBUFSJBM� 8F QSPQPTF BO PQUJPOBM MJOLFS NPMFDVMF NBZ QSPNPUF

PS FOBCMF UIF HSPXUI PG UIF QPMZNFS PO UIF DFSBNJD TVSGBDF BOE WJDF�WFSTB WJB DPWBMFOU MJOLBHF� *O

QBSUJDVMBS XF IZQPUIFTJ[F UIBU UIF GPMMPXJOH GVODUJPOBM HSPVQT XJMM CF BQQSPQSJBUF� $POTJEFS B CJ�

GVODUJPOBM MJOLFS NPMFDVMF XIJDI IBT �0) BU POF TJUF BOE �/)� BU BOPUIFS� "T TIPXO JO 'JHVSF ���

UIJT MJOLFS TIPVME CF BCMF UP CPOE UP FBDI MBZFS MJOLJOH UIFN DPWBMFOUMZ�

-গঔছ .ঘকঌঞক

$POTJEFSJOH XIJDI MJOLFS NPMFDVMF 
�(/؛3؛0(	 XPVME CF JEFBM XF OPUF BHBJO UIBU XF DPO�

TJEFSFE BSPNBUJD SJOHT BOE DSPTT�MJOLFST UP JODSFBTF UIFSNBM TUBCJMJUZ� *O BEEJUJPO JO UIF BMVDPOF

MJUFSBUVSF JU IBT CFFO PCTFSWFE UIBU MPOH MJOLFST 	≥ � DBSCPO BMJQIBUJD DIBJOT
 VOEFSHP B EPVCMFآ SF�

BDUJPOأ� CPUI GVODUJPOBM HSPVQT DBO SFBDU XJUI UIF TVSGBDF GPSNJOH B TVSGBDF CSJEHF UIBU QSFWFOUT

���



Table 4.8: List of candidate linker molecules.

GVSUIFS HSPXUI PG NBUFSJBM VQ GSPN UIBU TJUF� .PSFPWFS UIFTF EPVCMF SFBDUJPOT DSFBUF QPSFT BOE

CFDBVTF UIFZ CMPDL B TJUF UIFZ TMPX PS DPNQMFUFMZ EFTUSPZ ୮ୢMN HSPXUI� 8F DPOTJEFSFE USJGVODUJPOBM

MJOLFST XIJDI XPVME QSPNPUF DSPTT�MJOLJOH CVU GPS TJNQMJDJUZ JO UIF ୮ୢSTU QSPUPUZQF EFDJEFE UP JOWFT�

UJHBUF IFUFSPCJGVODUJPOBM 	0 /
 MJOLFST� "OPUIFS JNQPSUBOU GBDUPS JT IZESPMZUJD TUBCJMJUZ BT MJOLFS

DIFNJTUSZ IBT CFFO PCTFSWFE UP TUSPOHMZ JNQBDU NBUFSJBM IZESPMZUJD TUBCJMJUZ� �� 0OF QSPQPTFE TPMV�

UJPO UP UIJT JTTVF JT UP FOTVSF UIBU UIF OBOPMBNJOBUFؠT ୮ୢOBM UPQ MBZFS JT "M�0� XIJDI IBT CFFO VTFE

QSFWJPVTMZ BT B XBUFS CBSSJFS MBZFS� "OPUIFS QSPQPTFE TPMVUJPO UP QSFWFOU )�0 JOHSFTT JT ୯୳VPSJOB�

UJPO PS QBSUJBM ୯୳VPSJOBUJPO PG UIF MJOLFS� )PXFWFS CFDBVTF ୯୳VPSJOBUJPO PG UIF MJOLFS NPMFDVMF NBZ

BMTP SFEVDF JUT SFBDUJWJUZ XJUI UIF PUIFS QSFDVSTPST XF BWPJEFE ୯୳VPSJOBUJPO JO PVS EFTJHO� 4PNF

MJOLFS PQUJPOT BSF TIPXO JO 5BCMF ���� 8F EFDJEFE UP VTF ��BNJOPQIFOPM 	�"1
 BT PVS ୮ୢSTU MJOLFS UP

UFTU GPS TFWFSBM SFBTPOT� *U XBT QSFWJPVTMZ QBJSFE XJUI [JOD PYJEF UP GPSN B أJODPOF]آ CZ WBQPS EFQP�

TJUJPO XJUI B CVCCMFS UFNQFSBUVSF PG ��� p$ BOE B TVCTUSBUF UFNQFSBUVSF PG ��� p$� *UT SJHJEJUZ BOE

BSPNBUJD SJOH NBLF JU B DBOEJEBUF GPS FOIBODFE UIFSNBM TUBCJMJUZ�

*O DPODMVTJPO XF FOWJTJPO TFMFDUJOH 1.%" BOE 0%" GPS JOJUJBM QPMZJNJEF EFQPTJUJPOT BOE

QSPWJEJOH SFBDUPS GVODUJPOBMJUZ GPS BO PQUJPOBM MJOLFS F�H� ��BNJOPQIFOPM� 0WFSBMM UIF QSFDVSTPST

TFMFDUFE GPS UIJT QSPKFDU BSF TIPXO JO 5BCMF ���� 5IF WBMVF QSPQPTJUJPO GPS UIJT NBUFSJBM JT TIPXO JO

'JHVSF ���� IJHIMJHIUJOH UIBU PVS NBUFSJBM NBZ FOBCMF BDDFTT UP B QSFWJPVTMZ VOBDDFTTJCMF TFU PG DIBS�

BDUFSJTUJDT PO UIF :PVOHؠT .PEVMVT�5FNQFSBUVSF TUBCJMJUZ USBEFTQBDF� "MUIPVHI XF EP OPU FYQFDU
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Table 4.9: Proposed precursors for this project.

UIBU UIF PSHBOJD DPNQPOFOU XJMM CF GVMMZ SFTJTUBOU UP EFDPNQPTJUJPO BU IJHI UFNQFSBUVSFT GPS MPOH

XF BSF UBSHFUJOH VTF XJUI UIF &'0 TQBSL NFUIPE BT QSFWJPVTMZ EFTDSJCFE�
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Figure 4.10: A hybrid of Kapton polyimide and aluminamay have a relatively low Young’s modulus (∼10-70) but still

be resistant to electrical shorting after an EFO spark at 1000 °C. Though the polymer layer may graphitize and become

a conductive char, if the alumina layers are intact, thenwe hypothesize a shorting path will not form through all the

dielectric layers, from coremetal to shield metal.
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4FWFSBM MPX�QSFTTVSF $7% SFBDUPST XFSF VTFE UP DPMMFDU UIF EBUB JO UIJT DIBQUFS�

�� )PNF�CVJMU QPMZNJEF SFBDUPS� JT EFTDSJCFE JO UIF 1I% EJTTFSUBUJPO PG %S� -V 4VO� �� 5IJT

SFBDUPS XBT NPEJ୮ୢFE XJUI B OFX USJBNJOF 	5"&"
 BOE UIFO VTFE UP EFQPTJU 1.%"ୖ5"&"

QPMZJNJEF UIJO ୮ୢMNT CZ .-%�

�� 4BWBOOBI SFBDUPS� JT B 4BWBOOBI ��� 5IFSNBM "-% SFBDUPS QSPEVDFE CZ 7FFDP�$/5 BOE

NBJOUBJOFE JO UIF $FOUFS GPS /BOPTDBMF 4ZTUFNT 	$/4
 BU )BSWBSE 6OJWFSTJUZ� *UT SFGFSFODF

BU UIF $/4 JT �أ��%-"آ *U XBT VTFE UP EFQPTJU BMVNJOVN TJMJDBUF UIJO ୮ୢMNT�

�� 1BSZMFOF SFBDUPS� JT B 1%4 ���� QBSZMFOF DPBUFS QSPEVDFE CZ 4QFDJBMUZ $PBUJOH 4ZTUFNT 	4$4


BOE NBJOUBJOFE JO UIF 5VG୴T .JDSP BOE /BOP 'BCSJDBUJPO 'BDJMJUZ� *U XBT VTFE UP EFQPTJU

1BSZMFOF $�

�� )PNF�CVJMU IZCSJE SFBDUPS� XBT DPOTUSVDUFE CZ UIF BVUIPS PG UIJT UIFTJT GPS UIF ..4 QSP�

HSBN� *U XBT VTFE UP EFQPTJU BMVNJOB ୮ୢMNT BOE BUUFNQUT UP EFQPTJU QPMZJNJEF ୮ୢMNT BOE

IZCSJE BMVNJOB�QPMZJNJEF ୮ୢMNT� 5IF EFTJHO IBSEXBSF BOE TPG୴XBSF GPS UIJT SFBDUPS BSF EF�

TDSJCFE JO UIJT TFDUJPO�
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8F ୮ୢSTU EFTDSJCF TFWFSBM DPOTUSBJOUT GPS SFBDUPS EFTJHO�

�� 5IF SFBDUPS NVTU VTF B ୮ୢOJUF BOE QSFGFSBCMZ MJNJUFE OVNCFS PG PWFOT UP IPVTF BOE IFBU UIF

NBOZ 	BU MFBTU �
 QSFDVSTPST GPS UIJT QSPKFDU�
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�� #PUI 0%" BOE 1.%" BSF OPU WFSZ WPMBUJMF 	TFF 'JHVSF ���� JO 4FDUJPO ���
 BOE XF QSPQPTFE

UIBU UIFZ XPVME OFFE B DBSSJFS HBT XIJDI SFRVJSFT FYUSB JOEFQFOEFOU DBSSJFS HBT SFHVMBUPS BOE

MJOFT�

�� *U JT EFTJSFE UIBU NVUVBMMZ SFBDUJWF QSFDVSTPST 	MJLF UIF 5."�XBUFS QBJS PS UIF 1.%"�0%"

QBJS
 CF EFMJWFSFE JO TFQBSBUF MJOFT VOUJM UIFZ SFBDI UIF SFBDUPS GVSOBDF� *G UIFZ QSF�NJY BOZ�

XIFSF UIFZ DBO SFBDU BOE EFQPTJU NBUFSJBM DMPHHJOH UIF MJOF PS UIF WBMWFT JO UIF MJOF�

�� 1SFDVSTPST TIPVME CF NBJOUBJOFE BCPWF UIFJS SFTQFDUJWF EFXآ QPJOUTأ BMPOH UIF MFOHUI PG UIF

UVCJOH� 0OF XBZ UP FOTVSF UIJT DPOTUSBJOU JT NFU JT UP FOTVSF UIBU UIF QSFDVSTPS ୯୳PXT GSPN

MPXFS UP IJHIFS UFNQFSBUVSF� 5IJT DPOTUSBJOU QSFWFOUT QSFDVSTPST GSPN SF�DPOEFOTJOH JO UIF

MJOFT CFGPSF SFBDIJOH UIF SFBDUPS DIBNCFS�

5IF SFBDUPS EJBHSBN TIPXO JO 'JHVSF ���� XBT QSPQPTFE BOE CVJMU BG୴FS TFWFSBM JUFSBUJPOT� 5IF

QSFDVSTPS NBOJGPME DPOUBJOT UISFF NBJO MJOFT� POF GPS 5."�1.%" POF GPS 0%"�XBUFS BOE POF

GPS UIF MJOLFS NPMFDVMF� 5IJT EFTJHO BMMPXT JOEFQFOEFOU UFNQFSBUVSF DPOUSPM PG UIF 	PQUJPOBM
 MJOLFS

NPMFDVMF GSPN 0%"�1.%"� *U JT DBQBCMF PG PQFO� BOE DMPTFE�WBMWF PQFSBUJPO BOE XF MFBL�UFTUFE

JU UP BO POCPBSE MFBL SBUF � � NUPSS�NJO� *O UIF OFYU TVCTFDUJPOT XF EFTDSJCF UIF SFBDUPS EFTJHO

DIPJDFT BOE BQQBSBUVT JO HSFBUFS EFUBJM�
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" QZUIPO QSPHSBN XBT XSJUUFO CZ B QSFWJPVT MBC NFNCFS %S� )BSCJOH -PV UP DPOUSPM QOFVNBUJD

"-% WBMWFT� 5IF DPNQVUFS XBT DPOOFDUFE UP BO "SEVJOP .&(" ���� XIJDI XBT DPOOFDUFE UP B

CSFBECPBSE� 5IJT CSFBECPBSE XBT DPOOFDUFE UP UXP TJY�BJS�WBMWF BTTFNCMJFT 	)VNQISFZ 1SPEVDUT

QBSU OP� )"�����&��14- � DN
 XIJDI IBE 5F୯୳PO UVCJOH DPOOFDUJOH FBDI PG UIF �� WBMWF BJS OP[[MFT

UP POF "-% WBMWF� 5IJT FMFDUSPOJD DPOUSPM TZTUFN GPS UIF QOFVNBUJDT XBT DPOTUSVDUFE JO UIF MBC

QSFWJPVTMZ�
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Figure 4.11: Hybrid reactor diagram. *Asterisks are indicated where three one-way valves (aka “check valves”) were

installed in an initial iteration of this reactor design, which were removed as described in the text. Althoughwe did not

install a linker in the course of the experiments reported in this chapter, we designed the reactor flexibly for poten-

tial future incorporation of a precursor into oven #1: the “L” box in oven #1 is a placeholder for a linker molecule, for

example 4-aminophenol (4AP).
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" TP�DBMMFE DBSSJFS HBT JT BO JOFSU HBT 	JO UIJT DBTF /�
 QVMTFE JOUP B QSFDVSTPS DPOUBJOFS BU IJHIFS

QSFTTVSF UIBO UIF QSFDVSTPS WBQPS QSFTTVSF� 5IF DBSSJFS HBT SBJTFT UIF UPUBM QSFTTVSF JO UIF DPOUBJOFS

UIVT FOBCMJOH UIF QVNQ UP NPWF QSFDVSTPS NPMFDVMFT GSPN UIF DPOUBJOFS JOUP UIF SFBDUPS DIBNCFS

BU B IJHIFS SBUF� 5IJT F୭GFDU JT RVBOUJ୮ୢFE JO 'JHVSF ����� *U JT JNQPSUBOU JO UIJT QSPDFTT UIBU UIF HBTFT

NJY UIPSPVHIMZ TP UIBU UIF HBT QVNQFE PVU GSPN UIF CVCCMFS DPOUBJOT QSFDVSTPS WBQPS�

/JUSPHFO XBT QSPWJEFE UP UIF SFBDUPS WJB QMVNCJOH UP IPVTF OJUSPHFO XIJDI XBT UIFO QVSJ୮ୢFE

CZ &OUFHSJT JOFSU HBT QVSJ୮ୢFST 	NPEFM OP� $&���,'*�3
 BOE SFHVMBUFE WJB BO JOFSU HBT SFHVMBUPS

	.BUIFTPO "JSHBT BOE 5&4$0. TUZMFT XFSF BMM VTFE
� 8F IBE UIF NPTU TVDDFTT XJUI 5&4$0.

TJOHMF�TUBHF BCTPMVUF QSFTTVSF SFHVMBUPST 	F�H� NPEFM OVNCFS �������,35��
 CFDBVTF JUT XFMEFE

7$3 ୮ୢUUJOHT EJE OPU MFBL BT FBTJMZ BT PUIFS /15�UZQF ୮ୢUUJOHT 	TFBMFE WJB XIJUF 5F୯୳PO UBQF
 XJUI

PUIFS SFHVMBUPST�

5IF QSFDVSTPS MJOFT XFSF NBEF GSPN RVBSUFS�JODI PVUFS EJBNFUFS ��� TUBJOMFTT TUFFM UVCJOH� 4JMWFS

TPMEFSJOH 	UPSDI CSB[JOH
 XBT VTFE UP BUUBDI 7$3 HMBOET UP FJUIFS FOE PG UIF UVCFT XIJDI XFSF DPO�

OFDUFE XJUI NBMF�GFNBMF 7$3 OVUT� 1SFDVSTPST XFSF TUPSFE JO HMBTT CVCCMFST XJUI BJSUJHIU DPQQFS

HBTLFUT BOE DPOOFDUFE WJB ୯୳FYJCMF TUBJOMFTT TUFFM UVCJOH UP UIF QSFDVSTPS NBOJGPME� 5IF QSFDVSTPS

CVCCMFST XFSF NBJOUBJOFE BU SPPN UFNQFSBUVSF PS PWFO UFNQFSBUVSF� #VCCMFS IPMEFST XFSF NB�

DIJOFE CZ NJMMJOH B IPMF PVU PG �′′ × �′′ SFDUBOHVMBS UVCJOH� 5IFTF IPMEFST BMMPXFE UIF CVCCMFS UP CF

TVTQFOEFE TP UIBU OP QBSU PG UIF HMBTT XBT UPVDIJOH UIF PWFO UIVT FOBCMJOH VOJGPSN IFBUJOH PG UIF

CVCCMFS CZ UIF PWFO�

���



Figure 4.12: Pumping speed of a rotary pump is greater with higher gas pressure and lower as the pressure approaches

the “ultimate pressure” of the pump. Figure adapted from Sivaram.55
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4XBHFMPL "-% WBMWFT XFSF VTFE UP QSPWJEF QVMTF HBTFT XJUIJO UIF QSFDVSTPS NBOJGPME� 5IF UZQJDBM

4XBHFMPL "-% WBMWFT BSF SBUFE UP BQQSPYJNBUFMZ ��� p$ XIJDI XBT BQQSPQSJBUF GPS WBMWFT PVUTJEF

UIF PWFOT BOE JO UIF MFG୴ PWFO� )PXFWFS XF BEEJUJPOBMMZ QVSDIBTFE GPVS IJHI�UFNQFSBUVSF 4XBHFMPL

"-% WBMWFT 	QBSU OVNCFS 44ୖ)#77$3��$
 GPS VTF JOTJEF UIF SJHIU PWFO XIJDI XF FYQFDUFE NBZ

OFFE UP SFBDI BQQSPYJNBUFMZ ��� p$ UP BEFRVBUFMZ WPMBUJMJ[F 1.%" BOE 0%" BDDPSEJOH UP UIF SF�

TVMUT JO 4FDUJPO ���� 'PS BMM 4XBHFMPL "-% WBMWFT 5F୯୳PO UVCJOH XBT VTFE UP DPOOFDU UIF WBMWF UP B

QPTJUJWF QSFTTVSF OJUSPHFO NBOJGPME�

*O UIF SFBDUPS EJBHSBN TIPXO JO 'JHVSF ���� BTUFSJTLT JOEJDBUF XIFSF UISFF POF�XBZ WBMWFT 	BLB

DIFDLآ WBMWFTأ
 XFSF JOTUBMMFE JO BO JOJUJBM JUFSBUJPO PG UIJT SFBDUPS EFTJHO� )PXFWFS XIFO BMVNJOB

EFQPTJUJPOT XFSF SVO JO DMPTFE�WBMWF NPEF "M�0� EFQPTJUJPO JOTJEF UIF DIFDL WBMWFT DBVTFE UIFJS

NBMGVODUJPO� "DDPSEJOHMZ XF QSPDFFEFE CPUI UP SFNPWF UIF 	DMPHHFE
 DIFDL WBMWFT BOE DPOEVDU
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BMVNJOB EFQPTJUJPOT JO PQFO�WBMWF NPEF UP QSFWFOU CBDL୯୳PX PG HBTFT GSPN UIF SFBDUPS DIBNCFS

JOUP UIF QSFDVSTPS NBOJGPME MJOFT�
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0WFO �� 	MFG୴ PG 'JHVSF ����
 XBT B :BNBUP %9 ��� (SBWJUZ $POWFDUJPO 0WFO� 0WFO �� 	DFOUFS PG

'JHVSF ����
 XBT B TMJHIUMZ MBSHFS :BNBUP %9 ��� (SBWJUZ $POWFDUJPO 0WFO� 5IF SFBDUPS UVCF GVS�

OBDF 	SJHIU PG 'JHVSF ����
 XBT B -JOECFSH�#MVF . UISFF�[POF UVCF GVSOBDF� 5P PQFO BOE DMPTF UIF

FYIBVTU UP UIF DIBNCFS JOTUFBE PG B UZQJDBM 4XBHFMPL "-% WBMWF BO .%$ 7BDVVN MBSHF QOFV�

NBUJD CVUUFS୯୳Z WBMWF XBT VTFE 	NPEFM OP� ������ "OHMF7BMWF /8�� )7 1OFVNBUJD
� 5IF SFBDUPS

DIBNCFS XBT DPOOFDUFE UP UIF QVNQ WJB TUBJOMFTT TUFFM ୯୳FYJCMF UVCJOH ���′′ JOOFS EJBNFUFS 	,VSU +�

-FTLFS CFMMPXT UVCJOH ��′′ QBSU OP� .)ୖ2'ୖ$��
� 5IF SFBDUPS QVNQ XBT BO PJM�TFBMFE UXP�TUBHF

SPUBSZ WBOF QVNQ 	&EXBSET 37���
� 5IF SFBDUPS QSFTTVSF HBVHF XBT B DPOWFDUJPO�FOIBODFE 1JSBOJ

QSFTTVSF HBVHF BOE BDDPNQBOZJOH FMFDUSJDBM SFBEPVU 	,VSU +� -FTLFS
�
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BNFUFS IJHI QVSJUZ WJUSFPVT DBSCPO QMBODIFUT 	5FE 1FMMB
 BOE �× � JO� 4J TVCTUSBUFT XJUI B ����ON

TVSGBDF MBZFS PG 4J0� HSPXO CZ XFU PYJEBUJPO 	6OJWFSTJUZ 8BGFS
� 8F QSFQBSFE UXP NPSF TVCTUSBUF

UZQFT JO�IPVTF CZ BEEJOH TVSGBDF MBZFST UP UIF 4J0��4J TVCTUSBUFT� 'PVS TVSGBDF MBZFST XFSF QSFQBSFE

VTJOH B %FOUPO &�CFBN FWBQPSBUPS� � ON PG 5J PS $S BT BO BEIFTJPO MBZFS XFSF GPMMPXFE CZ ���

ON PG 1U PS "V PS $V PS "M� "OPUIFS TVSGBDF MBZFS XF QSFQBSFE VTJOH BO 454 1&$7%��� �� ON

PG 4J/Y XBT EFQPTJUFE GSPN �� TDDN 4J)� BOE �� TDDN /)� JO UIF QSFTFODF PG ���� TDDN /� PO

IJHI�GSFRVFODZ NPEF 	����� .)[
 XJUI UIF QPXFS TVQQMZ BU �� 8� 5IF WJUSFPVT DBSCPO QMBODIFUT
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Figure 4.13: Several substrate holders weremachined tomeet the physical requirements of the various deposition

chambers. Three are shown here as examples.

SFDFJWFE OP TVCTFRVFOU USFBUNFOU QSJPS UP $V#S EFQPTJUJPO� "MM PG UIF PUIFS � TVCTUSBUF UZQFT XFSF

USFBUFE XJUI TPMWFOU XBTIFT PG TFNJDPOEVDUPS�HSBEF BDFUPOF BOE JTPQSPQBOPM 	#%)≥ ��ॎ
� 'VS�

UIFSNPSF UIF NFUBM BOE 4J0��4J TVCTUSBUFT XFSF UIFO USFBUFE XJUI 67�P[POF GPS � NJO UP QSPNPUF

UIF GPSNBUJPO PG TVSGBDF IZESPYZM HSPVQT BOE DMFBO UIF TVSGBDF PG PSHBOJD DPOUBNJOBOUT�

4FWFSBM IPMEFST XFSF NBDIJOFE UP TVTQFOE XJSFT UP WBQPS�EFQPTJU EJFMFDUSJD DPBUJOHT DPBYJBMMZ BT

TIPXO JO 'JHVSFT ���� BOE �����
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QVMTF TFRVFODF PG � DZDMFT QFS NJOVUF XJUI OJUSPHFO QVSHF HBT ୯୳PXJOH DPOTUBOUMZ� 5IF PVUFS IFBUFS

XBT TFU UP ��� p$ BOE UIF DFOUFS IFBUFS XBT TFU UP ��� p$� *O UIJT TZTUFN 5." BOE XBUFS BSF IFME BU
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Figure 4.14:Wires were suspended on custom built holders and inserted into the various CVD reactors.

SPPN UFNQFSBUVSF BOE UIF TJMJDPO USJT�UFSU�CVUPYZTJMBOPM JT IFME BU ��� p$�
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5IF 5VG୴T .JDSP BOE /BOP 'BCSJDBUJPO GBDJMJUZ 1BSZMFOF SFBDUPS XBT VTFE UP EFQPTJU QBSZMFOF ୮ୢMNT�

5IF TUBOEBSE PQFSBUJOH QSPDFEVSF JT BT GPMMPXT� ୮ୢSTU UIF EJNFS JT XFJHIFE BOE QMBDFE JOUP UIF GVS�

OBDF XIJDI IFBUT UP ��� p$ UP WBQPSJ[F UIF EJNFS� 5IFO B GVSOBDF QZSPMZ[FT UIF EJNFS JOUP UIF

NPOPNFS BU ��� p$� 5IFO UIF NPOPNFS WBQPS JT SFMFBTFE GSPN B أ୯୳VUFآ TUZMF UVCF JOUP UIF DPBUJOH

DIBNCFS XIJDI JT NBJOUBJOFE WJB �� p$ XIFSF QBSZMFOF DPBUJOH PDDVST� 5IF HBTFT GSPN UIF DIBNCFS

QBTT UISPVHI B MJRVJE DPME USBQ UP SF�DPOEFOTF FYDFTT NBUFSJBM CFGPSF SFBDIJOH UIF QVNQ BOE FY�

IBVTU� 0QUJPOBMMZ TBNQMFT NBZ CF QSF�USFBUFE XJUI B DPNQPVOE QSPNPUJOH QBSZMFOF BEIFTJPO CF�

GPSF QBSZMFOF EFQPTJUJPO� 5IJT DPNQPVOE JT UZQJDBMMZ B TJMBOF TVDI BT ɀ�NFUIBDSZMPYZQSPQZMUSJNFUIPYZTJMBOF

LOPXO BMTP BT "����� 5ZQJDBMMZ TBNQMFT BSF TPBLFE GPS � NJOVUFT JO B NJYUVSF PG ��� N- JTPQSPQBOPM

��� N- PG )�0 BOE � N- PG "����� 5IF TBNQMFT NVTU UIFO CF SJOTFE BOE CMPXO ESZ�
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Figure 4.15:Metal-insulator-metal device configuration. Probe 1 contacts the top copper layer and probe 2 contacts

the bottom copper layer.
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Table 4.10: TGA results indicating the decomposition onset temperature of 6 commercially available polymer wires.

UIFSNBMMZ TUBCMF 	5E ≈ ��� p$
 BOE QPMZJNJEF JT TFDPOE�NPTU TUBCMF 	5E ≈ ������� p$
�
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JOUFSWBMT� 8F FYUSBDUFE UIF SBUF PG NBTT MPTT BU FBDI UFNQFSBUVSF� "T B SVMF PG UIVNC TPMJE $7% QSF�

DVSTPST DBO CF VTFE VOEFS DPOEJUJPOT XIFSF UIFJS TVCMJNBUJPO SBUF JT HSFBUFS UIBO BCPVU ��� NH�NJO�
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DFTT 'JHVSF ���� BOE TJNJMBS QMPUT NBZ CF QMPUUFE BT "SSIFOJVT QMPUT OBNFMZ BTTVNJOH UIF "SSIFOJVT

FRVBUJPO L = " FYQ (−&B/35) BOE QMPUUJOH MO	L
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Figure 4.16: TGA data analyzed for evaporation rate between 200 and 240 °C for PMDA andODA precursors.
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Figure 4.17: TGA data analyzed for evaporation rate for TAEA andODA precursors.

Figure 4.18: TGA ramp and data analyzed for evaporation rate between 170 and 200 °C for 4AP precursor.
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Figure 4.19: Aluminum silicate thin films grown in Savannah reactor indicate a growth rate of 12.2 Å per cycle.
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"MVNJOVN TJMJDBUF UIJO ୮ୢMNT XFSF HSPXO VTJOH UIF 4BWBOOBI SFBDUPS PO UIFSNBM PYJEF XBGFST BOE

DPQQFS XJSFT� " SBOHF PG ୮ୢMN UIJDLOFTTFT XBT ୮ୢSTU HSPXO PO UIFSNBM PYJEF XBGFST BOE BTTFTTFE XJUI

TQFDUSPTDPQJD FMMJQTPNFUSZ UP CFODINBSL UIF ୮ୢMN HSPXUI QFS DZDMF� "T TIPXO JO 'JHVSF ���� XF

FYUSBDUFE B HSPXUI QFS DZDMF PG ���� � QFS DZDMF� 5IF Z�JOUFSDFQU HBWF B QSFEFQPTJUJPO ୮ୢMN UIJDLOFTT

PG BQQSPYJNBUFMZ ��� ON SFQSFTFOUJOH UIF FYQFDUFE∼� � OBUJWF PYJEF BOE GVSUIFSNPSF JNQMZJOH

OP EFMBZ PG HSPXUI VOTFU� 0VS SFTVMUT NBUDI UIF SFGFSFODF HSPXUI SBUF HJWFO JO UIF UPPM TUBOEBSE

PQFSBUJOH QSPDFEVSF XIJDI JT ����� ��DZDMF�

#FDBVTF PG UIF LOPXO CSJUUMFOFTT PG DFSBNJDT XF FYQFDUFE UIF BMVNJOVN TJMJDBUF UIJO ୮ୢMNT UP

CF JO୯୳FYJCMF BOE OPU UP NFFU UIF ୯୳FYJCJMJUZ SFRVJSFNFOUT GPS UIF ..4 QSPKFDU� 8F DBSSJFE PVU QSF�

MJNJOBSZ RVBMJUBUJWF NFDIBOJDBM BTTFTTNFOU PG ����ON UIJDL BMVNJOVN TJMJDBUF DPBUJOHT EFQPTJUFE
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Figure 4.20: 120 nm-thick aluminum silicate thin films were grown on 25micron diameter Cuwires. SEMmicrographs

depict cracking in the film after light handling. Image (d) is a close-up of image (c), showing that the cross-sectional

thickness of the film is 120 nm.
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XJMM CF UPP CSJUUMF GPS UIF ..4 QSPKFDU XJUIPVU BO PSHBOJD DPNQPOFOU�
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Figure 4.21: The thicknesses of three alumina films grown in the hybrid reactor weremeasured by XRR.We extract a

growth per cycle of 1.4 Å per cycle.
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Figure 4.22: Alumina thin films grown in hybrid reactor have Al2O3 stoichiometry, as determined by XPS. Depth profil-

ing was carried out usingmonatomic Ar sputtering.

JO UIF MJUFSBUVSF XF QSFTVNF JU NBZ CF SFMBUFE UP NPOPNFS EFTPSQUJPO BU UIFTF IJHIFS UFNQFSBUVSFT

TJODF B MPX SFTJEFODF UJNF PG UIF NPOPNFST PO UIF TVSGBDF DPVME SFTVMU JO GFXFS QSPEVDUJWF QPMZNFS�

J[BUJPO SFBDUJPOT QFS UJNF� 0VS TVCTUSBUF UFNQFSBUVSF UFTUT EJE OPU FYUFOE CFMPX ��� p$ CFDBVTF UIF

1.%" JT IFME JO BO PWFO BU ��� p$� "T EFTDSJCFE FBSMJFS JU JT VOEFTJSBCMF GPS WPMBUJMJ[FE QSFDVSTPS

HBTFT UP SF�DPOEFOTF JO UIF SFBDUPS TP XF DIPTF OPU UP IPME UIF TVCTUSBUF BU UFNQFSBUVSFT MPXFS UIBO

��� p$� 5IVT XF TFMFDUFE B TVCTUSBUF UFNQFSBUVSF PG ��� p$ BT PVS IJHIFTU HSPXUI SBUF أPQUJNBMآ

UFNQFSBUVSF� /FYU VTJOH B TVCTUSBUF UFNQFSBUVSF PG ��� p$ XF TZTUFNBUJDBMMZ WBSJFE UIF 5"&" EPTF

UJNF BOE NFBTVSFE UIF HSPXUI QFS DZDMF BT B GVODUJPO PG 5"&" EPTF UJNF BT TIPXO JO 'JHVSF ����C�

5IJT HSBQI JT DPOTJTUFOU XJUI أTBUVSBUJPOآ UIF FYQFDUFE CFIBWJPS GPS TVSGBDF�MJNJUFE HSPXUI XIFO

QVSHJOH BOE FWBDVBUJPO PG HBTFT PDDVST JO CFUXFFO QSFDVSTPS QVMTFT�

"G୴FS UIF ୮ୢMNT XFSF HSPXO JNJEJ[BUJPO WJB BOOFBMJOH XBT NPOJUPSFE CZ '5*3 BT TIPXO JO 'JH�

VSF ����� 8F BUUSJCVUF UIF EJTBQQFBSBODF PG UIF CSPBE GFBUVSF BU ���� DN−� BG୴FS BOOFBMJOH UP UIF GVMM
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Figure 4.23: Growth characteristics of PMDA-TAEA films. (a) Growth per cycle decreases as a function of substrate

temperature between5T = 170 °C to 230 °C; (b) Growth per cycle as a function of TAEA dose time exhibits saturation

behavior.

JNJEJ[BUJPO PG UIF ୮ୢMN BG୴FS BOOFBMJOH JO /� BUNPTQIFSF GPS �� NJOVUFT BU ��� p$� 5IJT FWJEFODF JT

QSFMJNJOBSZ XPSL BOE JU JT PVS JOUFOUJPO UP UP SFWJTJU '5*3 DIBSBDUFSJ[BUJPO JO NPSF FYQFSJNFOUBM

EFUBJM�
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SFDJQFT EFTDSJCFE JO 5BCMF ����� "U UIF CPUUPN PG UIF UBCMF JT UIF NPTU IJHIMZ BQQMJDBCMF SFGFSFODF

1VULPOFO FU BM��� JO XIJDI UIF BVUIPST VTFE B WFSZ TIPSU QVSHF UJNF PG CFUXFFO ��� TFDPOET BOE EJE

OPU SFQPSU VTJOH B DBSSJFS HBT GPS 1.%" BOE 0%" QSFDVSTPST UP GPSN QPMZJNJEF CZ WBQPS EFQPTJ�

UJPO� "UUFNQUJOH UP SFQMJDBUF DPOEJUJPOT VTFE CZ 1VULPOFO BOE PUIFST XF DBSSJFE PVU FJHIU EJ୭GFS�

FOU EFQPTJUJPOT MBCFMFE �� UISPVHI �� FBDI GPS BU MFBTU �� DZDMFT� 8F FWBDVBUFE UIF CVCCMFST BG୴FS

MPBEJOH UP SFNPWF IFBETQBDF OJUSPHFO GSPN UIF OJUSPHFO HMPWF CPY� 5IFO XF WFSJ୮ୢFE UIBU HBT XBT

JOEFFE QVMTFE JOUP UIF SFBDUPS GPS BMM SFDJQFT GPS CPUI QSFDVSTPST VTJOH UFTU QVMTFT BOE UIF QSFTTVSF
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Figure 4.24: FTIR spectra of PMDA-TAEA film as-deposited (red) and after 30minute anneal at 350 °C (blue) for two

different films initially made during the same deposition batch. Spectra are un-normalized with arbitrary units. The

general frequencies for several bonds in poly(amic) acids (orange) and polyimides (teal) are given for reference.
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HBVHF BUUBDIFE UP UIF SFBDUPS DIBNCFS� )PXFWFS UIJT HBT JT B NJYUVSF PG DBSSJFS HBT BOE IPQFGVMMZ

QSFDVSTPS WBQPS� 8IFO XF DPOEVDUFE DPOUSPM FYQFSJNFOUT UP EFUFDU QSFDVSTPS WBQPS XJUIPVU DBSSJFS

HBT XF EFUFDUFE B WFSZ TNBMM 	PO UIF PSEFS PG � NUPSS
 QSFTTVSF SJTF BU UIF QSFTTVSF HBVHF BUUBDIFE

UP UIF UVCF GVSOBDF� 8F GVSUIFS WFSJ୮ୢFE UIF UFNQFSBUVSF PG UIF PWFO 	��� p$ GPS PWFO ��
 BOE UIF

SFBDUPS UVCF GVSOBDF 	��� p$
� )PXFWFS OPOF PG PVS EFQPTJUJPOT ���� QSPEVDFE BOZ QPMZJNJEF ୮ୢMN�

8F IZQPUIFTJ[F UIBU UIFTF PWFO BOE UVCF GVSOBDF UFNQFSBUVSFT BMUIPVHI UIFZ BSF DPOTJTUFOU XJUI

UIF MJUFSBUVSF�� BOE JO UIF EFEJDBUFE QPMZJNJEF SFBDUPS GPS 1.%"ୖ5"&" EFQPTJUJPOT NBZ CF UPP

MPX UP FOBCMF EFQPTJUJPO� 8F CBTF UIJT IZQPUIFTJT PO PVS 5(" EBUB GSPN XIJDI XF SFBTPO UIBU

XF TIPVME FYQFDU MFTT UIBO ���� NH�NJO FWBQPSBUJPO PG 1.%" BU ��� p$� 0VS XPSL JT POHPJOH UP

EFQPTJU 1.%"ୖ0%" QPMZJNJEF XJUI GVUVSF EJSFDUJPOT HJWFO JO 4FDUJPO ����

����� &কঌঝছঌঊক $ঊছঊঌঝছণঊঝঘগ ঘএ %কঌঝছঌ 'কখজ

5ISFF ୮ୢMN UZQFT XFSF DIBSBDUFSJ[FE FMFDUSJDBMMZ� BMVNJOVN TJMJDBUF NBOHBOFTF TJMJDBUF BOE QBSZ�

MFOF� "MVNJOVN TJMJDBUF ୮ୢMNT BOE QBSZMFOF ୮ୢMNT XFSF EFQPTJUFE VTJOH UIF NFUIPET EFTDSJCFE JO

4FDUJPO ���� .FUBM�JOTVMBUPS�NFUBM 	.*.
 DBQBDJUPS EFWJDFT XFSF NBEF BDDPSEJOH UP UIF QSPDFEVSF

EFTDSJCFE JO 4FDUJPO ��� BOE UIF ୮ୢMNTؠ MFBLBHF DVSSFOU EFOTJUZ 	+
 XBT NFBTVSFE BT B GVODUJPO PG BQ�

QMJFE CJBT 	7
� .BOHBOFTF TJMJDBUF UIJO ୮ୢMNT XFSF EFQPTJUFE CZ %S� -V 4VO WJB NFUIPET EFTDSJCFE JO

IFS 1I% EJTTFSUBUJPO� �� 4IF NFBTVSFE UIF ୮ୢMNTؠ MFBLBHF DVSSFOU EFOTJUZ WFSTVT CJBT VTJOH UIF TBNF

.*. TUSVDUVSF BOE QSPDFEVSF� 'PS BMM ୮ୢMNT +ୖ7 DVSWFT GSPN UIF GPVS EJ୭GFSFOU DPOUBDU QBE TJ[FT

	CFUXFFO �� UP �� .*. TUSVDUVSFT QFS ୮ୢMN
 XFSF BWFSBHFE BOE UIF TUBOEBSE EFWJBUJPO JO UIFTF NFB�

TVSFNFOUT JT HJWFO BT UIF FSSPS CBST JO 'JHVSF ����� .BOHBOFTF TJMJDBUF BOE BMVNJOVN TJMJDBUF QFSGPSN

TJNJMBSMZ� 'PS CPUI NBUFSJBMT BT FYQFDUFE UIF UIJDLFS ����ON ୮ୢMNT JOTVMBUF NPSF TUSPOHMZ UIBO UIF

����ON ୮ୢMNT�

*O PSEFS UP DPNQBSF UIF NBUFSJBMT XF EJWJEF UIF BQQMJFE CJBT CZ UIF ୮ୢMN UIJDLOFTT UP EFUFSNJOF

UIF BQQMJFE FMFDUSJD ୮ୢFME JO VOJUT PG 7�ON� "DDPSEJOH UP UIF EBUB JO 'JHVSF ���� BU BO BQQMJFE ୮ୢFME

���



Table 4.11: Attempted depositions of PMDA-ODA polyimide.
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Figure 4.25: Leakage current density through dielectric films as a function of applied bias.

PG � 7�N QBSZMFOF FYQFSJFODFT B MFBLBHF DVSSFOU EFOTJUZ PG ��� O"�DN� XIFSFBT BMVNJOVN TJMJDBUF

FYQFSJFODFT B MFBLBHF DVSSFOU EFOTJUZ NPSF UIBO BO PSEFS PG NBHOJUVEF MPXFS ��� O"�DN��

����� )ঢঋছ 'কখজ

8PSL JT POHPJOH UP EFQPTJU 1.%"ୖ0%" QPMZJNJEF JO UIF IZCSJE SFBDUPS BT XJMM CF EFTDSJCFE JO

'VUVSF 8PSL 	4FDUJPO ���
� .FBOXIJMF XF VTFE TPG୴XBSF UP QSFEJDU QBSBNFUFST PG JOUFSFTU GPS UIF

IZCSJE NBUFSJBM� 1BSBNFUFST GPS UIF IZCSJE NBUFSJBM XFSF QSFEJDUFE VTJOH UIF $&4 4FMFDUPS 4PG୴XBSF

TIPXO JO 'JHVSF ����� *O UIJT TPG୴XBSF B ��MBZFS OBOPMBNJOBUF XBT NPEFMFE DPOTJTUJOH PG UISFF ���

ON QPMZJNJEF MBZFST JOUFSMFBWFE CFUXFFO UISFF ���ON BMVNJOB MBZFST� 5IVT GPS UIJT NPEFMFE NBUF�

���



Figure 4.26: Leakage current density through dielectric films as a function of applied field.
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SJBM UIF PSHBOJD�JOPSHBOJD MBZFS SBUJP JT ��� 	XJUI SFTQFDU UP MBZFS UIJDLOFTT
� 5IF QSFEJDUFE EJFMFDUSJD

DPOTUBOU XBT � BOE UIF QSFEJDUFE :PVOHؠT .PEVMVT JT ��� (1B�

#BTFE PO UIFTF QSFEJDUJPOT UIF EJFMFDUSJD DPOTUBOU PG UIF IZCSJE NBUFSJBM JT EPNJOBUFE CZ UIBU PG

BMVNJOB 	���
 BT PQQPTFE UP UIBU PG ,BQUPO QPMZJNJEF 	���
� 4JNJMBSMZ UIF :PVOHؠT NPEVMVT PG UIF

IZCSJE NBUFSJBM JT EPNJOBUFE CZ UIBU PG BMVNJOB 	��� (1B
 BT PQQPTFE UP UIBU PG ,BQUPO QPMZJNJEF

	��� (1B
� 3FUVSOJOH UP UIF UBSHFUFE QSPQFSUJFT GPS UIJT SFTFBSDI QSPKFDU XF EFTJSF B SFMBUJWFMZ ୯୳FYJ�

CMF NBUFSJBM XIPTF :PVOHؠT NPEVMVT JT BSPVOE ����� 	TFF 'JHVSF ����
 XIJMF TUJMM CFJOH SFTJTUBOU UP

FMFDUSJDBM TIPSUJOH BG୴FS UIF &'0 TQBSL PG ���� p$� 5IFTF NPEFMFE SFTVMUT TVHHFTU UIBU XF NBZ UBS�

HFU PSHBOJD�JOPSHBOJD MBZFS UIJDLOFTT SBUJPT UIBU BSF IJHIFS UIBO ��� SFEVDJOH UIF :PVOHؠT NPEVMVT

GSPN UIF NPEFMFE∼��� WBMVF UP DMPTFS UP UIF UBSHFU∼������ 5IFSF JT MJUFSBUVSF QSFDFEFOU GPS TVDI

UVOBCJMJUZ PG UIF :PVOHؠT NPEVMVT� ���� 'VUVSF EJSFDUJPOT GPS FYQFSJNFOUBM XPSL UPXBSE UIJT IZCSJE

OBOPMBNJOBUF NBUFSJBM BSF HJWFO JO UIF OFYU TFDUJPO�

��� $ঘগঌকঞজঘগ ঊগ 'ঞঝঞছ 8ঘছঔ

*O UIJT DIBQUFS XF DPNQMFUFE DFOUSBM BTQFDUT PG FBDI PG UIF 4QFDJ୮ୢD "JNT MJTUFE JO 4FDUJPO ������ "

TJHOJ୮ୢDBOU QPSUJPO PG UIF XPSL XBT UP TVSWFZ BOE BTTFNCMF UIF MJUFSBUVSF BDSPTT EJTQBSBUF NBUFSJBMT

BOE NFUIPET JO PSEFS UP EFWFMPQ B XFMM�GPSNFE QSPQPTBM GPS B OPWFM IZCSJE NBUFSJBM PG JOUFSFTU� 8F

DPODMVEFE UIBU B 1.%"ୖ0%"�"M�0� IZCSJE OBOPMBNJOBUF UIJO ୮ୢMN GBCSJDBUFE WJB NPMFDVMBS MBZFS

EFQPTJUJPO�DIFNJDBM WBQPS EFQPTJUJPO XPVME NFFU UIF SFRVJSFNFOUT GPS PVS BQQMJDBUJPO BOE BEE

UP UIF ୮ୢFME� "OPUIFS TJHOJ୮ୢDBOU QPSUJPO PG UIF XPSL JO UIJT DIBQUFS XBT UP CVJME B WBQPS EFQPTJUJPO

SFBDUPS DBQBCMF PG EFQPTJUJOH UIF EFTJSFE NBUFSJBM� 8F XFSF BCMF UP EFQPTJU BMVNJOB BOE XF NBEF

TPNF QSPHSFTT UPXBSE UIF EFQPTJUJPO PG 1.%"ୖ0%" QPMZJNJEF�

5IFSF BSF TFWFSBM GVUVSF EJSFDUJPOT UIBU NBZ FOBCMF UIF EFQPTJUJPO PG 1.%"ୖ0%" QPMZJNJEF�

'JSTU UIF 1.%" BOE 0%" QSFDVSTPST NBZ CF DPOUBNJOBUFE PS PUIFSXJTF GVODUJPOJOH QPPSMZ BOE

���



Figure 4.27: Rough estimate of predicted parameters for hybridmaterial.
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XF TVHHFTU SFQMBDJOH UIFTF QSFDVSTPS CVCCMFST XJUI GSFTI NBUFSJBM� 4FDPOE JU JT QPTTJCMF UIBU 1.%"

BOE 0%" BSF CPUI FOUFSJOH UIF SFBDUPS GVSOBDF CVU UIBU UIFZ SFBDU JO UIF ୮ୢSTU GFX JODIFT PG UIF SF�

BDUPS DIBNCFS CFGPSF SFBDIJOH UIF ୮ୢMN� *O UIJT DBTF JU NBZ CF QPTTJCMF UP JODSFBTF 1.%" BOE 0%"

DPWFSBHF CZ JODSFBTJOH UIF CVCCMFS UFNQFSBUVSFT BOE UIFSFGPSF WBQPS QSFTTVSFT� 8F NBZ BMUFSOB�

UJWFMZ FYUFOE UIF TBNQMF IPMEFS UP TFF JG EFQPTJUJPO JT PDDVSSJOH JO UIJT TIPSU JOMFU SFHJPO� 5IJSE JU

JT QPTTJCMF UIBU PVS SFDJQF QVSHF UJNFT BSF UPP MPOH BOE UIF QSFDVSTPST BSF CFJOH FOUJSFMZ SFNPWFE

GSPN UIF SFBDUPS EFQPTJUJPO DIBNCFS� 8F ୮ୢOE UIJT QPTTJCJMJUZ VOMJLFMZ HJWFO UIBU UIF 1.%"ୖ5"&"

QPMZJNJEF SFBDUPS VTFT B TJNJMBS QVNQ BOE OJUSPHFO 	DBSSJFS QVSHF
 QSFTTVSFT BOE JEFOUJDBM QVMTF

TFRVFODJOH BOE QVSHF UJNFT BOE JU TVDDFTTGVMMZ QSPEVDFE B 1.%"�DPOUBJOJOH QPMZNFS NBUFSJBM

BU B SBOHF PG PWFO UFNQFSBUVSFT JODMVEJOH B 1.%" QSFDVSTPS UFNQFSBUVSF PG ��� p$� )PXFWFS

FBDI SFBDUPS JT EJ୭GFSFOU FTQFDJBMMZ XJUI SFTQFDU UP USBQ WPMVNFT BOE SFBDUPS DIBNCFS WPMVNF BOE

UIFTF QBSBNFUFS EJ୭GFSFODFT DPVME HJWF SJTF UP B EJ୭GFSFODF JO SFBDUPS QFSGPSNBODF� *O B TJNJMBS WFJO B

GPVSUI GVUVSF EJSFDUJPO XPVME CF UP DIBOHF UIF DBSSJFS HBT QSFTTVSFT GPS UIF QSFDVSTPST� #PUI ��� UPSS

BOE �� UPSS HBT QSFTTVSFT XFSF JOWFTUJHBUFE JO BEEJUJPO UP TFWFSBM DPOEJUJPOT XJUIPVU DBSSJFS HBT� 'V�

UVSF XPSL DPVME FYQBOE UIF SBOHF PG FYQMPSFE DBSSJFS HBT QSFTTVSFT BOE FTQFDJBMMZ TFU UXP EJ୭GFSFOU

DBSSJFS HBT QSFTTVSFT GPS UIF EJ୭GFSFOU QSFDVSTPST� 5IFTF BGPSFNFOUJPOFE GVUVSF XPSL TVHHFTUJPOT BSF

BMSFBEZ CFJOH FYQMPSFE CZ PVS SFTFBSDI UFBN BOE XF BSF PQUJNJTUJD UIBU UFDIOJDBM USPVCMFTIPPUJOH

XJMM MFBE UP UIF EFQPTJUJPO PG 1.%"ୖ0%" QPMZJNJEF WJB WBQPS EFQPTJUJPO�

"G୴FS UIF EFQPTJUJPO PG 1.%"ୖ0%" QPMZJNJEF JT GVODUJPOBM GVUVSF XPSL XPVME JODMVEF B EF�

UBJMFE TUVEZ PG UIF QPMZJNJEF�BMVNJOB OBOPMBNJOBUF ୮ୢMNT� 5IF XPSL QMBO GPS UIF OBOPMBNJOBUF

SFTFBSDI XPVME JODMVEF PQUJNJ[BUJPO PG UIF HSPXUI QSPDFTT FMFNFOUBM BOE DIFNJDBM DIBSBDUFSJ[BUJPO

UIFSNBM DIBSBDUFSJ[BUJPO NFDIBOJDBM DIBSBDUFSJ[BUJPO BOE FMFDUSJDBM DIBSBDUFSJ[BUJPO� (SPXUI PO

CPUI QMBOBS BOE XJSF TVCTUSBUFT XJMM CF DBSSJFE PVU� /FYU FBDI PG UIFTF GVUVSF TUVEJFT JT EFTDSJCFE

CSJF୯୳Z�

'JSTU UIF HSPXUI QSPDFTT PG UIF IZCSJE NBUFSJBM TIPVME CF PQUJNJ[FE BDSPTT TVCTUSBUF UFNQFS�

���



BUVSFT HBT ୯୳PX SBUFT BOE QSFDVSTPS CVCCMFS UFNQFSBUVSFT� 4&. TIPVME CF VTFE UP JOEJDBUF ୮ୢMN

NPSQIPMPHZ JO CPUI QMBO�WJFX BOE DSPTT�TFDUJPO� 5IF OVNCFS PG DZDMFT XJMM CF WBSJFE GPS FBDI PG UIF

UXP NBUFSJBMT JO PSEFS UP EFUFSNJOF UIF OVNCFS PG DZDMFT UIBU FOBCMFT GVMM ୮ୢMN DMPTVSF� 'SPN 4&.

DSPTT�TFDUJPO BOE PUIFS UIJDLOFTT NFBTVSFNFOUT 	933 FMMJQTPNFUSZ
 UIF HSPXUI SBUF PG UIF QPMZ�

JNJEF BOE PG UIF IZCSJE NBUFSJBMT DBO CF FYUSBDUFE� " XJEF WBSJFUZ PG PSHBOJD�JOPSHBOJD DZDMF SBUJPT

TIPVME CF FYQMPSFE F�H� GSPN �ॎ UP ��ॎ UP ��ॎ UP ��ॎ UP ���ॎ PSHBOJD�

/FYU FMFNFOUBM BOE DIFNJDBM DIBSBDUFSJ[BUJPO PG UIF ୮ୢMNT TIPVME CF DBSSJFE PVU PO ୯୳BU TVC�

TUSBUFT� #PUI IJHI�SFTPMVUJPO 914 EFQUI QSP୮ୢMJOH BOE 3#4 CVML NFBTVSFNFOUT TIPVME CF UBLFO

UP EFUFSNJOF UIF ୮ୢMN FMFNFOUBM DPNQPTJUJPO� '5ୖ*3 TIPVME CF DPOEVDUFE UP DPO୮ୢSN TUSFUDIJOH

GSFRVFODJFT BOE UIF EFHSFF PG JNJEJ[BUJPO PG UIF ୮ୢMN�

5IFO UIFSNBM BOE NFDIBOJDBM EBUB TIPVME CF UBLFO UP BTTFTT UIF IZCSJE NBUFSJBM BHBJOTU UIF DPN�

NFSDJBM NBUFSJBMT CFODINBSLFE JO UIJT DIBQUFS� 'PS FYBNQMF BU B WBSJFUZ PG PSHBOJD�JOPSHBOJD SBUJPT

B ୮ୢMN TIPVME CF EFQPTJUFE BOE UIF 5(" UIFSNBM EFDPNQPTJUJPO QSP୮ୢMF UBLFO� .FDIBOJDBM BOBMZTJT

TIPVME JODMVEF UIF NFBTVSFNFOU PG UIF :PVOHؠT NPEVMVT� ୮ୢMNT PG B WBSJFUZ PG PSHBOJD�JOPSHBOJD SB�

UJPT TIPVME CF HSPXO UP BQQSPYJNBUFMZ ��� ON UIJDL BOE OBOPJOEFOUFE ������ ON JOUP UIF ୮ୢMN

UP FYUSBDU UIF :PVOHؠT NPEVMVT� 0UIFS NFDIBOJDBM NFBTVSFNFOUT UIBU XJMM CF PG JOUFSFTU GPS UIFTF

NBUFSJBMT JODMVEF UFOTJMF TUSFOHUI NFBTVSFNFOU 	*OTUSPO
 B CFOE SBEJVT UFTU BOE UIFSNPNFDIBOJDBM

BOBMZTJT 	5."
�

"EEJUJPOBMMZ FMFDUSJDBM DIBSBDUFSJ[BUJPO PG UIF IZCSJE NBUFSJBM XJMM CF DBSSJFE PVU UP BTTFTT JUT QFS�

GPSNBODF BT B EJFMFDUSJD GPS UIF ..4 BQQMJDBUJPO� %JFMFDUSJD DPOTUBOU BT B GVODUJPO PG NBUFSJBM SBUJP

XJMM CF NFBTVSFE BT XFMM BT MFBLBHF DVSSFOU EFOTJUZ WT� BQQMJFE CJBT .*. EFWJDFT� 3FMJBCJMJUZ UFTUJOH

PG .*. EFWJDFT DBO BMTP CF QFSGPSNFE CZ B أ$-*4آ 	TUSFTT�JOEVDFE MFBLBHF DVSSFOU
 UFTU JO XIJDI

UIF ୮ୢMN JT IFME BU B DPOTUBOU WPMUBHF 	F�H� BQQSPYJNBUFMZ � 7 PS �� 7
 BOE DPOTUBOU UFNQFSBUVSF 	F�H�

�� p$ UP ��� p$
� " HJWFO BQQMJDBUJPO PG UIJT NBUFSJBM NBZ IBWF B TFU أ$-".آ 	NBYJNVN BMMPXBCMF

MFBLBHF DVSSFOU
 BOE UIJT SFMJBCJMJUZ UFTU DBO OPU POMZ EFUFSNJOF DVNVMBUJWF DIBSHF QBTTFE UISPVHI

���



UIF NBUFSJBM BT B GVODUJPO PG UJNF CVU BMTP DBO FOBCMF UIF FYUSBDUJPO PG UIF UJNF OFFEFE UP FYDFFE UIF

."-$ BOE UIVT B TUBUJTUJDBM MJGFUJNF PG UIF EJFMFDUSJD MBZFS� 'JOBMMZ NJDSP�DPBYJBM DBCMF GBCSJDBUJPO

VTJOH UIF PQUJNJ[FE IZCSJE NBUFSJBM BOE FMFDUSJDBM DIBSBDUFSJ[BUJPO PG UIJT DPBY TIPVME CF DBSSJFE

PVU JO DPMMBCPSBUJPO XJUI %SBQFS -BCPSBUPSZ�

5BLFO UPHFUIFS UIFTF DPOEVDUFE BOE GVUVSF XPSL QSFTFOU B DPNQFMMJOH QBUI GPSXBSE GPS UIF

EFWFMPQNFOU PG B NFUIPE UP QSPEVDF IZCSJE PSHBOJD�JOPSHBOJD DPBUJOHT UIBU NBZ TFSWF BT IJHI�

UFNQFSBUVSF TUBCMF ୯୳FYJCMF EJFMFDUSJD DPBUJOHT�

���
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